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Frontispiece: Sea ice concentrations around Antarctica, days 115 and 117 combined, 1980, 

retrieved from Nimbus -7 Scanning Multichannel Microwave Radiometer (SMMR) data. 
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SUMMARY 

The growth of the Weddell Sea ice cover in 1980 is examined, using Nimbus-7 satellite 

Scanning Multi-channel Microwave Radiometer (SMMR) data in combination with data 

(positional, air temperature and atmospheric pressure) from 4 Nimbus-tracked drifting buoys. 

Ice concentrations are retrieved from the SMMR data by applying a cluster analysis algorithm 

developed by J. Comiso of NASA. Analyses of computed differential kinematic parameters 

(DKP)s of the buoy array offer insight into the complex mesoscale behaviour of the 

underlying Weddell Gyre. High frequency divergence, convergence and deformation events 

isolated in the DKP results, and driven largely by the regular passage of cyclones, are related 

to changes in ice concentration observed in the SMMR data. The profound role of the 

Antarctic Peninsula in influencing both atmospheric and oceanic circulation (and thus ice 

formation, drift and eventual decay) in the region is evaluated. Possible relationships between 

buoy drift in the inner pack and ice edge advance are examined, yielding information on the 

relative importance of ice growth in open water within the pack and that at the ice edge. 

After an introductory chapter, Chapter 2 describes the physical setting of the Weddell Sea. 

Comparisons are drawn both with other sectors of the Southern Ocean and the Arctic, 

emphasizing the uniqueness of the region not only in terms of its climate and oceanography 

but also its sea ice cover. Chapter 3 traces the evolution of passive microwave remote sensing 

from space as a tool for monitoring Antarctic sea ice extent and concentration; the relative 

merits and disadvantages of these techniques are evaluated. Chapter 4 concentrates on the use 

of SMMR data. Detailed comparisons are made of algorithms available for the extraction of ice 

concentrations from the raw brightness temperature data. The choice of algorithm used is 

justified. Chapter 5 is largely concerned with the analysis ·of the buoy data, and the kinematic 

behaviour of the array as a unit. These results are combined with the SMMR data in Chapter 6 

to identify distinct dynamic zones and meridional advective sectors, and to compare the 

behaviour of the inner pack with that of the unconstrained ice edge. The evolution of a high 

concentration core within the unique perennial sea ice zone hugging the east coast of the 

Peninsula, which persists throughout the period of study is unusual enough to merit a separate 

sub-section. Conclusions are drawn in chapter 7. 
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CHAPTER 1 

INTRODUCTION 

Sea ice and its snow cover are the most mobile and ephemeral geophysical features on the 

Earth's surface, and also the most poorly understood. The broad-scale features of the Southern 

Ocean ice cover were revealed soon after the launch of the first, crude satellite sensors in the early 

1960s; details are still unknown almost 30 years later, although the advent of PMW remote 

sensing has allowed significant advances to be made. From a minimum extent of 2.7 - 5.6 x 

1Q6km2 in January/February, Antarctic sea ice expands to cover a maximum area of 16.9 - 20.5 x 

1Q6km2 in August/October; these figures represent the average range of the maximum ice extents 

from 1973 - 82 (Ropelwski, 1983). Much of the sea ice cover can thus be described as being a 

seasonal sea ice zone (SSIZ) (Wadhams, 1986). Arctic sea ice extent exhibits a far smaller 

seasonal variability, covering some 15 x 1Q6km2 in March and 8.4 x 1Q6km2 in August. 

The growth of the Antarctic ice cover takes about 7 months, significantly longer than its 

retreat; this contrasts sharply with the Arctic sea ice cycle (figure 1.1). The mean growth rate 

between March and August is about 3.1 x 1Q6km2 per month (after Ackley, 1981a) with a 

maximum of 3.4 x 1Q6km2 per month in May and June (Ropelewski, 1983). The ice edge 

reaches its northernmost monthly averaged position of 60.9°S in September/October, the 

corresponding southernmost position being 68.3°S in March (Streten and Pike, 1980). This 

study investigates ice extent and the zonal and meridional variation of the ice edge in the western

central Weddell Sea in 1980; in this year, it extended anomalously northwards as far as South 

Georgia (at approximately 55°S). 

Greater seasonal and annual variations in ice extent occur in the Weddell Sea (marked on 

figure 1.1) than any other Antarctic sector. Large parts of the region are permanently covered 

with ice ( c.1.14 x 1Q6km2 in February [Ropelewski, 1983]). The growth, transport and eventual 

decay of Weddell Sea ice are thus of paramount importance to air-sea interaction at high southern 

latitudes. Primary parameters required by any assessment of the significance of sea ice in terms 

of air-sea-ice interaction are ice extent, concentration, velocity and thickness; all of which are 

highly variable in both space and time (WMO, 1987). Sea ice thickness cannot be accurately 

monitored directly from space; this situation is unlikely to change in the foreseeable future. The 

other parameters can. Sea ice extent is defined as the area of ocean covered by at least 10 - 15% 

ice. The percentage of a given area of ocean covered by ice is termed sea ice concentration i.e. 

mean ice concentration= actual ice area (spatially integrated.ice concentration)/total ice area (i.e. 

extent). In terms of PMW remote sensing, sea ice concentration can be defined as the fraction of 

ocean surface covered by sea ice within the instantaneous field of view (IFOV) of the instrument 

(the Nimbus-7 Scanning Multichannel Microwave Radiometer, or SMMR). It follows that the 

area of open water within the pack is the difference between ice extent and the actual ice area. 

Daily displacement distances and mean daily speeds are derived from the b~oy positional data 

data. Ice concentrations and extent derived from satellite passive microwave (PMW) with 
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Figures 1.la and 1.lb: Monthly average sea ice extents (of concentrations greater than 10%) for 

the Southern Ocean (from Nimbus-5 Electronically Scanning Microwave Radiometer data for 

1973-6). After Zwally et al. , 1983. Figure I.la covers the advance of the pack, 1.lb the 

decay. The region of interest is boxed in figure 1.la. 
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satellite-tracked buoy data (drift, temperature and pressure) are combined to monitor the 

behaviour of the Weddell Sea ice cover in 1980. 

1.1 The climatic significance of Weddell Sea ice 

Anomalies in Antarctic ice extent are believed to be sensitive indicators of climatic variability 

(Budd, 1982) and climatic change (Fletcher, 1969; Walsh, 1983), which it is feared may result 

from an increase in atmospheric C02 (NAS, 1986). Sea ice can be viewed as a potential indicator 

of climatic trends through its intimate association with air temperature (Budd, 1975) and 

atmospheric pressure/wind fields (Streten and Pike, 1980; Carleton, 1986). Long- and medium

range weather and climate forecasts and models therefore require the inclusion of accurate 

estimates of sea ice distribution (WMO, 1987). 

The general circulation of the atmosphere has its basic driving mechanism in the equator-to

pole temperature gradients. The southern polar region acts as a heat sink in this global engine, its 

seasonal cycle being altered primarily by the growth and decay of the ice. The sea ice region 

around Antarctica provides the greatest climatic variability on short time scales (Weller, 1982), 

affecting climate in three ways (The Polar Group, 1980): 

1) It alters the surface heat and moisture balance by limiting direct contact between atmosphere 

and ocean and through its effect on the surface albedo. The formation of a sea ice cover 

increases the surface albedo from 0.10 - 0.15 (over open ocean) to 0.4 - 0.6 over snow-free 

ice or 0.6 - 0.9 over snow-covered ice (Pounder, 1965). The albedo also varies with ice 

thickness, and the depth and wetness of the snow cover. Annual mean changes in albedo are 

thought to be much higher in the Antarctic pack than the Arctic (Kukla and Robinson, 1980). 

Indeed, the area of high albedo pack changes most rapidly in the Antarctic when solar radiation 

at the surface is at its maximum. 

The presence of open water in the pack can vary mid-winter energy loss by an order of 

magnitude (Weller, 1980). In winter, sea ice substantially reduces sensible and latent heat 

fluxes from ocean to atmosphere due to its low thermal conductivity and low vapour pressure 

(Maykut, 1986). Rates of turbulent heat loss to the atmosphere and ice growth are strongly 

dependent on ice thickness, being up to 2 orders of magnitude larger over a refreezing lead 

than over multiyear (MY) ice ~3m thick (Maykut, 1985) (figure 1.2). The amount of thin ice 

also has a large effect on the energy balance. Weller finds that modem estimates of thin 

ice/open water increase the winter air-sea flux by about a factor of six compared to previous. 

estimates (e.g. Fletcher, 1969). Moreover, snow and ice have a positive feedback effect on 

climate; an above-average size ice cover, for example, will reflect back most of the incoming 

radiation, thereby creating conditions that will induce a further enlargement of the ice mass 

area. The above factors combine to give rise to a climate over the polar ocean that is more 

characteristic of the continental ice sheets. 

3 



Figure 1.2: Even in the heart of winter, leads and polynyas form deep within the Weddell sea ice 

cover, exposing the relatively warm ocean to the much colder atmosphere. New ice growth 

takes place very rapidly under these conditions. The steam rising from the water is known as 

frost smoke. The photograph was taken in the eastern Weddell Sea in August, 1986. 

2) Sea ice modifies the seasonal temperature cycle, delaying temperature extremes through release 

of its latent heat by freezing in the autumn and the uptake of heat for thawing in spring; and 

3) it transports fresh water and negative heat energy equatorward, modifying climatic conditions 

along its margins. Coupling of ocean to atmosphere at high latitudes is thus controlled by the 

morphology and distribution of the sea ice cover. 

Any understanding of the role of sea ice in the global climate system thus ultimately 

depends on our ability to accurately determine and monitor changes in the concentration of open 

water/sea ice, ice extent and the ice thickness distribution, both spatially and temporally. This 

capability is central to addressing the fundamental problems of heat and mass balance. The 

importance of ice extent has been stressed by the World Meteorological Organization in its World 

Climate Research Programme (WMO, 1987), although the exact nature of its relationship with 

climate is far from clear; for example, a larger than average sea ice maximum extent in one region 

of Antarctica commonly occurs at the same time as a lower than average extent in a neighbouring 

region. 

4 

. I 



1.2 Growth and decay 

Ice, atmosphere and ocean are dynamically coupled. The ice is driven by ocean currents and 

winds; the ice and its motion in turn modifies (and dissipates) the air-sea momentum transfer, 

oceanic and atmospheric boundary layers and circulation. The dominant factors affecting ice 

growth are: 1) wind-driven deformation and advection; 2) heat exchange with the atmosphere; 

and 3) oceanic heat storage and heat flux to the ice. High frequency dynamic changes are 

superimposed on the generally more gradual thermodynamic changes, although the latter occur 

on shorter time scales within snow than sea ice. Atmospheric processes are particularly complex 

near the circumpolar ice boundaries and along the edge of polynyas, where strongly baroclinic 

mesoscale wind fields tend to prevail. Along the coast, the continental ice sheet slope and 

damming of cold air by the Antarctic Peninsula (please see section 2.5.2) further influence the 

wind field and its interaction with the ice cover. These factors combine to drive the ice cover 

further north in the Weddell Sea than in any other sector of the Antarctic. 

1.2.1 Divergence v convergence 

Divergence here refers to the differential movement apart of two (or more) points in a 

drifting ice cover; convergence describes the moving together of the points. Both terms are 

explained mathematically in section 5.5.2. The Weddell Sea ice cover is generally taken to be 

divergent in its mean motion, with equatorward advection of the ice resulting in the continual 

production of new leads and polynyas (Budd, 1975; Ackley and Keliher, 1976). Its drift exerts a 

major influence on the overall mass budget of the pack, and affects both ice concentration and 

extent. Ice movement plays an important role in determining atmosphere-ocean interaction by 

varying the ice thickness distribution and thus modifying energy exchange. Open water regions 

are the major "ice factories" within the ice pack during freeze-up i.e. when the surface air 

temperature falls below about 271K; in summer, they act as the location of rapid lateral ablation. 

The generally divergent behaviour has long been thought to minimize the importance of 

internal stress within the pack, thereby greatly simplifying the momentum balance equation used 

in modelling studies (Martinson and Wamser, in press). Yet is this the case? The Weddell Sea ice 

has crushed and sunk two ships, namely the whaler Antarctica (in 1903) and the Endurance (in 

1915). The general paucity of data on either the ice or the upper ocean within this ice cover has 

tended to discourage concerted research on this and many other related problems, particularly 

towards the Peninsula. 

1.3 The oceanographic significance of Weddell Sea ice 

A unique feature of the Weddell Sea in winter is its extensive sea ice cover over a weakly 

stratified water column. These conditions (as forced by the atmosphere) set the stage for 

significant ocean-atmosphere coupling and water mass conversion. The mean velocity of the ice-
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covered ocean, gained from an analysis of the buoy data set, is important for studying the 

transport processes affected by the ice, including the transport of salt, heat and pollutants. 

The Weddell Sea is a prime ventilator of the ocean, as intense winter climatic forcing leads to 

water mass conversion and deep-reaching convection. Convective overturning causes heat 

entering the mixed layer to be transported upward where it is rapidly lost to the ice. In contrast to 

the open ocean, no significant storage of heat occurs in the mixed layer beneath the pack. During 

melting, the release of relatively freshwater increases the stability of the surface layer, retarding 

convection. Rapid ice formation alters the density, stratification and mixing of the ocean, both 

horizontally by the large-scale transport of low salinity ice and vertically by the expulsion of brine 

during freezing. Oceanic processes occurring in the Antarctic affect the properties of 60% of the 

volume of the world's oceans over long time scales (Sarmiento and Tottweiler, 1984; Warren, 

1981). 

The mixed layer density is further increased as turbulent energy is introduced by sea ice 

movement relative to the ocean (Gordon and Huber, 1984). The mixed layer appears to be kept 

turbulently active by relative sea ice movements, which lead to the entrainment of deep water at a 

rate faster than sea-air gas exchange can maintain a mixed layer in equilibrium with atmospheric 

gases (Gordon, Chen and Metcalf, 1984). Antarctic bottom water produced under heavy ice 

formation and brine rejection conditions in the southern Weddell Sea extends as far north as 40°N 

in the Atlantic (WMO, 1987); its importance to the world ocean has only recently been recognized 

(Gordon, 1982; Killworth, 1983). 

1.4 The biological significance of Weddell Sea ice 

The distribution and ecology of polar marine biological organisms at all levels are profoundly 

influenced by the distribution and seasonal cycle of the sea ice cover, and by the behaviour of 

dynamic marginal ice zones (MIZs), recurrent polynyas and shorelead systems in particular 

(Massom, 1988). For example, the author observed that minke whales were able to penetrate 

deep within the Weddell Sea pack in mid-winter due to presence of lead systems (Massom, 

1988). Biological investigations would benefit greatly from an improved knowledge of the 

location and variability of both the inner pack and the MIZ (Comiso and Sullivan, 1986). 

Cryopelagic organisms depend on sea ice as a refuge, habitat, feeding site and breeding ground 

(Garrison et al., 1986; Horner, 1985). Sea ice extent and its cycle of formation, advection and 

meltback directly influences the horizontal and vertical light regime in the pelagic realm, which in 

tum regulates primary productivity. Moreover, meltwater contributes to the surface layer stability 

as a habitat (Sullivan et al., 1988). 

Accurate data on the extent and variation of the ice cover are also essential for navigation 

purposes. The seas around Antarctica are under serious potential threat from human intervention. 

With an increase in ship traffic, oil spills have already occurred in this fragile ecosystem. 

However, the measurement of areas of open water, and of new ice formation, by conventional 

means is fraught with difficulty, not to mention danger. 
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1.5 Temporal and spatial scale of the problems 

On time scales of ~1 day, and at some distance from coasts, sea ice moves largely in response 
to the synoptic wind field, transient ocean currents and the effects of internal horizontal ice 
stresses. Thorndike and Colony (1982) found that long-term average winds and currents 
contribute roughly equally to the average circulation of the Arctic pack. On time scales from days 
to months, greater than 70% of the variance of the ice motion is explained by the geostrophic 
wind alone. On shorter time scales, inertial and tidal effects may be important, and stress 
gradients near coasts can attain values as large as the forces due to winds and currents. 
Deformation is a function of ice strength which depends on the relative fractions of thick ice and 
thin first year ice. Large scale ice morphology is a function of its thermodynamic and deformation 
history (Colony, 1978), and may be described by the ice thickness distribution in a differential 
element (Thorndike et al., 1975). In the absence of internal stress gradients and inertial effects, 
the daily average ice velocity is determined by the balance of the wind stress, the water stress, the 
Coriolis force and the pressure gradient force due to the sea surface tilt. At these times, it is said 
to be in a state of free drift. 

The four seasons in the 60° - 70°S zone have been defined in a variety of ways from a sea 
ice and polar oceanographic perspective. Some workers, for example, consider the winter to 
extend from June to September inclusive (S. F. Ackley, pers. comm.). To avoid confusion, 
however, the seasons are divided more conventionally: summer= December-February (days 335 
- 59); autumn = March-May (60 - 151); winter = June-August (152 - 243); and spring = 
September-November (244- 334). This study covers the period from day 49 to 331, 1980. 

Due to the nature of the available data, this thesis concentrates on mesoscale (50 - 500km) 
and synoptic- (regional) scale (500 - 1,000krn)processes. Interannual variability in the behaviour 
of the pack is beyond its scope. The synoptic scale corresponds to the typical dimensions of 
atmospheric systems and to the cross-section of the dominant features in the long-term (i.e. 
seasonal) ice circulation. The mesoscale encompasses the Rossby numbers, which are important 
in the study of atmospheric and oceanic circulation. Mesoscale processes and interactions 
combine to determine the rate of advance and retreat of the SSIZ. Mesoscale processes take their 
dimension, for example, from the width of the MIZ, the length of the continent-ice transition, or 
the diameter of large, quasi-permanent polynyas. In an Antarctic context, these processes are 
primarily concerned with seasonal changes in sea ice extent, driven mainly by the annual cycle in 
the surface heat balance. High frequency and amplitude departures occur from the long-term 
pattern, related to the passage of individual cyclones (on time scales of 2 - 5 days), and on smaller 
spatial scales. It is at these finer scales that the patterns of Weddell Sea ice behaviour are poorly 
understood or simply not known. 

Much attention has been devoted to sea ice behaviour on monthly, seasonal and longer time 
scales, as the largest variability of the ice cover is seen on these scales. With the exception of 
Rayner and Howarth (1979) and Cavalieri and Parkinson (1981) however, relatively few studies 
have focused down to the daily time scale. Time scales ranging from one/a few days to several 
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weeks, corresponding to the movement of large-scale atmospheric waves, are studied here. This 

study is thus particularly interested in departures from the mean, at time scales ranging from one 

to a few days to several weeks, corresponding to the movement of large-scale atmospheric 

disturbances. PMW remote sensing techniques, used to study mesoscale ice behaviour, are 

ultimately based on microscale properties of the ice and its snow cover, measured in microns. 

1.6 The "satellite revolution" 

The Weddell Sea, apart from being vast, remote, inaccessible and notoriously inhospitable, is 

shrouded in darkness and cloud for much of the year. It is impractical, hazardous and expensive 

to carry out conventional surface observations. About 90% of the total cost of a typical Antarctic 

research operation is taken up by logistics. The majority of Antarctic research stations are 

clustered around the coast, and it is extremely costly to push field programmes out to sea. Before 

the advent of remote sensing from space, estimates of ice extent and associated meteorological 

and oceanic variables came from a combination of ship, island station and aircraft observations, 

invariably conducted on an opportunity basis and often concentrated in areas of logistic 

convenience during the summer navigation season. Although useful in the operational sense, 

these datasets are necessarily biased and therefore of limited scientific value. In the last twenty 

five years, the great upsurge of interest in the high latitudes has underlined our lack of 

understanding of even the most fundamental physical processes at work therein. Fortunately, 

PMW remote sensing, with its virtually all-weather, day and night capability, is uniquely well 

suited to the scale of the problems. 

In an effort to unravel and comprehend the complex feedback processes in operation, a 

number of coupled air-ocean-ice models have been developed, each requiring different data 

sampling intervals and spatial scales for verification and process identification (Untersteiner, 

1983). The latter are seriously hampered by a lack of reliable data. Detailed information on 

Antarctic ice concentration (open water extent) and ice drift are becoming more vital for ice and 

atmospheric model validation and input as their complexity increases. Satellite-borne remote 

sensing holds the key. Sea ice concentrations derived from satellite data have been successfully, 

although under-, used as a primary variable in certain sea ice simulation models for input and 

verification. 

1.7 Antarctic research problems and needs 

Our knowledge of the interactions and processes outlined above is sadly incomplete, with 

one of the major stumbling blocks being the serious lack of a suitable and consistent dataset. Data 

from the Antarctic have tended to be less reliable than those from the Arctic, where most sea ice 

research has been concentrated. Numerous reports have emerged from numerous expert 

committees repeating the unique significance of Antarctic sea ice. The SCAR Group of 

Specialists on Antarctic Climate Research, for example, has stressed the paucity of quantitative 
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measurements of Antarctic sea ice (SCAR, 1981). Yet in spite of these recommendations, the 

detailed study of the latter has received virtually no attention. Apart from a few notable 
exceptions, including the Winter Weddell Sea Project of 1986, an all-out full scale experimental 

attack on Weddell Sea ice has not been feasible; logistic problems alone are enormous, 

particularly in winter. It is therefore essential to gather together all useful data, no matter how 

sparse. At a time when the polar community is about to inundated with vast mountains of data 
from satellites due to be launched in the near future (e.g. ERS-1, JERS-1 and RADARSAT), the 

importance of existing data sets must not be overlooked (Massom, 1989). 

1.8 Research questions addressed by this thesis, and its aims 

The challenge is great, as the field of Antarctic sea ice research is in its absolute infancy. 

This research adopts a two-pronged attack, whereby drifting buoy and contemporary PMW 
satellite data are used in harness to investigate Weddell Sea ice dynamics throughout the growth 

season of 1980. Changes in ice concentration and extent observed on the SMMR data are related 
through ice dynamics to the ice velocity field (and its kinematics), to freezing and melting events 
and to the passage of cyclones identified from the buoy data. Physically, increases in ice 

concentration are caused either by ice production in open water or by convergence of the ice 

velocity field. Decreases must result from the production of open water either by melt/mechanical 
destruction and/or divergence and advection into adjacent regions. This assumes that the SMMR

derived concentration values are accurate. Buoy data also provide some measure of the efficacy 

of the algorithm used to retrieve ice concentrations from the SMMR data. Previous research has 

observed the advance and retreat of the ice edge from satellite imagery and the drift of buoys 

separately; few, if any, have combined the two. Although ambiguities remain at certain times and 

in certain regions, the conversion of multi-frequency PMW emission data to ice concentration 
data has reached a level of reliability where they can confidently be used in conjunction with data 

from other sources. 

The need for winter information in the oceanographic, sea ice and atmospheric sciences 

within the Southern Ocean SSIZ has long been recognised. The leads, other open water areas and 
total ice-covered area represent the largest variable in air-sea fluxes. These features are controlled 

by ice deformation and advection processes. One of the main aims of this thesis is to determine 

the high frequency response of the sea ice cover to atmospheric and oceanic forcing within the 
overall framework of the Weddell Gyre. The WMO-CAS-JSC-CCCO meeting of experts on the 

role of sea ice in climatic variations state that high priority should be given to resolving the 

circulation of the Weddell Gyre (the long term, overall current regime) (WMO, 1982). Sparse 

ship and iceberg drifts suggest that the gyre is well developed, even in winter when it is ice

covered. The present study concentrates on resolving the dynamic behaviour of its central

western limb when ice covered. 
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The thesis addresses the following points: 

1) How are meso- and large-scale interactions among ocean, ice and atmosphere related to the 
distribution of sea ice? 

2) By what mechanisms does the Weddell Sea ice edge advance; does ice form in the south to be 
advected to the ice edge to decay, is the advance mainly by the addition of new ice at the 
edge/within the MIZ, or is it a seasonally differing combination of both? 

3) Why does the ice edge advance/retreat more rapidly in certain regions than in others? 
4) Does bathymetry play a significant role in the export of ice from the Weddell embayment? 
5) Is divergence greater during autumn and winter than during spring and summer? 
6) Is the ice pack significantly more consolidated in the winter than it is at other times of the year, 

as is the case in the Arctic (Thorndike and Colony, 1980)? If so, are the individual ice floes (in 
this case marked by the buoys) constrained to move more in concert with their neighbours? 
The arguments of Heap (1965), that this is indeed the case, will be re-evaluated. 

7) How real is the apparent quasi-stationary low pressure zone at 65°S between 10°W and 30°W, 
reported in Limbert et al. (1989)? Is this the major driving force for the drift of the pack 
equatorward, or are more transient weather systems more important? 

8) What processes control seasonal variations in sea ice extent and concentration? Modelling 
efforts are addressing this problem with mixed results. 

9) Are any shear zones present in the central-western Weddell Sea? 
10) What is the residence time of ice drifting in the Weddell Gyre i.e. is it likely that ice older 

than two years remains within the region? 

11) Over what time and space scales must one average to reliably establish the response of the ice 
cover to atmospheric forcing? This is a crucial question to be addressed by small-scale 
experiments. 

12) Bearing in mind that the buoy data represent time series of data collected from differing 
latitudes and longitudes, can any distinctive zonal and meridional variations in divergence and 
convergence be identified? 

Chapter 2 describes the physical setting of the Weddell Sea. Comparisons are drawn both 
with other sectors of the Southern Ocean and the Arctic, emphasizing the unique nature of the 
region not only in terms of its climate and oceanography but also its sea ice cover. Chapter 3 
traces the evolution of PMW remote sensing from space as a tool for studying Antarctic sea ice 
extent and concentration. Chapter 4 concentrates on the use of Nimbus-7 Scanning Multi-channel 
Microwave Radiometer data. Detailed comparisons are made of available algorithms for the 
extraction of sea ice concentrations from the raw data. Reasons are given for the choice of the 
algorithm chosen. Chapter 5 is largely concerned with the analysis of the 1980 buoy data, and the 
kinematic behaviour of the array as a unit drifting equatorward. These results are combined with 
the SMMR data in Chapter 6 to highlight certain important features and events, and to compare 
the behaviour of the inner pack with that of the largely unconstrained ice edge. The evolution of a 
high concentration core within the perennial sea ice zone hugging the east coast of the Peninsula, 
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which persists throughout the period of study is significant enough to merit a separate sub
section. Contemporary surface measurements are unfortunately not available for validation 
purposes. Interpretations are thus based upon previous experience. The buoys remain within the 
bounds of the pack throughout their lifetimes. 

The ice and snow terminology used is consistent with Armstrong et al. (1966) and the World 
Meteorological Organization (WMO, 1970). Th~ term pack ice is used to include any area of sea 
ice other than fast ice along the coasts. 
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CHAPTER 2 

THE WEDDELL SEA AND ITS PHYSICAL SETTING 

2.1. Definition of the region of interest 

The Weddell Sea forms the southernmost part of the Southern Ocean in the Atlantic sector. 
Oceanographically, it is limited to the north by the South Scotia Ridge at about 60°S (figure 
2.1). The Antarctic Peninsula (at approximately 60°W) and Ronne and Filchner Ice Shelves 
form its western and southern extremities. Significantly, the Southern Ocean reaches poleward 
beyond 80°S in the south western Weddell Sea. As the eastern boundary is poorly defined 
bathymetrically, certain workers (e.g. Carmack and Foster, 1975b) have considered it to be a 
straight line drawn arbitrarily between the South Sandwich Islands (at a longitude of 26°W) and 
Kapp Norvegia at 71 °S, 12°W. The region of prime interest in this study is the Weddell Sea 
embayment, bounded in the east by the Greenwich (0°) meridian. Significantly, the northern and 
eastern boundaries are unconstrained; ice movement is impeded by few topographic barriers and 
is free to expand and contract. This is not the case elsewhere. 

1s•s ao•w 6o0 w 
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Figure 2.1: The Weddell Sea, and its bathymetry. Depths are in metres. Adapted from Carmack 
and Foster (1975b). 
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2.2 Weddell Sea ice as a hinderer of exploration 

The Weddell Sea ice cover is by no means always divergent; its often highly dynamic and 
hazardous nature is reflected in the exploration of the sector, which has an interesting if 
chequered history. All expeditions have found the central and western sectors, forming the basis 
of this study, to be virtually impenetrable, even in the austral summer. The scientific study of 
Antarctic sea ice commenced with the intrepid expeditions of Captain James Cook from 1772-4 
(Herdman, 1959; Rubin, 1982). In the east, Dronning Maud Land was discovered in January, 
1820 by Bellingshausen, who penetrated almost to the coast to reach a maximum latitude of 
69°25'S. The great embayment was first penetrated to 66 - 68°S by Palmer in January, 1822 off 
the east coast of the Peninsula between 58° and 60°W. The large meridional variability in ice 
extent and concentration is shown by the fact that in December, 1821, Palmer and Powell 
attempted to push south near 46°W, but were halted by inpenetrable pack at 62°25'S, to the 
south of the South Orkney Islands (Hobbs, 1939). More than 20 years later, James Clark Ross 
approached this coast during his Antarctic circumnavigation (1839-43), and penetrated the 
eastern-most part of the Weddell Sea, reaching 71 °31'S, 15°W close to Kapp Norvegia. 

James Weddell claimed to reach a position of 74°15'S, 34°1 ?'W on February 20th, 1823, 
with no sea ice in sight. He named the region "the Sea of George the Fourth, Navigable"; it was 
changed subsequently to Weddell Sea by the British Admiralty. However, when Dumont 
D'Urville attempted to repeat Weddell's feat in 1838, he could penetrate no further than about 
63°S; similarly, Ross was stopped at 65°13' in 1843. Under exceptional conditions in 1893, 
Larsen in the Jason found the margin of impenetrable western pack to lie between 47°30'W and 
55°W at 63 - 64°S. He did, however, take full advantage of a prolonged flaw lead system to 
attain a latitude of over 68°S along the eastern coast of the Antarctic Peninsula. In 1903, 
Nordenskjold's ship the Antarctica, with Larsen in command, was crushed along the same coast 
but at a much lower latitude; the crew escaped safely to Paulet Island. 

The earliest explorers, together with sealers and whalers, of the coast of Antarctica used 
leads and polynyas to achieve access to the continent. It has long been known that the best way 
for a ship to attain a high latitude in the Weddell Sea would be to follow the eastern coast in 
February/March; the areas of open water found here can, however, close very rapidly (Wordie, 
1921; James, 1924). On February 22nd, 1903, the Scotia reached the Antarctic continent on the 
eastern side of the Weddell Sea at roughly 72°S, 20°W; here, it was penned in by a heavy ice 
cover and was fortunate to escape. In 1912, the Deutsch/and, with Filchner in command, 
reached Vahsel Bay at latitude 77°45'S; attempting to retreat, the ship was locked into the ice 
and drifted throughout the winter before being released well north of the Antarctic circle. 
Shackleton's Endurance was far less fortunate, and was carried in a path to the west of the 
Deutsch/and before being crushed by heavy ice. The drift trajectories of these two vessels will 
later be compared to those of the 1980 buoys. 
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2.3 Bathymetry 

The Weddell Sea covers about 2.3 x 1Q6km2, and with a mean depth of roughly 4,400m, 

accounts for about 0.5% of the water volume of the World Ocean (Carmack and Foster, 1975b). 

Its significance, however, extends far beyond this relatively small figure. The central basin is 

4,000m deep, with some deeps of over 5,000m (figure 2.1) . The South Scotia Ridge has sill 

depths of 3,000m, and the exchange of water masses between the Weddell and Scotia Seas is 

thus possible. In the south western part of the Weddell Sea shelf, the Filchner Depression 

exceeds 1, 1 OOm in depth. 

The continental shelf occupies only 4% of the Weddell Sea volume, but 25% of its area. 

The 600m isobath is generally taken to be the shelf edge. This rule is broken only in the east off 

Dronning Maud Land, where the 400m isobath is chosen instead (Johnson et al., 1981). The 

width of the shelf, which is almost absent off Kapp Norvegia, increases from about 90km in the 

east off Coats Land to about 500km off the Filchner-Ronne Ice Shelf. Here, the gently sloping 

submarine topography is cut by a trough, called the Filchner Depression, extending from 82°S, 

73°W about 600km northeastwards (Behrendt, 1962). It has a sill depth of about 700m at the 

shelf break, deepening to about 1200m at the edge of the Filchner-Ronne Ice Shelf. The western 

boundary of the Weddell-Enderby Basin is taken to be the continental slope of the Antarctic 

Peninsula near 50°W south of 60°S. 

2.4 The Weddell Gyre 

The sluggish but deep-reaching Weddell Gyre dominates the general cyclonic (i.e. 

clockwise) circulation of the Weddell Sea over most of the oceanic basin, the current system 

being maintained by the prevailing winds (and ultimately the atmospheric pressure field) . It is a 

large, elongated wind-driven Sverdrup gyre with a magnitude of 76 x 1Q6m3s-1 (Carmack and 

Foster, 1975), its axis trending from southwest to northeast. It covers an area of about 5 - 8 x 

106km2, which is almost as large as the Arctic Ocean, and has been estimated to carry at least 

40% of the entire meridional heat transport in the Southern Ocean. The fact that it is sub-polar 

makes it particularly fascinating. The Weddell Gyre baroclinic field is well resolved in the 

hydrographic data (figure 2.2). 

The Antarctic Circumpolar Current (ACC) occurs at the northern extreme of the gyre, and 

dominates Southern Ocean circulation. It is driven by the northwesterly winds prevailing 

between 40°S and 60°S, and is often called the West Wind Drift (WWD) (Mackintosh, 1973). 

Since no significant land masses are present in this latitudinal band, the water is free to circulate 

intensely around Antarctica. This unique current system, with its transport of 130 x 1Q6m3s-1, is 

far more vigorous than Arctic Ocean currents (Fandry and Pillsbury, 1979). With surface 

speeds of the order of 0.5 - 1.Sms-1, the ACC is the oceanic analogue of the atmospheric jet 

streams. 

Meridional heat flux across the ACC is accomplished by eddy processes'rather than mean 
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convective transfer. It links the world's oceans at their southern extremes, and is driven by a 
combination of momentum flux from the wind, heat flux from solar radiation, and probably ice. 
Along this northern boundary, the Weddell-Scotia Confluence (Gordon, 1967) occurs where 
cold outflowing Weddell water meets the ·warmer ACC flowing through Drake Passage. 
Patterson and Sievers (1980) show that the confluence extends east and north across the Scotia 
Sea, continues north along the South Sandwich Islands, and then loops to the NW off the NE 
coast of South Georgia. Its structure downstream of the South Sandwich Island arc is largely 
unknown. 

Figure 2.2: The dynamic height anomaly of the sea surface relative to 2,500 dbar (in dynamic 
metres). From Comiso and Sullivan, 1987. 

The Oceanic Polar Front (OPP), or Antarctic Convergence, associated with the ACC marks 
the zone separating Antarctic and sub-Antarctic surface water masses, and is characterised by 
relatively large gradients of temperature, density and salinity. Situated at 50 - 60°S, it is 
generally taken to be the northern boundary of the Southern Ocean in the Atlantic sector. In 
winter, sea ice covers much of the ocean poleward of the OPF. Its position corresponds not_ 
only with the location of the mean atmospheric low pressure belt, but also with the austral 
winter ice edge (Clifford, 1983). It forms almost a complete circle, broken only in the Weddell 
Sea by the physical barrier of the Antarctic Peninsula. The significance of the latter to the sea ice 
regime in the centraVwestem Weddell sea cannot be over-emphasised. The OPP is believed to be 
an important site for heat loss to the atmosphere and for production of Antarctic intermediate 
water. The steep latitudinal temperature gradients associated with .it are a inajor control on 
cyclogenesis over the Southern Oceans (Carleton, 1981a). It exhibits very little seasonal 
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variation from its mean position (Deacon, 1963), being largely fixed by the ocean floor 

topography, but weakens at the surface during summer (Gordon et al., 1978). 

Another important oceanographic boundary is the Antarctic Divergence, separating the 

zones of eastward from westward drift. With an associated upwelling, it is driven primarily by 

the prevailing easterly winds near the continent and the prevailing westerlies to the north. Its 
mean position is shown in figure 2.3. Its nature in the central-western Weddell Sea is unknown. 

In the east, the general southerly flow enclosing the gyre is poorly defined and is thought to 

occur as a branch of the ACC between 20° and 30°E (Deacon, 1979; Gordon et al., 1978), 
although it may vary in location in response to the strength of the ACC (Jacobs and Georgi, 
1977). The more or less cyclonic circulation pattern is broken by an anti-cyclonic "wedge" 

which extends westward from 20° E to Maud Rise, rising from depths exceeding 4,000m to 

within 1,000m of the surface near 65°S, 4°E (figure 2.3). Like many topographic and 
bathymetric features of the region, it exerts an influence far beyond its immediate locale. Thus, 

some of the water mass characteristics apparently pass westward into the central region of the 

Weddell Gyre as eddies (WMO, 1987). However, the bulk of the warm salty water continues 
into the western hemisphere, entering into the Weddell Sea (the southwest extreme of the gyre) 
as a well defined current over the continental slope. 
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Figure 2.3: Antarctic ocean surface currents. 1 denotes dynamic vectors, 2 instrumentally 

measured currents, and 3 the Oceanic Polar Front (OPF). From Miller and Hampton, 1989. 
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At its southern extreme, the gyre follows the trend of the Antarctic coastline in the vicinity 
of Dronning Maud Land i.e. the current direction is predominantly westward towards the 
Peninsula in response to predominantly easterly component in the wind. Within this East Wind 
Drift (EWD), Ekman transport results in coastal convergence i.e. the predominantly westward 
flow has a southerly component. Convergence of the ice cover against the coast results in 
internal ice forces playing a much greater role in the dynamics of ice drifting in the EWD than in 
the pack further north. In certain key regions, the EWD turns north for reasons associated with 
the seabed topography. Sea ice and iceberg motions suggest that the flow is quite variable, and 
support the view that the EWD in the area of study forms the southern limb of the Weddell Gyre 
(Tchernia and Jeannin, 1980, 1983; Vinje, 1980). Studies of satellite-tracked iceberg drift by 
Tchernia (1974) have indicated that the average flow is 0.13 - 0.20ms-1, with a maximum over 
the slope of the continental shelf. Tidal currents and seafloor topography exert a significant 
influence in places (Rowe et al., 1989). 

The climatic wind field south of the ACC is largely cyclonic, setting up a positive wind 
stress curl which drives regional Ekman divergence and a poleward Sverdrup transport pattern 
(Gordon et al., 1976; Gordon et al., 1981). This transport is balanced by northward-flowing 
western boundary currents in the Weddell Sea. These define the western boundary of the gyre 
and may be as strong as 70 - 90Sv (lSv = 1Q6m3s-1) but with a relatively small velocity of 0.05 
- O. lOms~l over the entire water column. The variation of Coriolis force in the meridional 
direction introduces a significant source of negative vorticity along the western boundary. The 
resultant current intensification can be understood in terms of an overall balance in the vortex 
production in the gyre (Apel, 1987). Much of our understanding of permanent gyre 
circulations/dynamics rests on classical papers by Sverdrup (1947), Stommel (1948; 1965) and 
Munk (1950), who exploited the notion of barotropic potential vorticity conservation. Their 
theories, based largely on the North Atlantic Gulf Stream, explain the presence of western 
boundary currents and the large-scale linear (Sverdrup) return flow to the east of them. Thus, 
the large-scale dynamics of the gyre are not only in direct response to the wind field but also 
Ekman boundary layer transport and upwelling or downwelling, Sverdrup interior transport, 
conservation of potential vorticity, frictional western boundary currents, geostrophic balance, 
and quasi-geostrophic meandering. 

With little baroclinity, the surface relative geostrophic speeds within the central gyre are 
generally less than 0.02ms-1. According to Carmack and Foster (1975b), the total relief of the 
reference surface is less than 10 dynamic ems over most 'of the basin. Consequently, it is 
impossible to resolve details in the circulation pattern from oceanographic data alone. The 1980 
buoy drift data combined with satellite PMW observations are thus invaluable. 

17 



2.5 Oceanic structure 

Compared to the Arctic Ocean, the Weddell Sea is characterized by a weak pycnocline, 
which is a consequence of the small freshwater input into the surface water and the upwelling of 
warm, more saline Circumpolar Deep Water at the AD through wind-driven Ekman divergence. 
The total range of temperature and salinity in the southern and eastern Weddell Sea is small. 
Seasonal and regional variations in water temperature range from 2 to 3°C to less than -2°C. The 
halocline occurs at the same depth as the thermocline. As a result, the vertical transfer of heat 
across these boundaries is generally larger in the Antarctic than in the Arctic. In the centre of the 
Weddell Gyre, the pycnocline lies at a depth of about 100m, sloping down to about 200m in the 
outer parts. Ocean-atmosphere heat exchange and sea ice formation in winter enhance mixing 
across it, and thus the intensity of upward heat and salt fluxes. 

The conditions are conducive to significant vertical exchange processes between the 
voluminous relatively warm saline Weddell Deep Water and the surface layer. The weak stability 
of the Weddell pycnocline makes the region susceptible to variability, whereby small changes in 
the fresh water balance would lead to large changes in pycnocline stability. Gordon and Huber 
(1984) argue that this may form a necessary condition for deep oceanic convection during sea 
ice growth, and thus favours the initiation of sensible heat polynyas. Observations by Gordon 
(1978, 1982) further suggest that conditions for deep convection may also exist in mesoscale 
cyclonic eddies in certain locations. Here, a rapid cooling of the relatively shallow mixed layer 
can initiate overturning which finally extends down to a depth of nearly 2,000m (Gordon, 
1978). 

2.6 Atmospheric circulation 

2.6.1 Zonal winds 

At first sight, the general circulation of atmosphere, and thus ocean/ice, in the Weddell Sea 
appears to be straightforward. The persistent anticyclone centred on about 83°S, 90°E over the 
Antarctic continent produces cold easterly (i.e. westward) winds along the coast. It is 
surrounded to the north by a circumpolar low pressure belt between 60°S and 73°S (the 
Antarctic Circumpolar Trough or ACT). This generally consists of several individual low 
pressure centres. Local pressure minima regularly occur at 20° - 30°E, 80° - 90°W, and 30° -
50°W. Using 3 day averaged pressure values, Cavalieri and.Parkinson (1981) showed that the 
ACT reveals a strong temporal variability with 2 to 4 low pressure centres. Cyclones occur more 
frequently in the Weddell Sea than the neighbouring Bellingshausen Sea, with the highest 
frequency of mean monthly low pressure centres in the central Weddell Sea (Streten, 1980). The 
movement of the ACT leads to a continual alternation between cold Antarctic continental air and 
relatively warm, moist air from lower latitudes. 

The overall effect of the atmospheric pressure distribution was first noted by Captain Cook: 
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"in general I have observed that to the southward of 58° or 60° the Easterly Winds prevail, at 
least they blow as often as any other, whereas to the North of 58° down to 40°, 35° or 30° the 
Westerly Winds prevail" (Beaglehole, 1961). Similarly, the Scotia encountered westerly winds 
north of 62 - 64°S between 47° and 11 °W, and easterly winds south of the Antarctic circle 
(Mossman, 1907). 

The minimum pressure axis of the ACT oscillates meridional! y with a half year period 
around an annually and zonally averaged position of roughly 65.9°S (Streten, 1980). The 
amplitude of this variation amounts to about 2.5° of latitude, which has a significant effect on 
the circulation of the Weddell Sea ice cover. The southernmost position is reached in mid-March 
and mid-September to October when the ice extent is at a minimum and maximum, respectively. 
The northernmost position occurs in late June and late December (van Loon, 1971). The 
perennially zonally averaged pressure is 984hPa at the sea surface (Van Loon, 1972). 

Similarly, the geostrophic west wind exhibits a half year oscillation, with a maximum 
amplitude between 60°S and 65°S. Geostrophic winds blow in the direction of the isobars. The 
strongest geostrophic west winds occur in February-March and September-October. A detailed 
geographic distribution of the geostrophic west wind field over the Southern Ocean is given by 
Jenne et al. (1971). Thus, the transition between the west (to the north) and east wind (to the 
south) zones occurs in the summer and winter at 60°S - 65°S, and in the spring and autumn at 
65°S - 70°S (Schwerdtfeger, 1970a). 

60°S 65°S 10°s 75°S 
April 20°w 6.6 0.1 .-4.9 -5.5 

30°w 6.7 1.6 -3.2 -5.1 
40°w 6.1 2.7 -1.5 -4.3 
50°W 5.6 3.1 -0.5 -3.3 

July 20°w 6.4 1.7 -3.2 -5.4 
30°w 5.5 2.7 -1.2 -4.5 
40°w 4.4 2.8 0.1 -3.3 
50°w 3.5 2.2 · 0.4 -2.2 

October 20°w 9.3 5.8 -0.7 -5.3 
30°w 9.2 6.9 0.7 -5.2 
40°w 8.8 6.9 1.5 -4.4 
50°w 8.4 6.0 1.4 -3.5 

Table 2.1: Monthly averaged zonal geostrophic wind field above the Weddell Sea in ms-1, 
positive values for west winds and negative for east winds (from Jenne et al., 1971). 

Streten (1977b) indicates that zonal westerly flow becomes strongest and most variable in 
spring, associated with a more frequent occurrence of meridional blocking sequences. The term 
"blocking anticyclone" is generally used in synoptic climatology to describe tropospheric high 
pressure systems that remain approximately stationary for several days in an area where zonal 
flow prevails, and effectively block the passage of cyclones. Travelling anticyclones and 
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blocking high pressure ridges can dominate the region to the west of the Antarctic Peninsula, 
cutting off the supply of cyclones. Storms are thus interspersed with short periods of more 
stable weather resulting from the intervening high pressure ridges. The latter produce relatively 
light winds as their pressure gradients are relatively small. At the surface, the wind, which 
blows anti-clockwise around a high pressure system in the southern hemisphere, blows 
outwards across the isobars. Anticyclones are commonly slow-moving or stationary. 

Monthly climatological means of sea level pressure (SLP) and geostrophic winds have been 
calculated by Jenne et al. (1974), and are presented graphically as figures 2-5a to 2-7b of Zwally 
et al. (1983a). These data highlight a quasi-stationary low centred at about 62°S, 20°E from 
January to August, with its major axis orientated east-west. Figure 2.4 provides a classic 
example of this situation. The well developed storm on the satellite image would produce a 
pattern of geostrophic winds which is commensurate with the cyclonic (clockwise) motion of the 
Weddell Gyre, with strong westerlies in mid-latitudes and weaker easterlies towards the 
Antarctic coast. It would encourage the northward export of ice in the western Weddell Sea. 
Frotn September to December, the monthly averaged low pressure belt breaks into two separate 
components; one in its original position, the other centred in the Weddell Sea at roughly 65°S, 
30°W (Schwerdtfeger, 1970a). This results in spring time geostrophic winds which intensify the 
gyral circulation, and which act to close the oceanic gyre at its eastern extremity. 

Figure 2.4: A US Department of Defense Meteorological Satellite Program (DMSP) image of 
Antarctica. It is compiled from 5 images collected by satellite F-7 between November 4th 
and 25th, 1986, visible band, 2.7km resolution. (Courtesy of the National Snow and Ice 
Data Center, University of Colorado). 
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The east wind zone is influenced by cold katabatic winds which descend from the Antarctic 
Plateau to the coast to be deflected to the west by the Coriolis force, but often moving sharply 
across the isobars (figure 2.5). The katabatic winds from the Dronning Maud Land coast decay 
into the synoptic pattern some 20km from the coast (Weller, 1969). This can potentially create 
extremely unstable boundary layer conditions with air-sea temperature differences of the order of 
10°c. The resultant active thermal exchange strongly modifies the lower baroclinic field. The 
details and scale of this process are poorly understood. . J 

Figure 2.5: Average pattern of the surface and katabatic wind flow over the Antarctic continent. 
The streamlines have been inferred from predominant wind frequencies at the stations and 
from traverse ·. records. From Schwerdtfeger (1970) (after Mather and Miller, 1967). 

The Antarctic Peninsula is the only meridionally oriented mountain range cutting across the 
mean zonal westerly flow. It increases baroclinic instability and forces cold air far to the north, 
where it meets with warm air of sub-tropical origin. Consequently, the Scotia Sea is a favourite 
site for cyclogenesis for dynamic as well as thermodynamic reasons. It is common for 
depressions to track from the South Pacific and the Bellingshausen Sea across the Peninsula 
before looping into the Weddell Sea, creating rapidly changing weather patterns and altering the 
forces driving the sea ice motion (Limbert et al., 1989). These systems invariably continue SE to 
terminate in the vicinity of the S/SE Weddell Sea coast. Individual cyclones typically talce 3 to 5 
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days to traverse the Weddell Sea (Wadhams et al., 1989; Streten and Troup, 1973). The 
frequency of occurrence of strong cyclones around the coast is slightly less during summer than 
the rest of the year, even though there may be as many, if not more, weaker cyclones (Budd, 
1982). Sturman (1979) observes an increase in cyclonic activity during August and September 
for the region around the Antarctic Peninsula. At other times, cyclones skirt the northern 
Weddell Sea rather than penetrate its interior. Less than 10% of these cyclones are thought to 
cross the Antarctic coastline (Taljaard, 1972). Budd (1987) and Kirk and Speth (1984) cite an 
increase in the disappearance of cyclones near the coast of the southern Weddell Sea. In 
traversing the Weddell Sea, it is believed that many turn SE to the continent, slow down and 
partially disappear. 

2.6.2 Meridional winds: barrier winds 

Meteorologists have frequently filled the large data gap of the central Weddell Sea with a 
deep low. This may indeed be the case at certain times (e.g. figure 2.4); a different set of 
conditions may, however, predominate in the extreme western Weddell Sea, imparting to the ice 
cover here its unique characteristics and behaviour. Prevailing strong SW winds recorded in the 
NW corner of the Peninsula at Snow Hill by Nordenskjold's Swedish Antarctic Expedition of 
1901-3, at Hope Bay (Esperanza) since 1945, and subsequently at Matienzo and Marambio, 
together with the very frequent easterly winds on the other side of the Weddell Sea at Halley 
Bay, have often erroneously been interpreted as representative of a large swath offshore from 
the Antarctic Peninsula (Schwerdtfeger, 1979b). 

The Peninsula is a mountain range more than 2,000m high south of 68°S, 1,400 - 2,000m 
high from 68°S to 64°S, and reaching nearly 800m near its tip at 63.4°S, 57°W. It projects to a 
much lower latitude than any other Antarctic land mass, cutting across the circumpolar 
circufation of both atmosphere and ocean. The sheer physical presence of this barrier, with 
Joinville Island at its northern tip, forces wind and current to extend to latitude 63.3°S, where 
they clearly fall into the domain of the WWD and ACC. , 

It has been seen that easterly winds prevail in the lower layers of the troposphere over the 
mostly ice-covered central and southern Weddell Sea. The air in the lowest 1000m is very 
stable, and when such a shallow and cold air mass approaches the steep mountain range, it must 
pile up along the range before an overflow across the crest can occur (Schwerdtfeger, 1979c). In 
the Weddell Sea, such air masses are carried towards the PeJ?.insula by a large scale horizontal 
pressure gradient, largely from east to west. The flow pattern on the windward side should 
reflect the upward incline of relatively cold, stable air and the increase of surface pressure along 
the eastern side of the mountains. Since the geostrophic wind at a lower level equals the 

· geostrophic wind at an upper level minus the thermal wind, the surface wind must turn to the 
right (in the southern hemisphere) as the cold air approaches the Peninsula. If the upper wind is 
weak in comparison to a strong thermal wind, the surf ace winds must also be strong and tend to 
blow parallel to the range (i.e. roughly SW to NE). These are termed barrier winds. 
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days to traverse the Weddell Sea (Wadhams et al., 1989; Streten and Troup, 1973). The 
frequency of occurrence of strong cyclones around the coast is slightly less during summer than 
the rest of the year, even though there may be as many, if not more, weaker cyclones (Budd, 
1982). Sturman (1979) observes an increase in cyclonic activity during August and September 
for the region around the Antarctic Peninsula. At other times, cyclones skirt the northern 
Weddell Sea rather than penetrate its interior. Less than 10% of these cyclones are thought to 
cross the Antarctic coastline (Taljaard, 1972). Budd (1987) and Kirk and Speth (1984) cite an 
increase in the disappearance of cyclones near the coast of the southern Weddell Sea. In 
traversing the Weddell Sea, it is believed that many turn SE to the continent, slow down and 
partially disappear. 

2.6.2 Meridional winds: barrier winds 

Meteorologists have frequently filled the large data gap of the central Weddell Sea with a 
deep low. This may indeed be the case at certain times (e.g. figure 2.4); a different set of 
conditions may, however, predominate in the extreme western Weddell Sea, imparting to the ice 
cover here its unique characteristics and behaviour. Prevailing strong SW winds recorded in the 
NW comer of the Peninsula at Snow Hill by Nordenskjold's Swedish Antarctic Expedition of 
1901-3, at Hope Bay (Esperanza) since 1945, and subsequently at Matienzo and Marambio, 
together with the very frequent easterly winds on the other side of the Weddell Sea at Halley 
Bay, have often erroneously been interpreted as representative of a large swath offshore from 
the Antarctic Peninsula (Schwerdtfeger, 1979b). 

The Peninsula is a mountain range more than 2,000m high south of 68°S, 1,400 - 2,000m 
high from 68°S to 64°S, and reaching nearly 800m near its tip at 63.4°S, 57°W. It projects to a 
much lower latitude than any other Antarctic land mass, cutting across the circumpolar 
circulation of both atmosphere and ocean. The sheer physical presence of this barrier, with 
Joinville Island at its northern tip, forces wind and current to extend to latitude 63.3°S, where 
they clearly fall into the domain of the WWD and ACC. , 

It has been seen that easterly winds prevail in the lower layers of the troposphere over the 
mostly ice-covered central and southern Weddell Sea. The air in the lowest 1000m is very 
stable, and when such a shallow and cold air mass approaches the steep mountain range, it must 
pile up along the range before an overflow across the crest can occur (Schwerdtfeger, 1979c). In 
the Weddell Sea, such air masses are carried towards the Pe~insula by a large scale horizontal 
pressure gradient, largely from east to west. The flow pattern on the windward side should 
reflect the upward incline of relatively cold, stable air and the increase of surface pressure along 
the eastern side of the mountains. Since the geostrophic wind at a lower level equals the 
geostrophic wind at an upper level minus the thermal wind, the surface wind must turn to the 
right (in the southern hemisphere) as the cold air approaches the Peninsula. If the upper wind is 
weak in comparison to a strong thermal wind, the surf ace winds must also be strong and tend to 
blow parallel to the range (i.e. roughly SW to NE). These are termed barrier winds. 
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Barrier winds are not necessarily indicative of the large-scale pressure field i.e. they do not 
depend upon the presence of a deep low over the central Weddell Sea (Schwerdtfeger, 1975b). 
Although largely unresolved in conventional synoptic analyses, they represent a significant 
component of the mesoscale atmospheric motion field. They often persist for longer than 1 day, 
and are frequently of gale and even hurricane force. Since the air is most stable and coldest 
during the austral winter, the strongest and most persistent barrier winds occur during this 
period, which corresponds with a period of heavy ice growth. 

2.6.3 Air temperature 

Although narrow, the Peninsula also acts as a climatic divide, with average yearly 
temperatures on its east side being about 7°C colder than corresponding temperatures on the 
west side (Schwerdtfeger, 1975a). The profound effect of the Peninsula on surface air 
temperature can be readily seen in the multi-annual isotherm pattern over the southern ocean 
shown in mean monthly data (figure 2.6). 

Figure 2.6: Mean isotherms at the surface for (A) January, and (B) July. From Schwerdtfeger 
(1970) (from Taljaard et al., 1969) 
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110°w 90°w 10°w 50°W 30°w 10°w l0°E 30°E 
60°S +2.2 +2.2 +2.6 -2.4 -3.9 -3.6 -3.3 -3.0 
65°S -2.8 -2.7 -3.2 -8.6 -8.3 -7.5 -6.8 -6.4 

Table 2.2: Zonal distributions of the annual averaged air temperature (in °C) at the sea surface 
along latitudes 60°S and 65°S (from Schwerdtfeger, 1975a). 

Air temperatures over sea ice are controlled by heat conduction through the ice from the 
underlying sea water (Maykut and Untersteiner, 1971; Ebert, 1984), and the direct contribution 
of sensible heat upward through thin ice (Maykut, 1982). In the Weddell Sea, they are also 
influenced by the northward transport of sea ice, cold air and cold water along the eastern flank 
of the Antarctic Peninsula. These combine to cause a negative surface layer temperature anomaly 
extending from the Antarctic Peninsula to the South Indian Ocean. The annually averaged 
surface air temperature in the Weddell Sea decreases southwards from -4.3°C (Orcadas) to -
22.2°C (Belgrano) (Schwerdtfeger, 1975a). The monthly mean temperatures are -l0°C in July 
and 1 °C in January at the South Orkney Islands, and -30°C and -8°C at the Filchner Ice Shelf 
(Schwerdtfeger, 1970). 

2.7 General characteristics of the Weddell Sea ice cover 

Due to the combined effects of the processes outlined above, the Weddell Sea sector is the 
site of the greatest meridional seasonal and interannual variations in Southern Ocean sea ice 
extent. Zwally et al. (1979) note from Nimbus-5 Electronically Scanning Microwave Radiometer 
(ESMR) data that the region contains a higher proportion of high concentration ice than other 
sectors. At maximum extent, the area of ice contained in the Weddell Sea amounts to 8 - 10 x 
1Q6km2 (Ackley, 1979a), about one third of the total around Antarctica. According to Ackley 
(1979b), the Weddell Sea contributes more than all other regions together to the total year-to
year variability in the extent of the entire Antarctic sea ice belt. 

Large parts of the western Weddell Sea are permanently covered with sea ice. The minimum 
coverage of approximately 1.4 x 106km2 is observed in February (Ropelewski, 1983). This ice, 
having survived at least one melt season, must be second year ice at least. The large amplitude of 
the seasonal variation in sea ice extent has been mainly attributed to dynamic rather than 
thermodynamic effects (Hibler and Ackley, 1983). Streten (1983) has argued that Weddell Sea 
ice growth is initiated during a period of light winds and low cyclonic activity in a season whose 
general circulation characteristics are favourable to a weak circulation pattern in the region. But 
is the situation really as simple as this? 

Ultimately, synoptic scale weather systems are the forcing fields to which both ice and ocean 
must respond (Andreas, 1984). Consequently, recent studies of air-sea-ice interaction in the 
Southern Ocean have tended to focus on the correlation of the location of the sea ice edge with 
the nature of the synoptic wind field, and on seasonal time scales. Streten and Pike (1980) argue 
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that ice extends to lower latitudes just west of those longitudes with a high frequency of monthly 
mean low pressure centres in winter and spring. Large scale fluctuations in ice extent are shown 
to be associated with both the strength of the zonal westerlies and the location and frequency of 
cyclones. The zonal wind regime of the Weddell Sea undergoes considerable latitudinal 
variability, and is therefore the site of great variability in ice extent (Ackley, 1981a). Generally, 
intense cyclones act to force the sea ice cover northwards along their western flanks and 
southwards along their eastern flanks. Equivalent relationships exist for anticyclones, which 
occasionally intervene to connect the sub-tropical with the Antarctic Plateau high pressure 
regions (Cavalieri and Parkinson, 1981). 

Another line of research has focused on the perspective that changes in sea ice extent and 
concentration act to force the atmosphere by altering the exchange of energy between atmosphere 
and ocean at the ice edge. The ice edge may act to steer cyclones. Schwerdtfeger and 
Kachelhoffer (1973) show that seasonal changes in cyclone trajectories are highly correlated 
with changes in ice extent, and that a statistically significant relationship exists between ice 
extent in autumn and spring and a meridional shift in cyclonic activity. Cyclogenesis, initiated by 
the release of baroclinic instability in the proximity of the ice-ocean boundary, may be common 
at the ice edge, where a steep temperature gradient occurs. Moreover, Ackley and Keliher 
(1976), using ESMR data from the Bellingshausen Sea, argue that cyclonic activity and reduced 
ice concentration near the ice edge tend to reinforce each other by enhancing heat loss i.e. 
positive feedback occurs. 

Discrepancies do exist, however. For example, although Schwerdtfeger and Kachelhoffer 
(1973) show that hemispheric-scale variations in cyclone frequency between autumn and spring 
are apparently related to the seasonal expansion of ice, this is not the case in winter, when the 
ACT often migrates polewards during the period of ice advance. 

Carleton (1981b) proposed that greater ice extent tends to increase regional cyclogenesis in 
the ice edge zone; cyclonic activity may enhance ice advection. He reports that cyclonic vortices 
on satellite imagery are about 2-3 times more frequent in winter than in summer. The maximum 
equatorward extent of cyclonic activity (40° - 50°S) occurs in July (winter), with September 
having the most poleward location (60° - 75°S). The former is the region of open ocean north of 
the sea ice which is losing considerable amounts of heat at that time of year. From July to 
September, the sea ice zone has a lower concentration of new cyclones. On the other hand, 
cyclones forming further north tend to drift into the SSIZ and give rise to the highest 
concentration of cyclones and cyclone tracks there. Once again, this raises the fundamental 
question of whether the chicken or the egg came first. 

Fletcher (1969) showed a high correlation between southern atmospheric heat loss and the 
zonal circulation intensity in the annual cycle. The large winter sea ice extent is associated with a 
cool polar atmosphere and a strong zonal circulation, whereas in summer a lesser extent of sea 
ice is associated with a warmer atmosphere and a weaker zonal circulation. Nagashima (1982), 
studying interrelationships between Arctic sea ice and general atmospheric circulation, found that 
light ice conditions in late summer-autumn, increasing the atmospheric heat loss, cause strong 
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zonal circulation and low polar temperatures in the subsequent months. It is hypothesized that a 
large extent of sea ice, due to its high albedo, decreases the amount of solar radiation absorbed at 
the surface, increases regional heat loss, cools the atmosphere, intensifies the meridional 
temperature and pressure gradients, and hence intensifies the zonal circulation. 

Apart from complexities regarding the directionality of the associations between cyclonic 
activity and ice extent, several additional factors complicate the physical interpretation, and 
underline the fact that ice-atmosphere associations cannot be treated in isolation from oceanic 
processes. Van Loon (1972), for example, notes that atmospheric frontal maxima occur not at 
the ice edge but along the oceanic boundary between the ACC and the sub-Antarctic surface 
water. Carleton (1981b) confirms the importance of the Oceanic Polar Front to cyclogenesis. 
Since 1973, digital data from satellite-borne passive microwave sensors, notably the ESMR and 
the Scanning Multichannel Microwave Radiometer (SMMR) on Nimbus-?, have led to a 
downward revision of concentration estimates of Weddell Sea ice (Zwally et al., 1983). These 
findings force reappraisals of ocean-atmosphere heat exchange estimates. With this in mind, 
Ackley (1?81a) contends that the meteorologically more relevant zone may be the broader band 
of the seasonal sea ice zone (SSIZ), which in effect is the region between the Antarctic continent 
and the equatorward boundary of the Weddell Sea MIZ (Wadhams, 1986). The problem is 
further complicated by the large natural variability of cyclone trajectories and frequencies across 
the entire Weddell Sea (Walsh, 1983). It will be seen that both deep pack and MIZ processes are 
important in the Antarctic; the two regions are both encapsulated in the SSIZ. 

The SSIZ is defined as the area between the northern (maximum) limits of ice extent in 
winter/spring and the minimum extent in summer/autumn. This zone occupies most of the EWD 
and its large eddies along the Antarctic Divergence, and includes the northern branch of the 
Weddell Gyre and the Antarctic Peninsula. The zone is broadest and extends furthest 
equatorwards in the Atlantic sector as a consequence of the unusual geographical and 
oceanographic configuration of the Drake Passage, Antarctic Peninsula and Scotia Arc. Sections 
of the SSIZ occur over relatively shallow water close to the latter. The permanent ice zone is ice
covered for most of the year, although it breaks up at certain locations and times to form 
polynyas of varying size and duration. The SSIZ extends over the area of cold near-shore water 
masses, which are particularly well developed in the inner Weddell Sea. It covers large regions 
of deep ocean and polar continental shelf, and is the focus of an increasing amount of attention 
due to the complex vertical and horizontal exchanges that occur between ice, ocean and 
atmosphere. 

2.7.1 Key differences between the sea ice covers of the Weddell Sea and the 
Arctic 

Much of our understanding of the processes governing the dynamics and thermodynamics 
of sea ice emanates from the Arctic. How well techniques developed in the north be transposed 
to the southern hemisphere and applied to the ice cover of the Weddell Sea is open to serious 
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debate. The answer is far from clear, as , fundamental differences exist between the sea ice 
regimes of the two polar regions. In terms of treating sea ice as a radiometric target, it is 
enlightening both to examine the differences in more detail and to probe their causes. One 
inherent difficulty in interpreting observational studies is common to both hemispheres, and 
stems from the fact that statistical correlation does not imply causality. Ice anomalies correlate 
with atmospheric anomalies, but are themselves forced by the latter. 

The Weddell Sea ice cover is in intimate contact with oceanic heat sources, and 
convergence/ridging is thought to be less prevalent at its northern and eastern extremities. 
Notable exceptions occur in the western Weddell Sea. Much more open water is present in 
winter: 10 - 15% compared to 1 - 2% in the Arctic (Casarini and Massom, 1987). Antarctic sea 
ice is generally more responsive to short-term wind forcing. At its outer boundary, Weddell Sea 
ice interacts with southern hemisphere storms that are considerably more vigorous than those 
of the northern hemisphere at comparable latitudes (Fletcher, 1969). Weddell pack ice is 
advected into lower latitudes than in the Arctic. At its circumpolar outer edge, the ice is exposed 
to southern hemisphere storms, which are notoriously more vigorous than those of comparable 
northern latitudes. Due to the largely unconstrained nature of Weddell Sea ice, ice dynamics 
cause it to expand more rapidly than would be the case without any ice interaction. Although 
certain characteristics of the Weddell Sea ice cover are representative of other Antarctic regions, 
others are unique. 

The relatively large areas of open water, forced by the divergent pattern of surface stress, 
and the low relative atmospheric humidity, produced by cold dry air flowing off the Antarctic 
continent (Andreas and Ackley, 1982), may be sufficient to produce the large turbulent heat and 
momentum fluxes over Antarctic sea ice as cited by Weller (1980). The relative humidity in the 
surface layer over Antarctic sea ice is generally less than 60%, while springtime humidities over 
Arctic sea ice are typically greater than 75%. As a result, the overlying atmosphere becomes 
warmer than would be the case if it were over thicker, more compact ice. Consequently, when 
this warmed air flows off the pack, the flux of heat from the adjacent ocean will be considerably 
less than it would be into colder air moving from a more compact ice cover (Mitchell and Hills, 
1986). This contrast in the meridional variation in surf ace heating may help to explain why the 
Antarctic surface pressure trough in winter, unlike its northern counterpart, often lies over the 
pack in the Weddell Sea and maintains its strength (depth). 

The little that is known of drift patterns suggests that the residence time of Weddell Sea ice 
is seldom greater than 2 - 3 years. Most Weddell Sea ice is less than 1 year old and remarkably 
thin (less than lm [Wadhams et al., 1987]), whereas Arctic sea ice is typically 2 - 3m thick, and 
80% of it is older than 1 year. The thin ice cover may serve to minimise both the Coriolis force 
in the momentum balance and the effect of internal ice stresses. Nevertheless, ice thicknesses of 
up to 5m have been observed in undeformed ice (Weeks and Ackley, 1982; Casarini and 
Massom, 1987). The structure of this ice is quite different from that of the central Arctic. 
Approximately 60 - 70% of its profile is made up of frazil ice. The origin of these anomalously 
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thick floes is unclear, although they may be from the extreme west or fast ice from southern 
coastal regions; before breaking free, their thickness may be supplemented by a constant supply 
of snow blowing off the continent. Antarctic sea ice is frequently also underlain by a thick layer 
of unconsolidated "slush" ice, the mechanism for the formation of which is not clearly 
understood. No extensive development of a similar phenomenon has been reported from the 
Arctic. 

Summer surface melting is a major factor affecting the disappearance of Arctic sea ice, and 
often takes place at air temperatures below freezing. Conversely, Antarctic sea ice is 
characterized by minimal surface melting and an absence of melt ponds. The latter was noted by 
Wordie (1921) during the drift of the Endurance, and later confirmed from fieldwork and 
Landsat imagery by Ackley (1979b). The surface albedo of Antarctic sea ice is thus similar to 
that of snow-covered ice all year round, a highly significant factor in terms of the radiation 
budget. The reason for this relative lack of surface melting appears to be related to differences in 
the meteorological variables controlling the surf ace heat balances of the two polar regions. 
Andreas and Ackley (1982) argue that the lower atmospheric relative humidities and stronger 
winds enhance turbulent heat losses from the ice, allowing surface melting to occur only with air 
temperatures significantly above 0°C. It will be seen later from the buoy temperature records that 
this condition is rarely encountered over the Weddell Sea ice cover. Rapid sublimation 
supplements the minimal loss of energy due to the sensible heat flux. In spring, Antarctic 
surface winds are 60 - 100% stronger than Arctic winds. Turbulent transfer removes energy that 
would otherwise be available for surface melting. Radiation absorption within the snow-free ice 
does, however, cause localised internal melting, giving the ice a darker colour (Allison, 1986) 
and a lower albedo, which may induce further melting. 

Yet in spite of the near absence of surface melting, most of the Weddell Sea ice cover decays 
southwards each spring/summer, indicating that heat from the underlying ocean must be largely 
responsible for the seasonal ice retreat. Katabatic winds, higher latitudes, and lower oceanic heat 
fluxes cause melt rates near the continental boundaries to be small compared with those near the 
free boundary of the pack. Enhanced biological activity in Antarctic ice may enhance internal 
melting, weakening the ice and accelerating the breakup on the microscale. 

The climatological asymmetry of the two hemispheres can be seen in the zonally averaged 
mean SLP. For most of the year, the northern hemisphere curve shows a weak maximum in mid 
latitudes and another in the polar region, with a very weak trough inbetween. Conversely, the 
southern hemisphere is characterised by a pressure that drops away very rapidly with latitude 
from the mid-latitude ridge. Depending on the season, it falls some 25 - 35mb to form the sub
Antarctic trough off the coast before rising to form the persistent polar high over the continent 
(Taljaard et al. 1969). Consequently, the strengths of the corresponding.geostrophic westerlies 
are quite different. 
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2.7.2 Ice types: frazil v columnar 

About 50 - 70% of Weddell Sea ice is frazil ice, which forms at high growth rates (greater 
than lcmh-1) in polynyas and leads (Ackley et al., 1980; Clarke and Ackley, 1984). Bauer and 
Martin (1983) indicate that frazil accumulation can lead to ice layers of greater than 50cm 
thickness within a few hours. This process effectively inhibits brine drainage, and the salinity of 
sea ice at 59 - 62°S, 0 - 5°E, remains as high as 4ppt in early spring. The amount of salt initially 
entrapped is a linear relationship of the growth rate (Cox and Weeks, 1975); the faster the 
growth, the colder the ice and the higher its salinity. Brine cells also change volume (and brine 
concentration) with temperature. Thus, a vertical salinity gradient develops in older ice, which is 
proportional to the brine release at the bottom. Significantly from a PMW remote sensing 
standpoint, brine inclusions in frazil ice tend to be ellipsoidal; those entrapped in congelation ice 
are predominantly elongated and cylindrical in shape. The apparent dominance of frazil ice also 
has important biological consequences. Its rapid growth entrains large amounts of organic 
material from the water column. Thus, substantial levels of nutrients, chlorophyll, bacteria and 
plankton are locked within the ice. 

Numerous mechanisms have been proposed to explain the formation of frazil ice (Weeks 
and Ackley, 1982; Newbury, 1983). All depend on the presence of slight supercooling and 
some degree of turbulence in the upper water column. Wind-induced mixing is one such 
mechanism, although its effects may be rapidly damped out as grease ice accumulates. In large 
leads and polynyas, wind and wave action combine to herd the crystals to the downwind side 
where they accumulate (Martin, 1981). Currents and local circulations can carry some of the 
crystals beneath the surrounding ice, although this process does not seem capable of explaining 
the widespread distribution of frazil in the Weddell Sea. Another source of underwater frazil is 
the upward movement of water at its freezing point. It can also form as a result of thermohaline 
convection. Drainage of cold dense brine from sea ice produces descending plumes of brine that 
cause supercooling in the adjacent water (Maykut, 1985). Similar plumes exist under re-freezing 
leads. Weeks and Ackley (1982) suggest that thermohaline convection could account for much 
of the frazil observed in the Weddell Sea. It may be that no one single mechanism alone is 
responsible. 

, Congelation ·or columnar growth at the bottom of ice sheets 1t?rough heat loss at the top 
depends on the actual ice thickness, and is a far slower process than frazil ice accumulation 
(Clarke and Ackley, 1984). After a few centimetres of ice fo~, the low thermal conductivity of 
the ice limits the heat transfer and prevents growth rates of greater than lmmh-1. The rate 
decreases further as the ice thickens, and it requires several weeks to achieve the observed 
thickness of 0.5 - 1.5m (Wadhams et al., 1987). Therefore, although estimating the thickness of 
ice is important, it is the rate at which it grows that affects its MW signature by determining its 
salinity and crystallographic structure. 
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2.8 Availability of data 

2.8.1 Meteorological variables 

Over the vast Southern Oceans, the distance between synoptic meteorological stations tends 

to be enormous, and uncertainties regarding the pressure and temperature fields are unavoidable. 
The density of meteorological stations is relatively high along the Antarctic Peninsula, 

particularly now that remote stations are in operation, but low elsewhere i.e. over sea ice 

(particularly in winter). The central Weddell Sea is largely devoid of direct meteorological 

observations; there are none covering the period of interest in 1980. Under such circumstances, 

it is customary to draw an approximate sea level isobar pattern by interpolation, latterly with the 

aid of satellite data, thereby introducing a large degree of qualitative interpretation which may 

vary significantly from analyst to analyst. 

The basic analyses of Australian Bureau of Meteorology (ABM) data rely on the initial 

specification of mean SLP and lOOOmb to 500mb thickness, and incorporate all available 

conventional and satellite cloud information which give deviations from the climatology. Despite 

impressive improvements in numerical weather prediction in recent years, forecast and hindcast 

models still . show day-to-day variability in accuracy, ' particularly in the medium range (WMO, 

1986). While successive model improvements are resulting in a gradual reduction of systematic 

error, the impact of reducing day-to-day variability of skill is often not apparent. It is therefore 

hardly surprising that the Antarctic region is particularly prone to errors in both published and 

manuscript meteorological material (Jones and Limbert, 1987). Further improvements can be 

made only by placing ice-strengthened buoys into the data gaps to transmit meteorological data 
via polar orbiting satellites. 

Modern synoptic analyses in such data-sparse regions have benefitted greatly from satellite 
cloud images (e.g Warren and Turner, 1988). The twice daily circumpolar analyses of the ABM 
have gained much from satellite monitoring. Satellite sounder data further improve the quality of 

analysis, although errors still occur (Limbert et al., 1989). Serious discrepancies also remain in 

the frequency of identifiable cyclonic vortices derived from analyzed pressure fields and those 
derived from satellite cloud images. For example, Komro (1977) reports a high frequency of a 

cyclonic flow pattern on available synoptic charts between 75° and 70°S, 20° and 50°W, which 

is not reflected in the satellite imagery. This discrepancy may be attributed to the fact that the 
only station in the vicinity, Halley Bay (75.5°S, 26.6°W), has a high frequency of moderate to 

strong easterly surface winds which are not representative of the SLP field farther to the west 
and northwest (Schwerdtfeger, 1979c). 

In the proximity of the mountainous Antarctic Peninsula and where the air masses in the 
boundary layer are very stable, as they can be over the ice-covered Weddell Sea, striking 

differences can occur between the surface wind pattern derived from the SLP analysis of 

synoptic charts and the real wind. The barrier' winds have often been misinterpreted in synoptic 

analyses as being solely due to quasi-stationary low pressure systems over the central Weddell 
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Sea. Indeed, the strong SW winds along the eastern flank of the Peninsula, which persist 
uninterrupted for days, can appear precisely when they would not be expected from the large
scale atmospheric circulation pattern (Schwerdtfeger, 1979b). They can also appear when an 
intense baric depression lies over the central Weddell Sea. 

The inappropriate location of existing meteorological stations and the lack of direct 
observations from the Weddell Sea itself cannot be fully compensated for by satellite sensor 
data. Even the most recent satellite sensors can offer little information about the surface winds 
near the Antarctic Peninsula and over ice-covered waters. As a result, it is often impossible to 
distinguish between true barrier and cyclonic winds (Schwerdtfeger and Amaturo, 1979). 
Synoptic situations can exist whereby the wind along the NE side of the Peninsula is largely of 
cyclonic origin, while the southern part of the east coast experiences predominantly barrier 
winds. Therefore, surface wind observations at coastal stations can then lead to erroneous 
interpretations of the pressure field over large areas. Conversely, when direct observations are 
unavailable, mistaken conclusions may be drawn from the pressure field data. Consequently, the 
launching of buoys with wind/pressure and temperature sensors is critical in this region. 

The very sparse data set that does exist clearly indicates the importance of the mesoscale 
meteorological field. It is important to note, however, that wind fields derived from pressure 
data are likely to be subject to considerable error due to the scarcity of good quality data at high 
southern latitudes; if the data are of questionable quality in the first place, then the derived winds 
are likely to be of an even poorer quality. For this reason, the author has consciously chosen not 
to incorporate synoptic meteorological data (from ABM charts); the uncertainty in the exact 
nature and location of temperature contours and the intensity and positioning of low pressure 
systems renders a more detailed, quantitative analysis unrealistic. Geostrophic winds calculated 
from the spacing of isobars on the ABM charts will be approximations of the large-scale 
atmospheric surface flow. Similarly, Crane (D. Crane, pers. comm.) found that 10m winds 
interpolated from U.K. Meteorological Office analyses wind values bore virtually no 
relationship to 2m winds actually measured at buoys in the SE Weddell Sea. Information on the 
passage of cyclones and intervening anticyclones therefore largely comes from the more reliable 
buoy pressure records, which were not incorporated in the ABM daily analyses for this period. 
U.K. Meteorological Office analyses are not available for 1980. The nature of the problem 
reflects the magnitude of the data gap confronting researchers interested in Antarctic sea ice in 
general. 

Another problem is the resolution of the data and the resultant charts. Certain highly 
significant features may be too small to be resolved on SLP charts. Polar lows, for example, are 
intense, mesoscale low pressure systems that develop extremely rapidly, mainly in winter 
(Rasmusson and Lystad, 1987). They are significant in terms of their violence, the huge fluxes 
and temperature gradients and the heavy/moderate precipitation that they produce. They develop 
predominantly in cold air outbreaks from higher latitudes, which traverse the warmer ocean 
waters (Streten and Troup, 1973). Their development seems to be directly related to the position 
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of the ice margin, for they strengthen rapidly as the system moves from an ice covered region to 
open water. They differ from cyclones in size (about 100km as opposed to 1,000km), form in 
cold air away from the major baroclinic zones, and thus often go undetected in conventional 
meteorological analyses and forecasts. Detection of these storms with remote sensing techniques 
is itself a research topic. Most of the investigations have been limited to the Arctic (Gronas et al., 
1986). Accurate polar low forecasts require fairly detailed depictions of sea surface temperature 
and ice concentration (Langland and Miller, 1988). 

Turner and Warren (1988) report on the development of a sub-synoptic scale (700km 
diameter) vortex over Halley Bay in January, 1986, identified on National Oceanic and 
Atmospheric Administration (NOAA) operational satellite data. This feature produced winds of 
25 - 30 knots from the east. The analyses clearly identified the influx of very cold, continental 
air into the system which, coupled with the relatively high sea surface temperatures, decreased 
the stability of the atmosphere and contributed to the maintenance of the system. Polar lows tend 
to subside rapidly as they make landfall. 

Other discrepancies exist. Hibler and Ackley (1983), comparing analyzed ABM surface 
temperatures with the 1979 buoy observations, report that the former yield excessively warm 
temperatures in the late summer and autumn. Such analyses present interpolated values between 
widely spaced meteorological stations (e.g. Halley and Marambio), assuming that the 
temperature changes linearly. In reality, low temperatures may persist far from the coast, with 
more abrupt changes occuring in the vicinity of and across the ice edge. The indication is that the 
ice cover has a large effect on the surface fields which is not reflected in the Australian analyses; 
the latter appear to largely ignore the seasonal presence of an ice cover. However, the author 
acknowledges that because the data are so sparse, best possible use must be made of those that 
do exist. 

Our knowledge of atmospheric conditions, although far from optimal, appears to be more 
complete than our knowledge of sea ice, which in turn is better than our knowledge of polar 
oceanography. The meteorological (relative) advantage appears to be the result of the shorter, 
more convenient time scales of the processes and the tendency of the atmosphere to smooth out 
hmizontal inhomogeneities. Important questions remain. For example, how quickly, if at all, 
does the ice field resp.ond to local wind field variations? Significantly improved meteorological 
data from over the ice (i.e. from a co-ordinated buoy programme) are essential before this, and 
similar questions, can be answered with a large degree of confidence. 

2.8.2 Oceanographic variables 

Historically, oceanographers have mapped the polar oceans from slow-moving ships, or 
have moored internally recording instruments in ice-free regions and returned to recover/replace 
them. The expense of gathering data by more conventional means has escalated dramatically, 
primarily due to the cost of ship operations. The first, and for many years only, data on ice 
motion came from the position of ships frozen into the Weddell ice in the heroic age of polar 
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exploration. The recent emergence of satellite data relay and platform location (uplinking) 
permits a fundamentally different approach, which not only increases both the quality and 
quantity of observations but also permits new kinds of measurements (In Situ Ocean Science 
Working Group, 1983). In addition to benefits derived from the quasi-Lagrangian nature of 
surface drifter observations, a major advantage is their cost-effective nature, the simplicity of 
their deployment from aircraft or ships, and the their freedom from maintenance. 

Ice motion in the Arctic Basin has been well documented from the trajectories of manned 
drifting stations and ARGOS-tracked buoys (since 1979) (Thorndike and Colony, 1980). 
Conversely, very few buoys have been deployed in the Antarctic. The most extensive 
deployment to date of surface drifters was in the Southern Ocean as part of the First Global 
GARP Experiment (FGGE); yet these were largely placed north of the ice cover (Patterson, 
1985). 

The vastness, remoteness and special observational requirements have combined to severely 
hinder the quantitative understanding of the Southern Ocean, particularly within the ice-covered 
regions (Gordon, 1988). The dynamics of the sub-polar region of the Southern Ocean are 
poorly known both with regard to the spatial structure of the large-scale circulation and the 
mesoscale features of the region. Virtually all of the observations of the Southern Ocean 
environment within the Weddell Sea are derived from data obtained during the ice-free months, 
particularly January and February (Gordon, 1980). Oceanographers, for practical reasons, tend 
to forget about the presence of an ocean once it is covered by sea ice. 

This is particularly true in a wide swath along the eastern coast of the Peninsula, where few 
oceanographic measurements have been made due to the almost continual presence of a what is 
assumed to be a heavily deformed and dynamic sea ice cover. Thus, the behaviour of the gyre in 
this region has either been disregarded totally or largely explained by interpolation from 
observations to the east. Similarly, few if any sea ice experiments have been conducted in this 
region. Moreover, many of the satellite sensors that can provide a wealth of oceanographic (and 
meteorological) data over open ocean cannot operate over ice-covered regions. It is proposed 
here that the differential motion of the Weddell Sea pack can to a large extent be used to infer the 
behaviour of the underlying gyre; this concept is of particular importance in the largely 
inaccessible western sector. 

The data gap for winter is thus of a magnitude unique for the world ocean. While a few 
winter data points have been obtained from ships accidentally locked in the ice (e.g. 
Deutsch/and, Endurance), some coastal station observations and a few winter-over instrument 
moorings, it was not until the 1981 October-November period that a modern set of 
interdisciplinary data was obtained within the Weddell SSIZ as part of the US-USSR Weddell 
Polynya Expedition (WEPOLEX). Even this experiment, however, was unable to advance 
further than about 40% of the distance from the ice edge to the continent in the east, although 
many important data were collected across the ice edge zone (Ackley and Smith, 1982). The 1986 
Winter Weddell Sea Project (WWSP) cruise, however, traversed the entire ice cover in the 
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vicinity of the Greenwich meridian, and made a number of important discoveries. 
The WWD/ACC is unique in world oceans in that it has no meridional boundaries. Yet the 

physics controlling its behaviour have never been satisfactorily modelled. Tracking the 
behaviour of the outermost regions of the Weddell Sea ice cover with buoys can provide 
valuable clues as to its behaviour, and the effect of the Antarctic Peninsula and complex 
bathymetry on the latter. Although our knowledge of the WWD, when not ice covered, has 
greatly improved in the last 20 years, its behaviour when ice covered has been largely open to 
speculation. Moreover, very little is known about the variability and intensity of the EWD 
skirting the Antarctic coast. It is more remote, covered with ice for much of the year, and 
therefore more difficult to measure directly. Intense exchanges between atmosphere and ocean 
occur here. 

The intensity of Southern Ocean storms has been poorly monitored. Studies of the synoptic 
observation of the wave energy spectrum incident on the ice edge await the launch of the next 
generation of radar altimeters and synthetic aperture radars in earnest. Only then can the 
mechanical effect of waves on the Antarctic MIZ be estimated using experimental results and 
theories derived from Arctic work. 

2.8.3 Sea ice variables 

Several decades of intensive research of the Arctic sea ice cover have not been matched by a 
corresponding effort around Antarctica. Our general understanding of air-sea-ice interactions is 
still largely based upon experiments in the perennially ice-covered portions of the Arctic Basin, 
although much recent attention has been paid to the marginal ice zone (MIZEX). The 
applicability of such information to more dynamically active areas such as the Weddell Sea ice 
pack is uncertain. This hemispheric imbalance in sea ice research has long been recognised to be 
a serious problem, and recommendations have been set down by international committees on the 
best strategies for remedying the situation (e.g. WMO-ICSU, 1975 and 1978; SCAR, 1983). As 
yet, these largely remain as plans rather than applications. 

There is a growing, if still inadequate, body of "surface truth" information on ice properties 
and drift, the latter emerging from ice buoys launched during Antarctic re-supply voyages and 
oceanographic cruises. Sea ice data sets are largely scattered and incompatible. As yet, few 
detailed observations on the distribution of ice in the Weddell Sea have been carried out. 
Reasons for the large seasonal change in ice extent have not fully been investigated, and are 
poorly understood. Processes involved in floe breakup are not well understood, except near the 
ice edge where wave activity fractures the ice in a predictable fashion. The most difficult task in 
any research strategy for studying sea ice is the choice of processes to include or to ignore, and 
the amount of detail to resolve or to neglect. Fortunately (or unfortunately as the case may be), 
the data base for Antarctic sea ice is so small that these choices are already largely pre
determined. 

Even the most fundamental parameters of Antarctic sea ice, such as mean thickness, growth 
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rates, structure, extent and open water distribution (ice concentration), are largely open to 
speculative estimates. Compared to the Arctic, very little is known about the heat and mass 
balance of ice-covered portions of the Southern Ocean due to inaccessibilty and difficulties in 
making surface measurements on the dynamic seasonal ice. In the Weddell Sea, the magnitude 
and direction of exchange between the ocean-atmosphere and ice is poorly known, although it is 
thought that major water mass formation and conversion occurs at certain locations. On the 
microscale, the meteorological problem is to predict the turbulent momentum and heat fluxes and 
the radiative fluxes. This usually involves a parameterization of the turbulent fluxes in terms of 
the bulk transfer coefficients for momentum (the drag coefficient), and sensible and latent heat 
(Andreas, 1985). Both are poorly known over sea ice, with most of the research being 
conducted in the Arctic (Banke et al., 1980; Arya, 1975). 

An accurate estimate of the amount of open water in the form of leads and polynyas present 
at any one time (i.e. the sea ice concentration) is absolutely essential in this context. Studies of 
these processes are, however, seriously hindered by uncertain estimates of ice concentration (as 
it affects the exact amount of sea ice insulation of the ocean). The higher percentage of open 
water and different surface texture in the Antarctic presents the wind with different roughness 
elements, including floe edges along leads instead of pressure ridges (Andreas et al., 1984). In 
tem1s of the transfer of sensible and latent heat, it may be useful to draw rough parallels between 
the relatively low concentration Weddell Sea ice cover and that of the Arctic MIZs. It is more 
satisfactory, however, to conduct research specifically in the Antarctic. 

Weller (1980) has stressed the serious lack of data on the surface energy balance in the 
interior pack and MIZ of Antarctica, the areas likely to have the greatest effect on the overall 
south-polar energy budget. The data that are available come largely from a relatively narrow 
coastal zone of mainly shore-fast ice (Allison et al., 1982). Satellite observations and 
measurements from drifting buoys offer the only reasonable approach to gaining improved heat 
exchange estimates. Errors occur in estimates of ocean-atmosphere heat exchange due to 
inadequate meteorological data, use of monthly rather than short-term means, and from an 
uncertainty in the exact amount of sea ice insulation (related to the ice thickness and open water 
distributions). 

The momentum balance of Antarctic sea ice needs to be better understood in order to 
understand the motion of the sea ice and to advance satisfactory coupled dynamic
thermodynamic models. Although broad-scale features of the Weddell Sea surface circulation 
and its associated sea ice movement have been discussed by Carmack (1986), details of its 
motion in winter and the effects of transient weather systems are largely unknown. In spite of 
the implications, meteorological, oceanic and climatological, 'of the regional scale fluxes, the role 
of Antarctic sea ice kinematics and dynamics has received surprisingly little attention. Diagnostic 
and modelling studies yield information on the extent to which the atmosphere forces the ice, 
and vice versa. Many shortcomings in the atmospheric, oceanic and ice data, however, constrain 
the confidence that can be placed in these results. Any improved predictions of sea ice behaviour 

and climatic trends must be based upon improved assessments of the dominant processes and 
their rates in the Weddell Sea. Fortunately, a well co-ordinated attack is planned during the 
19.90s as part of the World Ocean Circulation Experiment (WOCE). Satellite-borne remote 
sensing and drifting buoy studies hold the key. 
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CHAPTER 3 

PASSIVE MICROWAVE REMOTE SENSING OF ANTARCTIC SEA 
ICE 

3.1 Introduction 

The "observational barrier" surrounding the Antarctic has severely restricted studies of sea 
ice in the past, and is not easily penetrated (particularly during winter). Only since the advent of 
remote sensing from space have accurate assessments of Antarctic sea ice distribution, and its 
variability, been made. The launch of the first Television Infrared Observation Satellite (TIROS-
1) by NASA in April 1960 was an important "landmark" in the history of polar satellite remote 
sensing in that it highlighted, for the first time, the huge potential of large-scale overviews of the 
great ice masses, albeit on a crude level. It immediately became clear that one great advantage of 
satellites is their unique ability to obtain repetitive, synoptic views of the vast, remote areas in 
question (Massom, 1989). 

During the 1960s, most large-scale sea ice data were obtained with instruments sensing in 
the visible (VIS) and infrared (IR) parts of the electromagnetic (EM) spectrum. Gross ice 
boundaries during the long polar night were obtained from thermal IR (TIR) imagery. Minimum 
brightness composite images for the period 1967-72, designed to minimise cloud cover 
obscuration, provided the first regular and routine description of the large-scale behaviour of 
Antarctic sea ice (Booth and Taylor, 1969; McClain, 1978). Present day Advanced Very High 
Resolution Radiometers (A VHRR)s, which sense VIS, IR and TIR wavelengths from 
operational National Oceanic and Atmospheric Administration (NOAA) polar orbiting 
meteorological satellites, can resolve features down to 1km. However, cloud cover and 
darkness, which are persistent problems in polar regions in general and over MIZs in particular, 
severely limit the use of sensors operating at these wavelengths (Massom, 1989); cyclonic cloud 
systems are frequent in all seasons between 50°S and 65°S. The presence of thin, low altitude 
stratus clouds, haze and fog can make image interpretation difficult if not impossible. Moreover, 
many different types of ice can yield similar grey signatures when sensed in the VIS and IR, 
even under perfect lighting conditions, thereby rendering quantitative interpretation difficult. 

Concurrent with the NOAA meteorological satellites, NASA initiated the more advanced and 
expensive Nimbus programme in the early 1960s as a research and development testbed for 
future sensors. This series laid the foundations for the supsequent launch of the Landsat 
satellites. Nimbus-1, for example, carried the first high spatial resolution radiometer into a sun
synchronous polar orbit when it was launched in August, 1964. Since then, seven Nimbus 
spacecraft have been launched, all more advanced than their predecessors. Nimbus-7 provides 
the data for his study (from its SMMR). 

Only twenty years ago, Schwerdtfeger (1968) lamented that "because it is a hopeless task to 
ascertain the extent of sea ice by means of surface observations, it is a matter of regret that, as 
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yet, no extensive use appears to have been made of picture transmitting satellites in polar orbit". 
The situation has improved dramatically since then, thanks mainly to the advent of passive 
microwave (PMW) radiometry from space, with its unique ability to "penetrate" the 
observational barrier. Within 2 weeks of its launch in December 1972, the Nimbus-5 
Electronically Scanning Microwave Radiometer (ESMR) provided the first synoptic views of the 
entire Antarctic ice cover (Campbell et al., 1974). PMW methods are cost-effective and well 
established, and have become the "bread and butter" large-scale ice surveillance technique. The 
routine availability of PMW data, both in raw form and as specifically retrieved geophysical 
products, has made it possible to procure uninterrupted quantitative information on Antarctic ice 
conditions and behaviour (Massom, 1989). 
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Figure 3.1: Regions of the electromagnetic spectrum which are available for, and exploited by, 
satellite borne remote sensors (adapted from Colwell, 1983). • 

The remoteness and scale of Weddell Sea air-sea-ice interaction processes are uniquely well 
suited to regular surveillance from space by PMW sensors. The extreme difficulty of carrying 
out in situ experiments to help validate and interpret the satellite data remains; at present, these 
tend to be statistically sparse in terms of both temporal and ~patial coverage. Satellite remote 
sensing in the microwave (MW) region, however, offers the only realistic method of obtaining 
the requisite systematic, repetitive coverage, yielding homogeneity of data in both space and 
time, and its impact has been revolutionary in both looking at old problems and opening up new 
ones. 

Passive systems measure the natural radiation emitted by a target material and the energy 
from other sources reflected from it. The radiometer has so far been the work horse of space 
borne remote sensing. In essence, a PMW radiometer consists of a high gain antenna, a Dicke 
switch, a "known" source of noise, a preamplifier, a square-law detector, and an integrator. 
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Active systems, on the other hand, transmit their own coherent signal and measure the intensity 
of energy reflected or scattered back from the target material. 

Significantly, MW systems are (depending on the wavelength) less sensitive to atmospheric 
conditions and darkness than non-MW systems. The spatial resolution achieved by PMW 
systems is inherently poorer than that offered by active systems such as synthetic aperture radar 
(SAR). The former, however, have the ability to cover a much wider area over a shorter period 
of time, have low data rates, and the data are far simpler and cheaper to process. The common 
basis of all remote sensing from space is that different interactions occur between radiation and a 
medium to participate in the radiative transfer process. By the fact that different surfaces 
respond differently to a given wavelength of EM radiation (or vice versa), different types and 
amounts of information on the surface or near-surface properties of a given medium can be 
extracted from the observed radiance. 

3.2 Passive microwave remote sensing versus that at other frequencies and wavelengths 

The basic physical principles of PMW remote sensing from space as they apply to sea ice are 
as follows. Incoming solar radiation is either reflected/scattered from the Earth's surface, or 
absorbed and re-emitted in the thermal portion of the EM spectrum. At the short wavelength (of 
the order of microns) of the illuminating radiation in the VIS-TIR region, EM radiation can 
probe only the top few microns of a "solid" surface layer (this is not the case for water, where 
radiation at VIS wavelengths can penetrate far deeper). In the optical region, the absorption and 
scattering processes are concentrated in the uppermost few mm of the surface layer. Re-emission 
of energy as a function of wavelength is dependent upon the physical temperature of the surface 
material and its physical properties (such as crystal structure and composition). Sensing at VIS 
and IR wavelengths therefore offers insufficient penetration of the media to probe and reveal the 
internal structure and physical characteristics. 

Radiometers have two characteristic parameters, namely sensitivity and spatial resolution. 
To achieve fine sensitivity, a sensor must have a large bandwidth and integration time, and a 
low system noise temperature. Thermal emission is very weak at the longer MW wavelengths, 
and the signal received at the sensor is weak. To overcome noise levels, a large field of view 
(FOV) must be received. The spatial resolution or diameter, g, of the resolution cell for PMW 
radiometers (i.e. the instantaneous field of view) is given by the relationship 

KAR 
g=--

Dm 
· {3.1} 

where K is a constant (of order unity) that varies with the type of antenna, A is the wavelength 
of radiation to which the instrument is sensitive, R is the altitude and Dm is the diameter of the 
antenna aperture. Thus, very narrow beamwidths require very large antenna sizes. As a result, 
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the spatial resolution of PMW sensors flown to date in space is considerably poorer (of the 
order of tens of kms) than that of sensors operating in the VIS and IR. It is therefore not 
possible for PMW radiometers to simultaneously sense over a wide swath and achieve a high 
resolution. PMW sensors are thus restricted to those apertures that can be physically constructed 
in space. Apart from building huge antennae, spatial resolution can be improved for the same 
size antenna by decreasing the wavelength (i.e. operating at a higher frequency); it will be seen 
that this also has serious disadvantages. Due to the inherently poor spatial resolution, the 
measured brightness temperature represents an average of brightness temperature over the 
picture element or pixel. The measurement method can be described as an integrating technique 
rather than a resolving technique, and this is one of its major strengths. Njoku ( 1982) provides 
a detailed discussion of MW radiometer system technical descriptions. 

The very coarse resolution yet wide swath of present PMW radiometers is unsuitable for use 
in the study of localized and rapidly evolving features such as those encountered in the complex 
marginal ice zones. Sequential PMW observations alone cannot be applied directly to ice 
dynamics studies, as individual floes, leads and pressure ridges can neither be resolved nor 
tracked. When used in combination with satellite-tracked drifting buoy data, however, great 
insight can be gained into the complex sea ice behaviour. Tracking buoy motion and comparing 
the results with ice concentration changes provides valuable information on both sea ice 
kinematics/dynamics and, by inference, the dynamics of the underlying ocean. Such an 
approach is eminently suitable for studies at basin-wide and global scales, and is adopted here to 
study the seasonally frozen Weddell Sea. 

It has emerged as a major requirement in the monitoring of sea ice extent and concentration 
that data should be available on an all-weather, all-season, day and night basis. This has led to 
an upsurge in the use of MW systems, both active and passive, which are uniquely able to 
"penetrate" both cloud and darkness. MW radiation, lying in the frequency range of 1 to 
200GHz (wavelengths of 30cm to 1mm) and therefore with about 100 - 1000 times the 
wavelength of IR radiation, is largely insensitive to the presence of cloud droplets and haze 
(although it is affected by the presence of ice particles, snow and raindrops in the atmosphere at 
frequencies greater than 90GHz, when the wavelength of the radiation approaches the size of 
the particles and their spacing). 

This study uses SMMR data sensed at 18 and 37GHz. The virtually all-weather nature of 
these data is illustrated in figure 3.2, which shows the transmission characteristics of the 
atmosphere in the MW portion of the EM spectrum. Dominant features are the resonant lines of 
oxygen between 50 and 70GHz (which merge into one band at mean sea level pressure) and at 
119GHz, which are unsuitable for observing the surface of the Earth from space. Resonant lines 
of water vapour occur at 22GHz and at 183GHz. Outside these peaks, the atmosphere is 
relatively transparent in the MW; frequencies in the valleys of the attenuation curves are therefore 
used to monitor the Earth's surface. The presence of non-precipitating cloud has a negligible 
effect. In terms of PMW remote sensing from space, the atmosphere is effectively transparent up 
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to the low MW (10GHz) i.e. atmospheric absorption and emission are relatively small and can 
be neglected in measurements at these frequencies. At higher frequencies, atmospheric 
contributions are significant and should be included (Ulaby et al., 1981). Consequently, 
surface-sensing MW radiometer systems generally include a channel (22GHz in the case of 
SMMR) that is sensitive to atmospheric water vapour and liquid water (to correct for their 
effects). 
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Figure 3.2: Microwave absorption in the atmosphere. A) atmospheric opacity due to oxygen; B) 
opacity with 20kgm-2 water vapour added to the oxygen; and C) opacity with 0.2kgm-2 
stratus cloud added to the oxygen and water vapour. From NASA (1987). 

Apart from its wavelength characteristics, EM energy can also be measured at different 
polarizations. Polarization indicates the plane in which the electrical field vector of EM radiation 
oscillates, and is an important concept to both passive and active MW remote sensing; features 
not apparent at one polarization may be prominent at another. Horizontal (H), or transverse, 
polarization means that the electric field vector is oriented par~lel to the interface; vertical (V), or 
parallel, polarization indicates that the wave arrives at the interface with a vertical component, 
although a horizontal component also exists, The electrical field can therefore be thought of as a 
vector sum composed of two orthogonal component vectors, one parallel and the other 
perpendicular to the preferred orientation. Only that part of the impinging radiation of which the 
polarization is parallel to the preferential orientation of a polarizing filter can pass through it. 
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3.3 Physical principles of PMW remote sensing of sea ice 

Any object with a physical temperature greater than OK (i.e. -273°C) emits (and absorbs) 
EM radiation in different parts of the EM spectrum. The energy is emitted over a range of 
wavelengths, the precise mix being determined by the viewing angle of the sensor, and the 
structure, molecular composition and temperature of the object. At the mean temperature of the 
Earth (in the range of 200 - 300K), the maximum in the blackbody distribution curve occurs 
near wavelength = lOµm (i.e. in the TIR). At longer MW wavelengths, the Rayleigh-Jeans 
approximation to Planck's law of thermal radiative emission is valid, and it is appropriate to 
speak of radiances as brightness temperatures (TB)s expressed in degrees Kelvin i.e. Planck's 
equation for thermal emission as a function of temperature can be linearised to within O. lK for 
temperatures greater than (u/23)2, where u is the frequency in GHz (Ulaby et al., 1981). If 
atmospheric and outer space terms are neglected, 

{ 3.2} 

where TB is the radiance measured by the satellite sensor, e is the emissivity of the medium 
being sensed and Ts is its physical temperature. Thus, under ideal conditions, the measured 
brightness temperature is linearly proportional to the physical temperature of the target object. 
The approximation assumes that the radiating medium is non-scattering, homogeneous, 
isotropic and isothermal. 

Emissivity can be defined as the ratio of the radiant flux emitted by a material to that emitted 
by a black body at the same physical temperature i.e. it is the efficiency with which a medium is 
able to radiate. A black body is a perfect emitter (ideal radiator) at all wavelengths, an object 
whose emissivity is 1 i.e. it emits all the energy it absorbs, and its brightness temperature is 
equal to its absolute temperature. Perfect black bodies do not exist in nature, and the brightness 
temperature of a radiating object is always less than its physical temperature; most natural 
objects emit only a fraction of the radiation that a black body would emit at the same 
temperature. Conversely, the emissivity of a perfect reflector is 0. The usefulness of PMW 
remote sensing as a research tool derives from the fact that the emissivity of a surface material 
depends on its physfoal composition and structure; with an a priori knowledge of the unique 
emissivities of various media within the instantaneous field of view (IFOV), the physical 
properties and state of the emitting media can theoretically be inferred, by bootstrapping, from 
measurements of brightness temperature. IFOV, referring to an individual data element, should 
not be confused with FOV, which refers to the sensor swath width. 

Emissivity is fundamental to the usefulness of PMW radiometry, as it represents that 
radiative property uniquely associated with a given medium. It depends not only upon the 
composition and physical structure/geometrical shape of the medium but also on the frequency 
and polarization of the observed radiation. Observed differences in emissivity are primarily 
caused by: 1) differences in volume scatter, which depend on internal structure (Gloersen et al., 
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1974a); 2) for very thin ice, differences in ice thickness (Gloersen and Larabee, 1981); and 3) 
variations in dielectric properties, which depend on physical temperature, salinity and surface 
wetness (Vant et al., 1978). The above relationships have been largely established 
experimentally. As a rule of thumb, emissivity decreases with increasing density, decreasing 
salinity, decreasing temperature and brine channel/pocket scatter. In an isothermal medium, 
emissivity depends on both the complex dielectric constant and the absorption (opacity) (Vant et 
al., 1978; Gloersen et al.; 1978; Gray et al., 1982; Weeks and Ackley, 1982). The former 
detem1ines the degree of coupling between the total thermal energy in the various molecular and 
electronic states and the part of the MW spectrum involved (Carsey and Zwally, 1986). The 
absorption determines the coupling between the portion of the MW spectrum involved and the 
total thermal energy in the various electronic and molecular states. 

Emissivity cannot be unambiguously computed in field/controlled experiments. It can be 
estimated from satellite measurements of brightness temperature by the relationship£= TBfTs, 
but only if the physical temperature is independently known or can be estimated. In reality, this 
is far from simple, as the MW brightness temperature is a function of the average emissivity and 
average temperature of the layers being sensed, integrated over a large pixel. The quest for the 
perfect a priori knowledge of the emissivity of various media, which would allow an 
unambiguous interpretation of the satellite data, has led to a series of intense theoretical and 
experimental investigations in recent years (e.g. Troy et al., 1981). The Fresnel equation 
(Jackson, 1962) provides a good approximation of emissivity in the case of first year (FY) ice, 
as the observed radiation emanates mainly from a thin saline layer at the snow/ice interface 
which is nearly isothermal: 

,· {3.3} 

Here, n is the index of refraction and ff is the surface reflectivity. Thermodynamics requires that 
emissivity be related to ff via 

£ = 1 - ff {3.4} 

This equation is only applicable if the ice thickness is small compared to the wavelength 
(Parkinson et al., 1987). Thus, the emissivity of FY ice can be fairly satisfactorily modelled by 
assuming that the index of refraction at the surface can be approximated by a linear combination 
of that for fresh ice and brine. Older ice is a more problematical target; its lower salinity (in 
theory) freeboard is characterised by a lower absorption, so that MWs originate throughout the 
matrix. They are reflected mainly downwards by air inclusions and other inhomogeneities, and 

· are emitted according to the local dielectric constant gradient, which in tum is temperature 
dependent (Vant et al., 1974). Consequently, any attempt to determine the emissivity of older 
ice types requires more complex radiative transfer equations (RTEs). Even then, the results tend 
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to be very sensitive to the orientation of the inclusions, and the actual radiance does not vary 
significantly with incidence angle. In general, the emissivity depends on the complex dielectric 
constant and surface roughness. Once again, most of this work has been confined to Arctic 
regions. 

3.3.1 Dielectric properties 

The measured PMW brightness temperature is thus not only a function of sensor 
parameters such as frequency or wavelength, polarization and look angle; it also depends on 
physical properties of the target medium, including complex dielectric constant, volume 
scattering coefficient, surface roughness and internal stratification (Fung and Eom, 1982). The 
complex dielectric constant (E*) is a basic physical quantity describing the electrical properties of 
the medium, and is a measure of the efficiency of escape of the EM energy from it. It determines 
the velocity of the EM wavelet through the ice and the amount of energy reflected at the material 
surface. The dielectric properties of the sea ice determine (a) the reflection coefficients at the air
ice and ice-water interfaces, (b) the radiative transfer characteristics of the ice, and (c) the 
attenuation coefficient, and thus the penetration depth, of the ice medium (Ulaby et al., 1982). 
The concept of penetration depth as it applies to sea ice is discussed in sub-section 3.3.2. 

When describing sea ice, the complex dielectric constant is not only a unique function of 
the fractional volumes of the different phases present, but also depends on their geometric form 
and distribution (Morey et al., 1984). It is represented by 

E* == E' - i E" {3.5} 

where E' is the real part of the dielectric constant or permittivity, E" is the imaginary part or 
dielectric loss, and i 2 == -1. The effective value of the complex dielectric constant is a weighted 
average of the complex dielectric constants of the constituent parts of the medium. The 
imaginary part describes attenuation, volume emission, volume scatter and absorption within the 
ice, and corresponds to the ability of the medium to absorb the EM wave and transform its 
energy to another form of energy such as heat. The real part describes reflection and scatter 
versus transmission at a material boundary; it generally covers a less wide range of values and is 
a relatively well known quantity compared to the dielectric loss. Generally, the intensity of 
radiation is decreased by absorption and increased by emission. 

MW scatter of snow and ice occurs due to the inhomogeneity of density and structure 
variations, whereas absorption effects are mainly determined by the presence of liquid 
inclusions. The loss occurring when EM energy passes through the medium is commonly 
represented in terms of the loss tangent (tan o), where tan o == E"/E' { equation 3.6} . The loss 
tangent always increases with the percentage of liquid water present in the propagation medium, 
and varies with ice type and the distribution of inhomogeneities with depth. It is usually less 
than 10-2 for pure ice, and around 10-1 for sea ice. At 18GHz (the frequency of ESMR and two 
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of the SMMR channels), a 0.2% change in the dielectric constant results in a lK change in brightness temperature (Zwally et al., 1983a). The dielectric constant decreases with increasing frequency, and is inversely proportional to temperature. Moreover, the higher the salinity, the 
higher the dielectric constant and the smaller the penetration depth for a given wavelength. In 
general, the larger the mean dielectric constant, the more dominant surface scatter becomes. 

For these reasons, the complex dielectric constant is typically 3 to 10 times larger for FY than for (Arctic) MY sea ice, due to the higher salinity of the former; it will be seen that the circumstances are considerably different for perennial Weddell Sea ice. Physical temperature gradients within the ice cause variations in both brine volume fraction and dielectric properties, which in tum affect the dielectric constant. There is a strong coupling between physical and air temperatures, although the lag is unknown (Comiso, 1983). Diurnal changes in air temperature 
do not immediately affect the snow/ice physical temperature. Generally, the surface of thick, older ice is better insulated from the warm underlying ocean than new ice, and tends to be colder. The dielectric constant depends not only on the shape, size distribution and orientation of the brine inclusions, but also on the polarization configuration and direction of propagation of the incident wave (i.e. it may be anisotropic). Dielectric properties of sea ice are thus highly complex. Various expressions have been derived for bulk values in terms of pore geometry, temperature and brine volume (Weeks and Ackley, 1982). 

3.3.2 Optical depth, penetration depth and attenuation length 

Many complex processes therefore interact throughout the genesis and life history of an ice floe to detennine its electrical properties, which in turn influence its radiative emission characteristics. The situation is even more complicated when one considers that one SMMR 
pixel contains many different ice types. In the MW region, EM radiation is either scattered/reflected by the surface of the ice or snow (the total amount of radiation scattered from the surface depends upon the Fresnel's law of reflection { equation 3.4} ), or penetrates into the 
ice, where it undergoes volume scatter by inhomogeneities (Ulaby et al., 1982). Sea ice is thus a three-dimensional structure in which MW radiation is emitted, scattered and reflected in a complex manner somewhere between the surface and the bottom, which is water at a temperature of approximately 272K. The relative significance of each process depends upon the nature of the ice/snow properties being sensed. 

To comprehend and interpret PMW data, it is necessary .to know the approximate depths from which the radiation sensed emanates. Of critical importance are the concepts of penetration 
depth/attenuation length and optical depth as they relate to the RTE. First developed for astrophysical problems (Chandrasekhar, 1960), the latter describes the propagation of EM radiation in a scattering and absorbing medium. In an homogeneous material, volume effects on 
the intensity of radiation entering the material or re-emerging from it can simply be described by the following relationship, which is known as the volume extinction coefficient: attenuation = absorption + scatter (Ulaby et al., 1986). In reality, sea ice is neither an homogeneous nor 
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isothermal material, and more complex RTEs must be adopted to describe the propagation of 
EM radiation; they must ideally include the emission, scattering and absorption by each element 
of the medium. 

The penetration depth (or skin depth), is determined by the attenuation length. The latter is a 
property of the medium, regardless of amount, which can be defined as that depth below the 
surface at which the magnitude of the power of the transmitted wave is equal to 36.8%, or 1/e 
of the power of the wave at a point just beneath the surface (Carver et al., 1985). Optical depth 
describes the number of penetration/attenuation lengths for a given slab of material, and is a 
measure of the opacity of that material for a given wavelength radiation. If the optical depth of a 
target medium is small, that medium is said to be optically thin or "transparent" to the incoming 
radiation. Conversely, if the optical depth is large, the medium is said to be optically thick or 
"opaque". Generally, the majority of the scattered/emitted radiation received by the PMW 
radiometer emanates from a region within one to three times the penetration depth. The latter 
thus effectively determines the thickness of the surface layer contributing the majority of the 
backscattered/emitted energy. 

Penetration depth is directly proportional to the ratio of wavelength of the incident wave to 
the loss tangent. For sea ice, it is affected by salinity, density, surface roughness, brine 
inclusions, air pockets, the state of the snow cover and the physical temperature. The 
penetration depth for saline FY ice, with its high absorption and dielectric constant, is of the 
order of the wavelength of the radiation (i.e. ems) at a temperature of about -10°C, with 
essentially all the scatter occurring near the surface (Comiso, 1983). For desalinated Arctic MY 
ice, the penetration depth is much larger. As a rule of thumb, both theoretical and experimental 
work indicate that surface scatter is important (even in winter) for saline FY ice and new ice, 
whereas volume scatter is dominant for MY ice and dry snow cover. MY ice must be modelled 
both as an absorbing and scattering medium; it will be seen that such an approach is not possible 
with Antarctic perennial ice at SMMR frequencies (Antarctic perennial ice may in fact be largely 
second year ice). Volume scatter is still, however, important in terms of retrieval of total 
Antarctic ice concentration using multi-frequency SMMR data. The volume scattering term in 
turn depends primarily on penetration depth, the backscattering cross-section of inclusions 
within the ice profile, and the volume fraction of the inclusions. 

The penetration depth is thus determined by both scatter and absorption losses. Absorption 
losses can be computed if the average complex dielectric constant is known. The absorption 
coefficient of a medium is largely a function of its liquid wate~ content and the wavelength of the 
radiation. The presence of a wet snow cover reduces the penetration depth to approximately one 
wavelength, and surface scatter alone becomes dominant. Computation of the scatter losses, 
however, is far more difficult as it involves the shape, size and dielectric constant of the 
scatteri11g elements. This challenging field is occupying a number of workers in both 
experimental and theoretical research (e.g. Grenfell and Lohanick, 1985). 
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3.4 Radiometric differences between sea ice types at PMW wavelengths 

Sea ice is therefore a highly complex and lossy material, never in a state of physical 
equilibrium, which is formed and evolves under a set of highly diverse, changeable and dynamic 
conditions; it follows that its PMW signature is in a constant state of flux. It is composed of a 
liquid phase (brine), a gaseous phase (air) and a solid phase (ice and precipitated salts) in 
complex and variable proportions. Precipitated salts never comprise more than 1 % of the ice 
volume (Meeks et al., 1974). Field observations have shown that sea ice is anisotropic; the 
crystal structure varies in size and orientation with depth (Weeks and Gow, 1978). 

During the process of freezing, concentrated brine pockets (with dimensions of the order of 
mm) are entrapped between the fine layers of tiny ice platelets and interconnected by drainage 
canals. The brine component is localized by the crystallographic structure of the ice. It forms a 
complex solution of metal salts, which allow a small amount of liquid brine to remain within the 
ice at temperatures as low as 230K (Assur, 1958). Due to its dielectric properties, the brine 
volume present at any one time in the upper ice layers is a critical factor. Its distribution and state 
depends on the rate at which the ice grew, its age, crystalline structure, temperature profile and 
particularly its thermal history (Weeks and Ackley, 1982). The faster the ice growth, the colder 
it is and the higher its salinity. Brine cells also change volume (and brine concentration) with 
temperature. Thus, a vertical salinity gradient develops in older ice, which is proportional to the 
brine release at the bottom. An excellent review of the growth, structure and electrical properties 
of sea ice is provided by Weeks and Ackley (1982). 

Due to the absence of snow on newly formed, thin ice and the presence of liquid brine 
throughout the freeboard layer, the exposed surface has a significantly higher real part of the 
index of refraction than is the case with FY ice. This results in a higher value for the surface 
reflectivity (rr)1 and a lower emissivity. Moreover, the surface temperature of new ice will be 
higher than that of FY ice due to greater heat conduction from the underlying ocean (Maykut, 
1985); this will also affect the measured brightness temperature. For FY ice, the emitted 
radiation is modified principally by reflections and absorption at the snow-ice and/or snow-air 
interface. FY ice, if snow cover and surface effects are neglected, is opaque at SMMR 
wavelengths, and the radiation emanating from it should theoretically show no strong frequency 
dependence, as volume scatter is negligible. Due to high dielectric losses, the large brightness 
temperatures of saline new and FY ice do indeed exhibit a strong frequency-independence. 

3.4.1 The passive microwave properties of Arctic multi-year sea ice 

In order to assess the MW behaviour of Weddell Sea ice (with its significant proportion of 
perennial ice), it is illuminating to start by assessing that of Arctic sea ice; research has 
concentrated on the latter. The latter is generally composed of a mixture of FY ice (with a 
thickness of ~30cm), characterized by the presence of brine in the freeboard layer, and MY ice 
(i.e. ice which has survived at least one melt season), where the brine in the surface layers has 
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been flushed away during periods of melt. Arctic MY ice is characterized by a low absorption 
coefficient. The bulk of the signal received by the radiometer emanates from significantly deeper 
within the ice than that of newer sea ice forms. It is thus characterized by a greater penetration 
depth than FY ice, with the optical thickness being of the order of tens of wavelengths. At or 
near the sea level, the brine concentration increases to approximately 0.1 %, which significantly 
increases the imaginary part of the refractive index, and hence the optical thickness in the 
submarine portion of the MY ice vertical profile is the order of a wavelength. 

Arctic MY ice is thus characterized by a lower salinity and density than FY ice, properties 
which would normally increase the emissivity (Vant et al., 1974). However, inhomogeneities 
(mainly in the form of air bubbles and ice lenses) left behind by brine flushing processes in the 
freeboard layer tend to be of sub-mm scale, and on sub-cm spacing scales similar to SMMR 
wavelengths. This causes a significant fraction of the EMR to be suppressed within the ice by 
volume scatter, a factor which becomes more pronounced as the ice grows older. As a result, 
this type of ice is characterized by a lower effective bulk emissivity, and tends to be strongly 
frequency dependent on the radiation emanating from it i.e. the sensitivity to volume scatter is 
directly proportional to the frequency of the radiation. In general, the emissivity of Arctic MY 
ice decreases rapidly with frequency. The wavelength dependence of the MY emissivity arises 
from both the variation with wavelength of the scattering cross-section and the finite thickness 
of the freeboard layer (generally about 30cm). These factors call for modelling the ice both as a 
scatte1ing and an absorbing medium. The shorter the wavelength, the more scatter will occur, 
and the more the radiation from deeper strata will be suppressed. The brightness temperature of 
MY ice is therefore generally lower than that of more saline, newer ice. Unfortunately, the 
emissivities of FY and MY in the Weddell Sea tend to merge at all times at SMMR wavelengths, 
and multi-frequency techniques are far less usefully applied there. The reasons for this 
anomalous radiometric behaviour are discussed in section 4.3. 

3.4.2 Effects of a snow cover 

Snow is an inhomogeneous, anisotropic mixture of air, water and ice, the relative 
proportions of each determining its scattering properties (Rees, 1988). The permittivity of this 
variable mixture as well as the strength and distribution of the scattering centres within the snow 
layer are the keys to any modelling (Schanda, 1987). The latter is far from simple, as snow 
grains scatter EMR incoherently and are assumed to be randomly spaced within the snowpack. 
A cold, dry thin snow cover has a very low absorption, is op.tically thin, and has an emissivity 
intermediate between that of air and sea ice. Its presence thus tends to increase the effective 
emissivity at lower frequencies (longer wavelengths) and act as a scatterer at higher frequencies, 
but to a negligible degree. 

Experiments have shown that a snow cover makes little difference so long as it is dry, non
saline, fine and no thicker than roughly 20 - 30cm. Such a snow cover is an almost loss-free 
dielectric at MW frequencies, optically thin and, as such, has little effect on the transmission of 
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radiation from the underlying ice. However, a snow cover thicker than about 30cm can affect the 
MW radiation in a number of ways. For example, the physical temperature of the ice emitting 
layer can be changed by the insulating effect of the snow cover, the thermal conductivity of 
which is ·One eighth that of ice. If the snow cover is thick enough, scattering from snow grains 
could more than offset the effect of higher physical temperatures at the snow/ice interface, 
especially at higher frequencies (Comiso, 1983). 

Kim et al. (1984) report that although the surface temperature of Arctic MY ice under a 10cm 
snow cover is close to the air temperature, 20cm of snow can change the surf ace temperature by 
about 10°C. At greater depths, the individual ice grains and water inclusions may be considered 
as significant scattering centres, thereby suppressing the amount of emitted radiation (Schanda, 
1987). Their geometric configurations, dimensions and distributions, measured in wavelength, 
are thus decisive factors for the resulting scatter behaviour of the snow layer. Although the 
seasonal snow cover that falls on the sea ice is originally salt-free, its salinity may increase 
significantly as it is blown around by the wind. Since the material both emits MW radiation and 
acts as a scatterer, it could either increase or suppress the effective emissivity depending on the 
wavelength of the radiation. It will be seen that a melting or granular, refrozen snow cover can 
have a dramatic effect on the PMW signatures of sea ice, and can seriously hinder an 
unambiguous interpretation of the data collected in spring and summer. 

3.4.3 Differences between the microwave properties of Antarctic and Arctic sea 
ice 

Virtually all Antarctic sea ice (with the significant exception of areas of the Ross, 
Bellingshausen and Weddell Seas) melts back each year and fails to become MY ice. It has been 
estimated that seasonal fluctuations in sea ice area in the Antarctic commonly reach about 75% 
of the maximum extent, as opposed to 20 - 25% in the Arctic. Antarctic sea ice surviving the 
summer, unlike its northern counterpart, undergoes little surface ablation, and meltponds rarely 
if ever occur (Andreas and Ackley, 1982). These fundamental differences result from 
dissimilarities in the meteorological variables driving the respective surface energy budgets. On 
average, surface winds blowing over Antarctic sea ice are significantly stronger than those over 
the Arctic seas, and the relative humidity of the air tends to be less over the former. It follows 
that higher air temperatures are required to activate ice melt. 

As a result, seasonal brine drainage processes are initiated but not as complete as in the 
Arctic, and the ice tends to retain its winter salinity, re-distributing it into the mid-regions of the 
floe without the near-complete drainage evident in Arctic MY ice (Ackley et al., 1978). The 
average salinity of ice in the Weddell summer pack is close to that of Arctic winter ice 
(commonly attaining values of 4.6ppt for FY ice and 3.7ppt for SY/MY ice, as opposed to 
3.0ppt and 2.0ppt in the Arctic). The emissivity of perennial (largely SY) ice in the western 
Weddell Sea thus remains very similar to that of FY ice (Gow et al., 1982) at SMMR 
frequencies. The size and spatial density of air bubbles in second year (SY) ice are also smaller 
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than those in older ice, which should mean that SY ice has a smaller penetration depth, exhibits 
less volume scattering, and thus has a higher emissivity than MY ice. This topic is the subject of 
intensive research outside the scope of this thesis. 

Other differences exist between the ice covers of both polar regions which have a significant 
effect on their PMW signatures. The initial crystalline structure of the ice depends on the 
rapidity of freezing and the wind conditions at the time. The Weddell Sea experiences more 
turbulent upper ocean conditions than are found in the Arctic, which leads to a higher proportion 
(about 50 - 70%) of frazil ice formation (Ackley et al., 1982). Frazil ice forms from an 
agglomeration of ice particles in super-cooled waters, at growth rates higher than lcmh-1, in 
polynyas and leads (Ackley et al., 1980; Gow et al., 1982; Clarke and Ackley, 1984). Weeks 
and Ackley (1982) suggest that thermohaline convection could account for much of the frazil 
observed in the Weddell Sea, although more than one single mechanism may be responsible. 

More columnar ice, formed at a slower rate under calmer conditions or under an existing ice 
cover, is present in the profiles of Arctic sea ice. After a few centimetres of ice form, the low 
thermal conductivity of the ice limits the heat transfer and prevents growth rates of greater than 
about lmmhr-1 (Clarke and Ackley, 1984). The rate continues to decrease as the ice thickens, 
and it requires several weeks to achieve the observed thickness. Bauer and Martin (1983) 
indicate that frazil accumulation, on the other hand, can lead to ice layers of greater than 50cm 
thickness within a few hours. This rapid growth effectively inhibits brine drainage, and the 
salinity of sea ice at 59° - 62°S, 0° - 5°E remains as high as 4ppt in early spring. The rate of ice 
production is extremely sensitive to ice thickness, dropping by roughly an order of magnitude in 
the first 50cm of growth (Maykut, 1985). It is the rate at which it grows, however, that 
ultimately affects its MW signature. Significantly, brine pockets are ellipsoidal in frazil ice, and 
elongated in the direction of growth (cylindrical) in columnar ice, and have a diameter on the 
order of a few mm. In the latter, the pockets normally form layered structures oriented 
perpendicular to the direction of growth. Their physical dimension and orientation, however, 
vary considerably with respect to the surface. Interestingly, sudden transitions between the ice 
types are observed in the profiles. Lange (1988) has identified other textural classes of ice 
specific to the Weddell Sea, namely intermediate columnar-granular and platelet ice. 

Faster growth rates and the generation of large amounts of frazil ice in the south may 
contribute to the higher salinity of Antarctic sea ice (Gow et al., 1982). PMW signatures similar 
to MY ice are encountered in the Ross, Amundsen and Bellingshausen Seas, but little is known 
regarding the physical characteristics of this ice (Zwally _et al., 1983a). Antarctic sea ice 
therefore represents a far more homogeneous PMW target than its Arctic counterpart. As a 
result, SMMR algorithms can only solve for sea ice concentration in the Antarctic; MY fraction 
retrievals based largely on differential volume scatter etc. are only successful when applied in 
the Arctic. This study will thus focus on seasonal and spatial variations in ice concentration. 

Techniques developed for use in the Arctic are therefore not easily transferred to the 
Antarctic. For example, recent analysis of SMMR-derived time series of Arctic MY ice 
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concentration fields has shown that the winter-time drift of MY pack can yield information on 
convergence and divergence (Zwally and Walsh, 1987). The principle behind this is based on 
the approximate conservation of MY ice area during winter, implying that estimates of the 
regional divergence of MY ice can provide a measure of the area of new ice formation and 
growth within the pack during winter. Consequently, changes in MY concentration can be 
related to ice advection in areas of large concentration gradients and to convergence and 
divergence within the pack. The use of a similar technique in the south would be very useful; 
unfortunately, Antarctic MY ice cannot be clearly distinguished at SMMR frequencies. 
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CHAPTER 4 

ALGORITHMS FOR SEA ICE CONCENTRATION RETRIEVALS 
FROM ANTARCTIC SATELLITE PASSIVE MICROWAVE DATA 

4.1 Introduction 

The technology of passive monitoring of radiation in the MW portion of the EM spectrum 
was pioneered in radio astronomy. MW radiometry from space began when a sensor operating 
at 15.8 and 22.2GHz and carried on Mariner 2 on its December 1962 flypast of Venus made 
three scans of the planetary disc (Barath et al., 1964). The application of space borne PMW 
radiometry to sensing of the Earth's surface began with the launch of the Russian satellite 
Cosmos 243 on September 23rd, 1968, carrying a nadir-viewing, non-scanning instrument 
operating at 8.6, 3.4, 1.35 and 0.81cm wavelengths (corresponding to frequencies of 3.5GHz, 
8.8GHz, 22.2GHz and 37GHz). Basharinov et al. (1971) published one of the first plots 
showing brightness temperature variations over the Antarctic. Using data from the 8.8GHz and 
22.2GHz channels, they indicate the strong contrasts that exist between the MW signatures of 
open ocean, sea ice and various regions of continental ice. Since then, a series of PMW 
radiometers have operated from spacecraft in the Intercosmos, Cosmos and Meteor series 
(Matveev, 1976). For example, a 37GHz scanner was flown on a Meteor satellite launched in 
1976. Unfortunately, the data have not been freely available in the west. 

4.2 First generation algorithms - the experience of the Nimbus-5 ESMR 

It was not until the launch in 1972 of the single channel (frequency 19.35GHz, wavelength 
1.55cm, H polarization) Electronically Scanning Microwave Radiometer (ESMR) on Nimbus-5, 
however, that the first large-scale synoptic overviews of the polar ice masses became available 
on a regular basis, irrespective of weather, time of day or season. ESMR employed a phased 
array antenna to scan 50° either side of the sub-satellite point. The 3,000km swath width and 
coarse resolution (pixel size of 30 x 30km) allowed the creation of maps of the sea ice covers of 
both polar regions (poleward of latitude 55°) in their entirety, once every 12 hours, in a manner 
that is impractical using data from sensors with finer resolutions and narrower swaths. The 
spatial resolution is defined as the instantaneous field of view (IFOV) or footprint (data element 
or pixel), which for different channels is primarily determined by antenna size and is inversely 
proportional to the frequency { equation 3.1}. One inherent disadvantage of satellite PMW 
observations is that individual ice features can neither be resolved nor tracked. Delineation of the 
ice edge and other large-scale features can also only be derived to the spatial resolution of the 
sensor. On the other hand, PMW techniques bypass the need to resolve each open lead/polynya 
in order to quantify the open water fraction within a specified area. Higher resolution systems 
invariably underestimate the ice concentration within their IFOV, as many smaller ice features 
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Spacecraft & Sensor Frequencies (Ghz) Swath width (km) Highest resolu ti on 
Year of launch at nadir (km) 
Mariner 2, 1962 PMW radiometer 15.8, 22.2 Planetarv <Venus) 1,300 
Cosmos 243, 1968 PMW radiometer 3.5, 8.8, 22.2 , 37.0 - 37 
Cosmos 384, 1970 PMW radiometer 3.5, 8.8, 22.2, 37.0 - 13 
Nimbus-5, 1972 ESMR 19.35 (H) 3,000 25 

NEMS 22.2, 31.4, 53.6, 
54.9, 58.8 185 185 

Skylab, 1973 S - 193 13.9 11-170 16 
S-194 1.4 280 115 

Meteor, 1974 PMW radiometer 37.0 - -
Nimbus-6, 1975 ESMR 37.0 (V & H) 1,270 20 X 43 

SCAMS 22.2, 31.6, 52.8, 
53 .8, 55.4 2,618 145 

DMSP Block 5D, SSM/T 50.5, 53.2, 54.3, 
1978 54.9, 58.4, 58.8, 

59.4 1,600 175 
Tiros-N, 1978 MSU 50.3, 53.7, 55.0 

57.9 2;300 110 
Seasat, 1978 SMMR 6.63, 10.69, 18.0, 

21.0, 37.0 ( all H & V) 600 18 X 28 
Nimbus-?, 1978 SMMR 6.63; 10.69, 18.0, 

21.0. 37.0 (all H & V) 800 22 X 32 
MOS-1 1987 MSR 23.8 (H). 31.4 (V) 317 23 
DMSP, 1987 SSM/1 19.35, 22.235, 37.0, 

85.5 (all V & H, apart 
from 22.235 fV onlyl) 1,400 16 X 14 

MOS-2, Future MSR 31.4 317 -
DMSP SSM/T-2 19.5, 150, 

183.0 (3 channels) - 50 
ERS-1 ATSR-M 23.8, 36.5, 22 500 -
Tooex/Poseidon PMW radiometer 18.0, 21.0, 37.0 - 27 
N-ROSS LFMR 5.2, 10.4 1,400 8 X 13 
NOAA AMSU-A 23.9, 31.4, 12 
and/orEOS channels in the range 

of 50.3 to 57.29, 89.0 2,300 50 
AMSU-B 89.0, 157.0, 183.31 

(3 channels) 2,300 15 
EOS ESTAR 1.4 1,400 10 

AMSR 6.0, 10.0, 18.0, 
21.0, 37.0, 90.0 

(all V & H) 1,400 2 

Table 4.1: The history of passive microwave remote sensing from space, and future (and proposed) 

sensors. 



fall outside their resolution. 

The value of PMW radiometry stems primarily from the large difference in the emissivities of 
sea ice and open water (their dielectric constants are approximately 3 and 80, respectively, in the 
lower frequency region of the MW spectrum). In other words, the reflectivity of water is very 
high and its emissivity intrinsically low. This leads to a strong contrast in the received radiation 
(Edgerton et al., 1971). This factor was highlighted during experiments conducted in 1967 and 
1970, when a prototype ESMR was flown over Beaufort Sea ice on board the NASA "Galileo I" 
Convair 990 aircraft (Wilheit et al., 1972). Another major conclusion was that the contrast 
between the emissivities of new and old ice increases with increasing frequency. 

Within two weeks of its launch, ESMR was sending back the first synoptic views of the 
entire Antarctic sea ice cover, uninterrupted by cloud cover and darkness (Campbell et al., 1974; 
Gloersen et al., 1974a). Their analysis revealed that the ice behaviour is far more complex than 
had hitherto been assumed, with large waves moving rapidly along the MIZ and large areas of 
low ice concentration/open water deep within the pack. The data also showed that the inter
annual variability in the Antarctic ice cover structure and extent is far more pronounced than was 
apparent on earlier VIS, non-synoptic satellite imagery. Significant advances in knowledge have 
resulted, including the discovery of both the Weddell Sea Polynya in 1974 (Carsey, 1980) and 
the large regional, seasonal and interannual variability of the Antarctic sea ice cover (Zwally et 
al., 1983a). 

At the 1.55cm wavelength of Nimbus-5 ESMR, the optical depth is of the order of 
millimetres for water and new/FY ice and metres for dry, non-saline snow (the optical thickness 
varies by an order of magnitude over the temperature interval -5° to -30°C). It follows that 
contributions from the water under the ice are also present in the PMW signatures of ice with a 
thickness of less than one optical depth. At the ESMR frequency, open water has an emissivity 
of approximately 0.44 - 0.50. For new ice (::=;O. lm thick) the emissivity is between 0.45 and 
0.92; for FY ice (;~O. lm thick) it is 0.92; and for "summer" ice it ranges from 0.45 to 0.95 
(Zwally et al., 1983a). 

Algorithms designed to extract ice concentration values from single frequency (i.e. ESMR) 
data mainly do so by linear interpolation between the radiance of ice-free open water (with an 
assumed brightness temperature of 130 - 135K) and that of a fully consolidated sea ice cover 
(Carsey, 1982; Gloersen et al., 1974a). Theoretically, IFsOV containing mixtures of open water 
and ice will register intermediate brightness temperature values. 

Zwally et al. (1981) calculated sea ice concentrations from_ ESMR data for each grid element 
of a polar stereographic map with an algorithm which uses a unique emissivity of 0.9 and an ice 
physical temperature estimated from climatological surface air temperatures. They concluded that 
the PMW brightness temperatures of Antarctic sea ice are predominantly characteristic of FY ice. 
Zwally et al. (1983a) have prepared a detailed atlas from these data of Antarctic sea ice 
brightness temperature, concentration, changes in concentration and MY average concentration 
for the period 1973-6. 
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Limitations in the accuracy of sea ice parameters gained from the algorithm depend largely 
on the validity of the underlying assumptions and on the degree to which the spatially and 
temporally varying MW radiances of open water and the two ice types match the chosen tie
points (Cavalieri et al., 1984). Ice temperature variations, unless properly taken into account, are 
a significant source of error in ice parameter calculations, since radiometric brightness 
temperatures are taken to be proportional to physical temperature (Cavalieri et al., 1984). For 
example, Zwally et al. (1983a) report that a lOK change in ice temperature results in a ±10% 
error in Antarctic ice concentration as obtained with the ESMR algorithm. However, the 
simplicity of non-iterative, real-time models permits reasonably accurate ice forecasts to be made 
with only modest computational capability and resources. During its 4 year effective lifetime, 
ESMR-5 returned data that established the unique value of satellite borne PMW imagers to 
Antarctic sea ice studies. As late as 1980, ESMR was the primary data source used to compile 
US Navy operational ice analyses. An upgraded ESMR of frequency 37GHz (wavelength 
0.81cm) and dual polarization was launched on Nimbus-6 in 1976, and scanned over a 1,270km 
swath at a ground resolution of approximately 20km. Unfortunately, the data are not generally 
useful due to technical problems. 

The use of single frequency or polarization data, however, creates serious ambiguities, 
particularly in regions of inhomogeneous ice cover (mixtures of FY and MY sea ice) and in the 
extensive marginal and seasonal ice zones of the Weddell Sea. Such data alone can neither be 
used to readily distinguish various sea ice types within the sensor IFOV nor to accommodate 
physical temperature variations. For example, a certain concentration of FY ice and open water 
can exhibit a similar integrated brightness temperature to a significantly different combination of 
older/newer ice and water within the IFOV. Moreover, melt effects during the austral spring and 
summer causes serious ambiguities in the extraction of ice concentrations from ESMR data 
(Grenfell and Lohanick, 1985). Insufficient degrees of freedom are present in single channel 
PMW data to adequately resolve the atmospheric contribution to the observed brightness 
temperatures. Consequently, atmospheric effects are commonly assumed to be negligible in 
ESMR ice retrieval algorithms, the resulting loss of precision being included in the overall 
accuracy/error of the sensor and algorithm. Computation of the atmospheric correction from 
radiometric data requires the use of multi-channel data. Subsequent PMW sensors include a 
channel that is specifically sensitive to atmospheric water vapour. 

Therefore, although the overall accuracy of sea ice concentrations derived from ESMR data 
in areas of mainly FY ice has been estimated to be about ±15% (Zwally et al., 1983a), the 
accuracy in areas which have a mixture of FY and MY ice can be as poor as ±25% (Parkinson et 
al. , 1985). When weather conditions are unknown, Carsey (1982) sets the lower limit of ice 
concentration that can be detected accurately from ESMR data in the marginal ice zone at 15%. 
In effect, one needs to collect as many independent observations as possible, and ideally as 
many as there are unknown parameters. 
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4.3 The technical nature of the Nimbus-7 SMMR 

In order to detect/classify sea ice more confidently, it is necessary to make use of the strong 
wavelength (frequency) dependence of the emission and scattering properties of the snow/ice 
surf ace. It was in an attempt to overcome the ambiguities caused by the lack of beam filling by a 
single ice type and to improve the accuracy of ice concentration calculations that identical 
Scanning Multichannel Microwave Radiometers (SMMRs) were launched on Nimbus-7 in 
October 1978 and Seasat in June 1978 (figure 4.1). Seasat unfortunately operated for only 95 
days, and its SMMR data are therefore of limited use. Nimbus-7, with a one year predicted 
lifetime, transmitted useful data until August 20th, 1987. 

Scanning Multichannel Microwave Radiometer 

Multi - Frequency 
Frequency Horn 
( 5 Freqs.) 

Direction of 
Flight Poth 

Drive System 

Sky Horn Cluster 
( 3 Corrugo ted 

Fields)--~ 

Power Supply 
Boy 

Axis of Rotation 
of Antenna 

~ 

' 

--- Offset Reflector 
79 cm 

- 25° 

Hexopod Reflector 
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+250~ Reflector Scan 

~"ni~===='===~ A n t en n a Bores i g h t 
( Nadir Angle= 42°) 

~......____Antenna Scan Center 
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~ direction of flight 

Electronics Boy path) 

Radio Frequency Boy 

to Nadir 

Figure 4.1 : The instrument configuration of the Nimbus-7 Scanning Multichannel Microwave 
Radiometer (from Stewart, 1982). 

The SMMR is a ten channel instrument receiving both H and V polarizations at frequencies 
of 37, 21.0, 18.0, 10.69 and 6.6GHz (wavelengths of 0.81, 1.4, 1.7, 2.8 and 4.6cm) (table 
4.1). Microwave radiation from the Earth and its atmosphere is collected by an off-axis parabolic 
reflector and directed into a multi-frequency receiving horn which distributes the various 
radiometric components to appropriate radiometers. This provides co-axial antenna beams for all 
channels, with the beamwidth varying from 4.2° at 6.6GHz to 0.8° at 37GHz. Scanning is 
accomplished by oscillating the reflector about a vertical axis between local azimuth angles of 
±25° with a period of 4.096s, resulting in a forward-looking conical scan pattern (unlike the 
ESMR which scanned across-track; the Seasat SMMR was aft-viewing with the swath centre 20° 
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from nadir to the right of the satellite to permit overlap with footprints of the onboard radar 
scatterometer and SAR). The incoming MW beam is at a constant angle of 42° from nadir, 
corresponding to an Earth incidence angle of 50.2°. The scanning arrangement results in a conic 
intersection of the oscillating optic axis with the surface of the earth. 

Characteristics 1 2 3 4 5 
Frequency (GHz) 6.63 10.69 18.00 21.00 37.00 
Wavelength (ems) 4.55 2.81 1.67 1.43 0.81 
RF bandwidth (MHz) 250 250 250 250 250 
Spatial resolution (km) 148 91 55 46 27 
Swath width (km) 783 783 783 783 783 
Integration time (msec) 126 62 62 62 30 
Sensitivity, !iT rms (K) 0.9 0.9 1.2 1.5 1.5 
Dynamic range (K) 10-330 10-330 10-330 10-330 10-330 
Absolute accuracy (K) 2.0 2.0 2.0 2.0 2.0 
IF frequency range (MHz) 10-110 10-110 10-110 10-110 10-110 
Antenna beamwidth (0

) 4.2 2.6 1.6 1.4 0.8 
Antenna beam efficiency (%) 87.0 87.0 87.0 87.0 87.0 

Table 4.1: The characteristics and performance of the Nimbus-7 Scanning Multichannel 
Microwave Radiometer. 

The SMMR consists of 6 separate radiometers, one for each wavelength measured, except 
for 0.81cm, for which there is one for each polarization.Hand V polarizations are observed on 
alternate scans at the four longest wavelengths, and on each scan at the 37GHz frequency. Both 
high and low radiation reference signals are obtained, and switched into the radiometric data 
stream alternately at each extreme of the scan. These are essential for gain variation adjustments 
carried out during data processing. The oscillating reflector feeds a single fixed multi-spectral 
receiving horn, causing an orthogonal polarization components of the incoming radiation to 
rotate with respect to the polarization axes of the instrument. Polarization mixing, therefore, 
occurs increasingly toward the end of each scan and must be COIIlf'ensated for during data 
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processing. Detailed technical discussions about the instrumentation and performance of SMMR 
are presented by Gloersen and Barath (1977), Dunne (1978), Barrick and Swift (1980), Njoku 
et al. (1980a; 1980b), and Swanson and Riley (1980). 

The Nimbus-7 altitude of 955km results in a swath width of 822km. The various integrate
and-dump times of the radiometers combined with the oval IFsOV result in elliptical beam spots 
ranging in diameter from 27 x 32km at 37GHz to 148 x 151km at 6.63GHz, defined by the 3dB 
beamwidth. Cross-track/along-track sampling intervals range from about 14 x 14km to 56 x 
28km over that frequency range (Gloersen et al., 1984), and sampling is sufficiently closely 
spaced for full resolution to be achieved. The long axis of the footprint is in the direction of 
spacecraft motion due to the spatial smearing caused both by the integration time and spacecraft 
velocity. Due to power restrictions, the duty cycle was every second day when operational. As a 
result, Nimbus-7 SMMR offered almost complete coverage poleward of 72° latitude once every 
three days. SMMR data are not available poleward of latitude 84°, due to the 99° tilt of the 
spacecraft orbit and the 780km swath width of the sensor. This has little effect on the coverage 
of Antarctic sea ice, as the missing section falls entirely within continental Antarctica. 

4.4 The multi-frequency approach 

The SMMR provided a unique set of digital data from which a variety of geophysical 
parameters can be extracted in polar regions. Multi-channel PMW data are suitable for the 
application and development of inversion techniques to obtain improved estimates of sea ice 
concentration, and information on critical variables such as snow cover state. The rationale is 
theoretically simple: the surface or near-surface characteristics of the ice/snow cover interact with 
and respond to EMR differently at different frequencies and polarizations i.e. for a given 
surface, different frequencies have different penetration depths and volume scattering 
characteristics. Thus, emissivities of particular media, while similar at some MW frequencies, 
are significantly different at others, and can be used to distinguish those media from space. 

For frequencies below 40GHz, the emissivity of FY ice remains almost constant, the 
emissivity of MY ice (in the Arctic) decreases with frequency, and the emissivity of open ocean 
increases with frequency (Wilheit et al., 1972). The difference in brightness temperature 
between FY and MY .ice increases with decreasing wavelength, due to volume scattering by air 
bubbles and other inhomogeneities within the older ice. These relationships hold for Arctic sea 
ice under freezing conditions. For reasons stated in chapter 3, however, algorithms to retrieve 
ice type and perennial ice fraction cannot be applied to SMMR data collected over Weddell Sea 
ice. The retrieval of ice concentration and extent data presents no such problems, however, and 
these data form the basis of this study. 
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4.4.1 Contributions to observed brightness temperatures 

The basic relationship between physical parameters and MW radiometer measurements is the 
radiative transfer equation (RTE), which describes both the transfer of radiation through the 
atmosphere and the propagation of EM radiation in a scattering and absorbing medium. The RTE 
forms the basis for all first-principle algorithms used to retrieve geophysical parameters from 
PMW radiometer data (Schanda, 1986). The radiation sensed at satellite height is composed of 
four terms: 1) emitted brightness from the surface seen through the atmosphere; 2) upwelling 
radiation from the atmosphere; 3) downwelling atmospheric radiation reflected at the surface and 
transmitted back through the atmosphere; 4) radiation from space after reflection from the 
surface. Put simply and for a horizontally homogeneous atmosphere, the brightness temperature 
intensity received by the sensor, either Hor V polarization, at a given frequency is: 

, {4.1} 

The component terms of this equation are: 

1) T1 - surface radiance, or the thermally generated MW radiation from the Earth's surface, 
which undergoes attenuation as it passes through the atmosphere en route to the radiometer: 

{4.2} 

Here, teff is the effective emissivity of the surface media, Ts is the effective physical temperature 
of the radiating portion of the surface media, and 'ta is the total atmospheric transmissivity. 
Effective emissivities differ from surface emissivities as the radiant flux includes atmospheric 
effects. 

2) T2 - upwelling atmospheric radiance: 

{4.3} 

where oT a is the weighted average atmospheric temperature in the lower troposphere (Gloersen 
et al., 1978). This component accounts for the MW radiation emitted by the atmosphere at all 
altitudes, which also undergoes attenuation by the atmosphere as it travels spacewards. 

3) T3 - atmospheric downwelling: 

{ 4.4} 

This component accounts for atmospheric emission downwards to the Earth's surface, where 
part is reflected upwards towards the radiometer, undergoing attenuation en route. 
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4) T4 - the space component: 

· { 4.5} 

The cosmic (free space) background temperature Tsp, equal to 2.7K, passes down to the surface 
where part is reflected back to be attenuated en route to the radiometer. Equation 4.1 is a 
simplified version of a more accurate equation presented by Gloersen and Barath (1977), where 
atmospheric opacity and temperature vary with height, and where the radiation in T3 is diffusely 
reflected from the surf ace. 

The SMMR antenna viewing an ice mass through the atmosphere receives radiation from all 
objects within its IFOV (and spurious signals from transmitters), as weighted by the antenna 
beam pattern. The upwelling brightness temperature of a scene containing open ocean and 
various amounts of sea ice is thus a function of the ice concentration, ice emissivity, physical 
temperature, the amount of liquid water and water vapour in the atmosphere, and reflected sky 
radiation for a stratified atmosphere. Atmospheric layers, including clouds, absorb MW energy 
proportional to the upwelling EM intensity and emit radiation proportional to their temperature. 
These effects are typically small (increasing the measured brightness temperature by only about 
lK) at southern high latitudes due to the low humidity levels and near absence of liquid water 
droplets in the polar troposphere, particularly during winter (Comiso et al., 1984). Clouds may 
principally affect the MW radiance from sea ice at these latitudes by altering the radiative balance 
at the air-ice interface, thereby changing the physical temperature. At lower latitudes and in the 
vicinity of marginal ice zones (MIZs), however, atmospheric attenuation is greater, and its 
contribution limits the sensitivity of uncorrected brightness temperature measurements to a 
certain degree. The effects are taken here to be consistent and thus negligible. 

4.4.2 Inherent limitations 

It should be accepted at the outset that the SMMR has inherent limitations when applied to 
the study of sea ice. It is not designed to monitor small (i.e. 1 - 2%) changes in ice concentration 
over short (less than 1 day) time periods. Ambiguities also inevitably remain due to the complex 
and highly variable nature of Antarctic sea ice as a target medium. The evaluation of errors in the 
measurement of geophysical quantities with the use of satellite sensors is complicated by a 
number of factors that are far from easy to quantify. Moreover, atmospheric effects are neither 
spatially uniform nor time-independent and may have a significant effect, particularly at 37GHz 
and higher frequencies. Having said this, the overall performance of the SMMR has been 
consistently good. Typical standard deviations for 3-day average maps in ocean areas are about 
2.5K (J. Comiso, pers. comm.). 

Secondly, our knowledge of the basic mechanical, electrical and thermal properties of sea ice 
in the field is sadly lacking. This situation is compounded in the Antarctic. Many possible 
sources of error cloud both ice concentration retrieval and type classification using PMW data. 
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Few ground-based data have been collected to verify the sea ice retrieval algorithms. Little is 
known about the consistency of the PMW signature. No surface validation measurements have 
ever been made in the region of interest. PMW-derived concentration maps therefore both 
require and deserve careful interpretation. 

In geophysical research, it is rarely possible to isolate single processes for study; a 
geophysical measurement made by a satellite PMW sensor over a large IFOV, for example, 
integrates the effect of many processes/properties. Therefore, some measure of a priori 
understanding, derived from the established corpus of observational and theoretical work, is 
essential. Experiments to this end were carried out on legs 2 and 3 of the 1986 Winter Weddell 
Sea Project (WWSP) cruise in the far eastern extremity of the region; their aim was to better 
understand the physics of the MW emission of the ice cover, and to evaluate its variability under 
various stages of growth. Scientists from NASA and the University of Washington collected 
data from radiometers using radiometers with frequencies closely matching those of SMMR and 
the present generation DMSP Special Sensor Microwave Imager or SSM-1 (6, 10, 18, 37 and 
90GHz, both V and H polarizations). Important discoveries were made, but served to underline 
that further work is essential. For example, the emissivities of thick and cold FY ice is relatively 
stable at frequencies ~18GHz, with standard deviations of ±0.2 (Comiso et al., in press). 

The nature of the algorithm applied to the data determines the degree to which it is affected 
by a number of variable physical properties. The major factors contributing to potential 
ambiguities both in the retrieval of sea ice concentrations and their interpretation can be 
summarised as follows: 

4.4.2.1 Variabilities in sea ice emissivity 

The retrieval of ice concentration at a high accuracy (i.e. less than 5%) is hindered by 
temporal and spatial variability observed in sea ice emissivities (Comiso, 1986). This factor is 
hardly surprising, since permittivity and dielectric loss (£' and £") depend on a multitude of 

factors, including the physical chemistry of the ice, and hence on the exact history of the floes in 
terms of cooling rate, wind and wave stirring during formation, snow cover and dynamics 
(Carsey, 1982). Two related snow cover/near-surface phenomena are thought to be largely 
responsible: a) increases in wetness or liquid water content; and b) snow layering and 
granularity effects activated by freeze-thaw cycles. Both can have a significant effect on the 
PMW signature of the underlying ice. 

4.4.2.2 Increases in wetness/liquid water content 

Variations in snow cover dielectric and physical properties can change drastically over both 
daily and seasonal time scales, particularly during spring and summer. When the surface air 
temperature approaches 0°C, a thin liquid water film forms around the snow grains, leading to 
an increase in the refractive index and the loss tangent. For wet snow, permittivity and dielectric 
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loss are frequency-dependent; grain size and structure also have some influence. The permittivity 
in particular is sensitive to the water content (the permittivity of dry snow is a function of its 
density). The high absorption coefficient of wet snow decreases the penetration depth to a few 
ems at frequencies above 10GHz (Hallikainen et al., 1986). Under such conditions, the snow 
can act as a significant scatterer to shield the ice from MW radiation (Kim et al., 1984). The ··· 
effect depends upon the degree of snow wetness. 

The net effect is a significant increase in emissivity at the higher frequencies (Stiles and 
Ulaby, 1980); the emissivity of Weddell Sea ice increases from 0.85 to 0.95 (Comiso et al., 
1984). The wet snow layer becomes the primary source of radiation at 37GHz; even at 18GHz, 
a free water content of only 1 % in the snow cover may increase the measured brightness 
temperature by up to 40K. It is, however, substantially more transparent to the radiation 
observed at 10.69Ghz and 6.63Ghz due to the larger penetration depth of the latter. These 
frequencies are ruled out by their poor spatial resolution. Consequently, the emissivities of the 
different surfaces within the IFOV tend to merge; the latter cannot then be easily distinguished 
from space. Further saturation causes emissivity to decrease due to the increased contribution of 
the water, which has a low emissivity (Comiso et al., 1984). 

At certain times, short-term variations in observed brightness temperature may thus be due 
not only to the opening of leads and polynyas but also to changes in surface properties. The 
unpredictable nature of this phenomenon can introduce uncertainties into the concentration 
retrievals. Nevertheless, SMMR data from late in the season are useful in monitoring the 
progress of melt within the pack, although great care must be taken in interpretation. The 
signature is more stable in winter, although Comiso and Sullivan (1986) report a larger than 
expected variability in the emissivity of consolidated ice, particularly at 37GHz. This effect, 
however, is not as large as that observed in Arctic MY ice. The radiative characteristics of the 
inner pack are also observed to be slightly different to those from within the MIZ. Fortunately, 
this study is more concerned with the freeze-up than the melt period. 

4.4.2.3 Snow layering and granularity effects 

Working in the Arctic, Garrity (1988) observed that the brightness temperature at 37GHz is 
also affected by snow stratification in the spring, caused by freeze-thaw cycles initiated by 
diurnal and semi-diurnal temperature changes. She discovered an average brightness temperature 
increase of 15K from the early morning to the early afternoon; by late afternoon, the brightness 
temperature decreased by about 7K compared to that measured near midday, with an increase in 
polarization due to crust formation on the snow surface. The late evening hours were 
characterized by a decrease in brightness temperature and a significant increase in polarization 
due to increasing stratification in the snow cover, a phenomenon also observed by Matzler et al. 
(1984). 

Short-term fluctuations associated with snow cover wetness and refreezing effects have 
been observed in the MIZ of the central Weddell Sea (Comiso and Sullivan, 1986). In spring, 
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the ice signature undergoes a series of cyclic decreases and increases in brightness temperature 
of consolidated ice with amplitudes as great as SOK at 37GHz and 20K at 18GHz. This cycle 
was repeated three times during the month of November, 1983, its frequency apparently related 
to changes in air temperature. The presence or absence of a cloud cover may be an important 
factor. Further complications arise in the interpretation of PMW data because, during spring, 
some areas are still in the grip of winter conditions while other areas are undergoing melt. 
Freeze-thaw cycles are encountered more frequently in MIZs than in the interior pack. 

Freeze-thaw cycles cause layers of differing grain size to form more rapidly on FY ice than 
on older ice. The former often has a thinner snow cover, a more saline ice surface and a larger 
vertical temperature gradient through the snow. Stratification causes enhanced reflection from 
the snow/ice crust interfaces. The enlarged individual snow crystal dimensions approach the 
wavelength of the radiation, particularly at higher frequencies (greater than 37GHz). Scatter then 
increases, and the effective emissivity and brightness temperature are suppressed. The MW 
signature of FY ice with such a snow cover may be very similar to that of older ice during 
freeze-up periods; this may be an important factor acting against the PMW detection of the MY 
ice in the Weddell Sea using SMMR frequencies. Such short-term variability has important 
implications, suggesting that future satellite data should include some indication of time of 
collection. 

4.4.2.4 New ice, thin ice and pancakes 

Newly forming ice and pancake ice introduce unpredictable emissivities and therefore 
considerable uncertainty into the interpretation of SMMR data. Concentration retrieval accuracies 
in regions dominated by these types, including the MIZs, may only be in the range of ±10 -
30%. In the Weddell Sea ice margin during freeze-up, the production of a frazil soup under 
turbulent conditions leads to a constant generation of pancake ice. The ice thickness is a sensitive 
factor for thin ice species (Gloersen and Larabee, 1981). For example, the effective emissivity 
for nilas and new pancakes, with thicknesses approaching the wavelength of the radiation, could 
be lower than slightly thicker ice, as part of the radiation emanates from the ocean below the ice. 

Young and FY ice are radiometrically very difficult to differentiate as both are saline, opaque 
at SMMR wavelengths and have a snow cover (Comiso, 1986). The presence of moisture in the 
snow or freeboard ice layers of newly formed ice increases the loss tangent and hence the MW 
emissivity of those layers. Consequently, thin ice species greater than 5cm thick (light nilas, 
grey ice and grey-white ice) tend to have emissivities close to that of FY ice. The emissivity of 
ice of less than 5cm thickness (new ice, dark nilas, unconsolidated frazil and grease ice) can be 
very similar to that of open water, and may thus be consistently included irJ. the SMMR derived 
values of open water. Thin ice types thus have emissivities intermediate between those of open 
water and thick FY ice. The net result is that the sensor tends to interpret a continuous, 100% 
cover of thin ice (less than lOcms thick) as a concentration of 50 - 70% FY ice. 
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4.4.2.5 Wave action, flooding and frost flowers 

Erroneous concentration values may also result from the effect of wave action in the MIZ, 
areas of thin new ice, the direction from which the satellite approaches the ice (Comiso, pers. 
comm., 1988) and flooding of the ice surface by seawater following depression due to the 
weight of the snow cover. The latter condition was observed by the author to be quite extensive 
deep within the Weddell Sea pack during the WWSP in the austral winter of 1986 (Casarini and 
Massom, 1987). Infiltration snow-water ice is porous with an irregular granular structure, a 
random crystal orientation, and often a pronounced layering (Spichkin, 1965); it may be 
conunon around the coastal perimeter for some distance out to sea, as large amounts of snow are 
blown off the continental edge by strong winds. 

Further complications are introduced by the presence of frost flowers (hoar frost), which 
commonly form on the surface of refreezing leads, often spreading to form a continuous cover 
(Drinkwater, 1988). They are highly saline features, with salinities as great as 150ppt (Crocker, 
1984). Formed by capillary suction, they draw additional brine from the underlying ice onto the 
surface, resulting in a highly saline snowcover containing a sizable proportion of liquid (even at 
low temperatures). Within a few days, the structure of the frost flower layer is modified by a 
combination of strong winds, snowfall and snow metamorphosis, but the high salinity may 
persist. Consequently, although very thin, this surface layer is radiometrically highly significant, 
its wetness, roughness and high salinity affecting both the reflectivity and emissivity of the 
underlying ice (Lohanick and Grenfell, 1985). With frost flowers and nilas, high returns occur 
from 90GHz, intermediate from 37GHz and low from 18GHz (contributions of the underlying 
water occur in the latter) (J. Comiso, pers. comm., 1988). 

4.4.2.6 Inability to distinguish Antarctic MY ice 

Although large areas of the western Weddell Sea ice cover are known to survive at least one 
melt season, they cannot be resolved on SMMR imagery as second year (SY)/MY ice during the 
following freeze-up (due to the relative lack of brine flushing for reasons discussed in 3.4.3). In 
other words, the differences in MW emission from FY and SY/MY ice tend to be subdued and 
merge. 

4.4.2. 7 Other factors 

Further complications arise from the fact that the so-called snow-ice interface is seldom well 
defined, due to the similarity of the two materials (Lohanick and Grenfell, 1986). After 
prolonged contact with the ice, and with the pressure and insulation provided by overlying 
snow, the base of the snow layer metamorphoses into a firn-like transition stratum which differs 
in structure from both the ice and snow. Thus, the snow affects the original surface. By another 
mechanism, the overlying snow becomes saline by wicking salts from the ice surface, thereby 
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altering the roughness and dielectric properties of the surf ace/transition layer (Lohanick and 
Grenfell, 1986). Substantial ridging and rafting also results in a wider range of emissivity values 
(Comiso, 1983). The quantitative evaluation of these factors has yet to be undertaken. The need 
for a better understanding of the physics of the MW emission and validation of existing 
algorithms for retrieving sea ice parameters has been stressed by Carsey (1985) and Comiso 
(1986). 

4.4.3 The need for further in situ work 

Ultimately, remotely sensed data are only useful if their interpretation is correct and/or 
verified by actual surf ace observations. Ground truth data should have a known precision and 
accuracy, preferably an order of magnitude better than the remote measurements. In practice, 
however, in situ data can have as much uncertainty as the remote sensing measurements under question. Moreover, the validation of observed ice parameters is hampered by the fact that sea 
ice is constantly changing. 

"Surface truth" work is further impeded by the fact that the area that can be covered remains small compared to the coarse spatial resolution of PMW sensors. Further complexities are 
introduced by the occurrence of variations in the physical properties affecting near-surface 
emissivities on spatial scales of tens of ems (Lohanick and Grenfell, 1986). In order to compare 
surface data with satellite observations, spatial averages are needed rather than a detailed 
knowledge of the variations (Grenfell and Comiso, 1986). 

An alternative approach is to use remote sensing data from other sources, such as LANDSAT and aircraft, to validate SMMR data (e.g. Steffen and Maslanik, 1988; Bums et al., 1987). These higher spatial resolution data, however, also require validation. In the present 
study, contemporary buoy data are used extensively in an attempt to build up an overall picture against a backcloth of SMMR data. No surface data are available from the Weddell Sea for 
1980. Consequently, it is imperative that all Antarctic data available from related experiments are 
used to validate satellite data from this region. The validation effort becomes one of comparing 
parameters obtained using different techniques, in this case SMMR and buoys. 

Although some intensive experiments in the Arctic, such as MIZEX, have been geared 
partly towards improving the interpretation of PMW data, few have been undertaken in the 
Antarctic. One of the few validation experiments carried out in the Weddell Sea, by Comiso et al. (1984), correlated in situ observations in the Weddell Sea from the USSR ship Mikhail 
Somov from October 22nd to November 3rd, 1981, with geophysical observations derived from 
simultaneous SMMR data. This investigation demonstrated how two or more channels could be combined to derive ice concentrations during the onset of spring, and to discriminate ice-free 
ocean with substantial weather contributions from low ice concentration regions. 

The study of the physics of the interaction of MW radiation with Antarctic sea ice is still in 
its infancy. Difficulties arise in attempts to model radiative properties due to the complex nature 
of sea ice as both a scattering and absorbing medium. For this reason, a number of assumptions 
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have to be made regarding the shape, forin and scattering property of the various elements of the 
ice. These are, however, based upon almost twenty years of experience, albeit mainly from the 
Arctic. Indeed, it would have been impossible to quantitatively interpret the present data without 
the decade long series of co-ordinated aircraft remote sensing and in situ measurements taken 
during experiments such as AIDJEX, MIZEX and NORSEX (1979), all conducted in the Arctic. 

One of the main limitations of multi-frequency PMW data is that of obtaining adequate 
spatial resolution, and little progress has been made in this area since the launch of ESMR. Two 
reasons are responsible: large antennae are required at the low frequency end of the spectrum, 
and in sensors using a single antenna, the resolution is ultimately determined by the channel 
chosen with the lowest frequency. The finite and relatively coarse spatial resolution of the 
SMMR (one picture element at 37GHz covers an area of approximately 30km2) thus necessitates 
the use of an unfolding procedure to determine the fractional coverage of the various surf aces 
within each IFOV. 

In spite of these inherent limitations, PMW radiometry from space is a powerful tool for 
monitoring the large-scale distribution and behaviour of Antarctic sea ice and its seasonal 
variations. Analyses of ESMR and SMMR data have been carried out by Zwally et al. (1983b ), 
for example, to determine the seasonal cycle of sea ice in the Southern Ocean for the period 
1973-82, and revealed a number of surprising features. These include the winter-time existence 
of a huge polynya in the Weddell Sea (Carsey, 1980). This in turn spawned numerical 
modelling studies (e.g. Hibler and Ackley, 1983; Martinson et al., 1981; Parkinson, 1983), 
which have furthered our knowledge not only of the polynya but also of Southern Ocean sea ice 
and associated ocean-atmosphere interactions. SMMR data can thus be confidently combined 
with the buoy data to study the overall behaviour of the Weddell pack. 

4.5 Comparison of available algorithms for retrieving ice concentrations from 
SMMR data 

Notwithstanding the difficulties described in section 4.4.2, algorithms to extract sea ice 
concentration from Nimbus-7 SMMR brightness temperature data have been developed and 
tested by researchers at the University of Bergen in Norway (Svendsen et al., 1983) as part of 
the Norwegian Remote Sensing Experiment (NORSEX); the University of Massachussetts 
(UoM) and the Canadian Atmospheric Environment Service (Swift et al., 1985); the AES and 
PhD Associates in Canada (Rubenstein et al., 1985), and at the Oceans and Ice Branch of NASA 
Goddard Space Flight Center (the NASA "Team Algorithm" developed by Cavalieri et al., 1984, 
and the alternative cluster analysis technique developed by Comiso, 1983). The author has 
chosen I the final technique to extract sea ice concentrations. The following .section explains why 
this choice was made; this involves assessing the alternative algorithms. The chosen methods are 
then be described in detail. 

Most algorithms have been applied to Arctic data only. All solve for overall sea ice 
extent/concentration, but differ on matters such as the choice of channels (for example, the 
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NASA and UoM-AES algorithms use the 18GHz and 37GHz channels, both H and V 
polarizations; the NORSEX algorithm uses the 37GHz V channel data in conjunction with either 
the 18GHz V or 10.69GHz V channel data). Other distinctions occur in the methods used to 
determine the physical temperature (necessary to compute the emissivity), and the need to add 
offsets to the measured satellite radiances (Swift and Cavalieri, 1985). 

No one algorithm so far developed is perfect; all have certain inherent advantages and 
limitations, although some are more flexible than others and as such are applicable to a wider 
range of conditions. By using two channels, the ice-free ocean region can be separated from ice
ocean mixture data. Combining measurements from different channels is not an easy task, 
however, as both the size of the antenna IFOV and atmospheric effects differ at different 
frequencies. To optimise the multi-channel approach, it is crucial to understand the physics of 
the interaction of MW radiation with sea ice, which is a complex medium. Algorithms for the 
retrieval of ice concentrations from the measured brightness temperature data are largely based 
on linear mixture theory. Certain requirements must be met and assumptions made for a linear 
mixture model to resolve the mixture fractions. Firstly, the mixture must be linear. Moreover, 
the signatures of the end members, or pure surface types, must be distinct and reasonably 
invariant. 

The accuracy of a given retrieval of a geophysical parameter is largely a function of the 
algorithm by which it is produced, and can ultimately only be improved if the latter is improved. 
The accuracy is ultimately determined by 5 factors: 1) the information content of the raw data; 2) 
the overall discrimination strategy from which the algorithm is defined; 3) fundamental 
assumptions made regarding the type of target media present within the IFOV; 4) the ability of 
the algorithm to remove noise from the data; and 5) the accuracy of values used to initialise 
iterative algorithms. All algorithms are therefore subject to both random and systematic errors 
(Swift and Cavalieri, 1985). An example of the former is instrument noise, produced by random 
fluctuations in the voltage output of the radiometer which create discrepancies between the 
brightness temperature measured by the radiometer and the energy actually emitted by the target 
media. 

The NASA Team Algorithm differs in that a non-linear transformation of variables is made. 
It uses ratio techniques in an effort to remove the physical temperature and weather variability 
effects to the first order. Three or four channels are used to retrieve the same amount of 
information. The use of observed brightness temperature tie points rather than calculated 
emissivities eliminates the need to obtain surface temperatures to, model physical temperature and 
assume isothermal conditions in the radiating layer of the ice. Details of the tie-point values can 
be found on page 18 of NASA (1985). One trade-off is that this algorithm is more sensitive to 
instrument noise; the precision of the sensors is such, however, that the random error 
contributes less than ±5% retrieval errors in ice concentration (Swift and Cavalieri, 1985). 
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The ice concentration depends primarily on the observed polarization of the surface, which is 
defined by the wavelength-dependent polarization ratio (PR): 

{4.6} 

for the 37GHz and 18GHz channels used to obtain ice concentration estimates at the 30km and 
60km SMMR cell resolution. The PR is considerably less for all ice types than for open water, 
thereby allowing this technique to be used to calculate sea ice concentration for each IFOV. It is 
relatively insensitive to sea ice type variations (Cavalieri et al., 1984). Concentration is then 
related to polarization by: 

C1 = (al + a2 * PR)/(a3 + a4 * PR) { 4.7} 

where the a's depend on the radiances of the tie-points chosen for the various surface 
components within the IFOV and also on the multi-year fraction F. Actual emissivities were 
originally used for processing FY data sets only; in subsequent years, the algorithm has been 
"tuned" by the selection of appropriate tie-points for FY, MY and open water (Cavalieri et al., 
1984). Its performance characteristics are discussed by Swift and Cavalieri (1985). 

The UoM-AES algorithm (Swift et al., 1985) was developed in response to a desire to 
retrieve ice-water fractions from SMMR data with minimal computational requirements, and 
incorporates a number of approximations. Primarily, the radiating surface is taken to be 
isothermal. Its basis is to linearise the RTE and then to assume that both temperature and 
weather effects are constant biases, which can either be removed by calibration techniques or 
accepted as error. The physical temperature is assumed to be equal to the freezing point of sea 
water, although this value can be varied since it is an externally supplied input. Moreover, the 
surf ace air temperature is assumed to be 273K; the contributions from atmospheric water vapour 
and molecular oxygen to atmospheric emission terms are estimated and then treated as offsets to 
the observed brightness temperatures. Attenuation and emission from clouds are ignored under 
the basic assumption that clouds at high latitudes consist mainly of ice crystals with low 
attenuation properties. The authors argue that, under ideal freezing conditions, this algorithm 
yields estimates of ice concentration to within about ±10%. Low concentration/open water areas, 
however, yield a ±10..: 20% uncertainty, which leads to false retrievals and loss of detail at the 
ice edge. 

This algorithm requires only two channels (i.e. 18GHz V and 37GHz V) to derive sea ice 
parameters, these being chosen to minimise surface roughness effects. Under its various 
assumptions, the resulting unknowns are emissivity and physical temperature. Consequently, it 
suffers from requiring the input of physical temperature to an accuracy of lOK; the latter is either 
guessed at or entered as an external input. Surface temperatures retrieved from the 6.63GHz 
channels have not been used due to the large footprint size of these data. Emissivity is calculated 
by dividing the averaged cell tape temperature by the snow-ice interface temperature. 
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First-generation algorithms minus weather filters tend to be of limited value in areas of low 
concentration e.g. MIZs. They yield spurious ice values in open ocean, caused by localised 
wind and atmospheric water vapour conditions, which combine to lower the apparent reflectivity 
of the open ocean. The presence of heavy rain clouds, extensive areas of newly formed ice or 
melting snow/ice can further reduce this accuracy to roughly ±20%. Weather filters have 
subsequently been incorporated into both the UoM-AES (Walters et al., 1987) and NASA Team 
algorithms (Gloersen and Cavalieri, 1986), both to reduce spurious values in areas known to be 
ice-free and to enhance ice edge detail and location accuracy. Such filters reduce the combined 
effects of a roughened sea surface and the intervening atmosphere. The NASA algorithm 
performs this by using a spectral gradient ratio technique; this reduces the ice edge noise seen in 
UoM-AES algorithm results, but also neglects real data when the ice concentration is less than 
±8 - 12%. 

Tested on both Seasat and Nimbus-7 SMMR data, the weather-correcting algorithm of 
Walters et al. (1987) attempts to synthesize an algorithm used for the retrieval of atmospheric 
parameters with one designed for sea ice concentration extraction at an effective spatial 
resolution of 50km. By recognising that winds affect the open water signature at all 
concentrations and that integrated atmospheric vapour, cloud liquid water content and physical 
temperature affect all signals, they aim to estimate these parameters from the SMMR data. These 
estimated values are then used to solve for the two independent surface type fractions. Six 
SMMR channels are used (5 - 10 inclusive), since six independent variables are being estimated 
(i.e. total ice fraction, MY fraction, surface physical temperature, ocean surf ace wind speed, 
integrated atmospheric water vapour, and cloud liquid water content). Preliminary investigations 
suggest that this algorithm not only corrects for changes in local weather conditions but is also 
tuned to retrieve sea ice parameters to the extent that gross errors in atmospheric conditions 
propagate small errors into the sea ice retrievals. 

Similarly, the AES-PhD Associates algorithm (Rubenstein et al., 1985) requires regionally
specific inputs, and employs a series of filters to remove the effects of cloud, wind and 
precipitation. These measures are designed to enhance ice edge detail and reduce the distortion in 
its location. Atmospheric corrections are provided by the 21 GHz channel, which coincides with 
an attenuation peak due to absorption by water molecules. This algorithm requires the input of 
surface physical temperature to an accuracy of lOK. 

The NORSEX algorithm (Svendsen et al., 1983) is iterative, and similar to the UoM-AES 
algorithm in that only two channels of data are required to estin:iate total ice concentration. The 
radiation model is composed of two main parts, one dealing with the surface and one the 
intervening atmosphere. Radiation from free space also makes a minor contribution. In the 
retrievals, surf ace-measured emissivity spectra of calm cold ocean, FY ice and MY ice are used. 
This algorithm relies upon the input of air temperature data from buoys, and is therefore of 
limited operational value. Ideally, the component emissivities can be determined from aircraft or 
ground-based programmes. Unfortunately, such a strategy is generally inadequate due to 
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insufficient sampling and unknown instrument to instrument biases. Raw brightness 
temperatures measured by the sensor are first calibrated in orbit with respect to warm and cold 
radiators over areas of open ocean and FY ice for which brightness temperatures are known. 
Pre-launch calibration black-body data are assumed to be good, and polarization demixing 
procedures are used in addition. The NORSEX algorithm produces results of a similar accuracy 
to the UoM-AES algorithm. The accuracy of this algorithm largely depends on the accuracy of 
these calibrated values. 

At the simplest level, Martin et al. (1982) and Cavalieri et al. (1983) calculate predominantly 
FY ice concentrations in the Bering Sea using a two channel (37GHz), non-iterative linear 
interpolation approach. This technique compares the brightness temperature to tie-point 
brightness temperatures in much the same way as the earlier ESMR algorithms. The model 
assumes that atmospheric contributions to observed brightness temperatures are negligible. The 
validity of such an approach is limited to localised regions where the ice temperature can be 
assumed to remain constant and where the ice has a simple, stable radiometric signature. The 
algorithm assumes that only FY ice is present within the IFOV, and does not discriminate thin 
ice from open water. 

Rothrock and Thomas (1988) have adopted a different approach, based on the Kalman filter 
and originally developed by Thorndike (1988) for use with ESMR data. This promising 
technique follows Lagrangian areas of ice, and incorporates physical temperature, ice advection 
and ice deformation data derived from drifting buoys and uses the whole temporal MW record to 
make a smoothed estimate of ice concentration from the SMMR data. Several advantages are 
inherent in the use of this model to interpret satellite MW data. It allows an integration through 
the summer (in the Arctic) on the strength of the physical model. Moreover, it allows the 
incorporation of additional data to resolve how the ice cover is evolving: More research is 
necessary, however, before it can be applied to the rather special conditions found in the 
Weddell Sea. 

Substantial improvements in the overall retrieval accuracies using the above methods are 
therefore only likely to result from improvements in the following areas: 
1) reducing instrument noise levels; 
2) reducing the dependency of sea ice concentration retrievals on an input of the physical 

temperature of the radiating portion of the ice and on ice types or surface characteristics; 
3) reducing weather effects, particularly in MIZs; 
4) improving retrievals under melt conditions; and 
5) discriminating unambiguously among various ice types. Increasing the spatial resolution does 

not imply an increase in accuracy. 

4.6 Cluster analysis 

In an attempt to quantify the considerable spatial variability in the emissivity of even compact 
Antarctic sea ice, scatter plots of various combinations of data from different channels have been 
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generated and examined by cluster analysis, using an approach developed by Comiso (1983; 
1986). This technique is well suited to the determination of natural or relationships in a set of 
data points. Data collected simultaneously from different frequencies/polarizations about the 
same surface are themselves used to infer the frequency-dependent properties of that surface. 
When plotted, the data points (representing single values averaged over the entire pixel) collected 
in the region of interest separate themselves into distinct clusters corresponding to different 
surface types i.e. ice and open water. 

Figure 4.2 is a plot of brightness temperature values from the 37V and 18V channels, 
collected from the Weddell Sea on day 215, 1980. Figure 4.3 is a schematic representation of 
the basic clustering of points in such a plot. In theory, the different clusters are due to 
differences in surface and sub-surface structures associated with dissimilarities in ice types and 
snow covers. Data points between the clusters presumably represent mixtures from the clusters, 
although mixing fractions cannot be unambiguously determined, because the clusters are 
approximately colinear. Multi-spectral cluster analysis is however a powerful tool for boot
strapping the actual characteristics of the ice cover. A more detailed report on the technical 
development of several clustering algorithms is provided by Swain (1978). 
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Figure 4.2: A frequency scatter plot of brightness temperatures from the 18GHz V and 37GHz 
V channels, day 215, 1980. The data points emanate from the Weddell Sea alone, extracted 
from the original 293 x 293 pixel map by specifying the I and J co-ordinates of 30, 110 and 
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Figure 4.3: Schematic diagram of the clustering of data points in a typical scatter plot (e.g. figure 
4.2) (after Comiso and Sullivan, 1986). 

The rationale behind this method is simple but effective: the SMMR data themselves are used 
to infer and highlight component emissivities within the IFOV, and to quantify their variability. 
Two basic assumptions are made: that proportional departures in the emissivity of the radiation 
portion of the target occur, and that the measured brightness temperatures of leads and polynyas 
remain constant. The 21GHz channel is not used due to its sensitivity to atmospheric effects, 
although it does provide a means of correcting for intervening atmospheric water vapour. 
Similarly, the 6.6 and 10.69GHz channels are ruled out due to their poor spatial resolution. This 
leaves the 18 and 37GHz channels. Since their spatial resolution is very large compared to the 
dimensions of individual floes, leads and polynyas, an inversion procedure is used to determine 
the fractional coverage of ice within each footprint. 

The algorithm used here thus has the considerable advantage of not requiring unique 
emissivity value inputs for each of the assumed surface types within the IFOV. It was seen in 
section 4.5 that other techniques attempt to correct for systematic biases by establishing 
algorithm calibration points. This approach presents problems in that the algorithm is tuned to 
retrieve sea ice parameters while accepting errors in all others that have not been subjected to the 
tuning process. Emissivity values can be computed from physical temperature values derived 
from simultaneous Thermal Infrared Radiometer (THIR) data (under cloud-free conditions 
only), collected simultaneously by Nimbus-7, or climatological data using a thermodynamic sea 



ice model developed by Maykut and Untersteiner (1971) and described by Comiso (1983). The 
physical temperatures, when used to calculate emissivities, tend to sharpen the data points in the 
scatter plots, as they take into account the temperature dependence of the sea ice brightness 
temperature. However, simultaneous data derived from the THIR may introduce significant 
errors (as high as 4%) at certain times (J. Comiso, pers. comm.). 

Since the scatter plots of brightness temperatures are very similar to those of emissivities 
derived by combining SMMR and THIR data, brightness temperatures rather than emissivities 
are used here to maintain consistency. Plots using brightness temperature are well defined and 
clear (e.g. figure 4.2), and it is thought that an independent knowledge of physical temperature 
may not be critical for retrievals of ice concentration in the Antarctic (Comiso, 1986). Two aims 
dominate current attempts to improve estimates of sea ice parameters from PMW data. One is to 
develop more sophisticated RTEs. The other is to unambiguously establish a wide range of 
emissivity values for the various media encountered, thereby allowing improved quantitative 
estimates of their occurrence from space. This remains a dauntingly difficult and time consuming 
task, as the former is a function not only of the ice type but also of wavelength, incidence angle, 
environment, snow cover and season. Absolute results also tend to vary from one investigator to 
another due to natural variability and imperfect instrument calibration, or both. Consequently, 
the use of unique emissivity values is not only simplistic but also physically unjustifiable. 

The concentration retrievals are based on the RTE { equation 4.1} and simple geometric 
arguments (Comiso and Sullivan, 1986). Two classes of 2-D plots can be constructed: 
frequency plots in which two different frequencies are used (i.e. 18GHz versus 37GHz); and 
polarization plots, whereby the two polarizations at the same frequency are plotted (i.e. 37GHz 
at both H and V polarizations). Generally, the two yield complementary information; 
polarization plots (particularly at 37GHz and higher frequencies) enable discrimination of 
surfaces with different polarization characteristics, whereas frequency plots allow insight into 
the vertical structure of the medium, since optical depth varies with frequency. For reasons 
which will become apparent, the frequency scheme is used here to extract Weddell Sea ice 
concentrations. 

When plotted against each other, the data points follow trends similar to those shown in 
figure 4.3. The very well defined set of points for consolidated ice is a crucial feature of the 
plots, as it allows the -distinct separation of ice-covered from ice-free regions. To derive ice 
concentrations using the method devised by Comiso (1983; 1986), it is assumed that data 
along/near the line marked AB in the scatter plots represent ~00% ice concentration i.e. AB, 
characterised by a linearity and fine definition, is the line that best fits the cluster representing 
consolidated ice. The points cluster in a consistent manner; although some uncertainty exists 
regarding the scatter of data points about line AB; this introduces an error .of about 2 - 4% in ice 
concentration retrieval (Comiso et al., 1984). The slope of AB can either be inferred by eye or 
by using simple linear regression techniques. 
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The cluster technique highlights the shortcomings of the other algorithms. Although weather 
and ocean surf ace effects impose restrictions on sea ice retrievals, it seems reasonable to assume 
that out of the many clustered data points, some will correspond to clear atmosphere, calm water 
conditions. It is further argued that these points will lie near the end of the lines drawn to join up 
the distinct cluster subsets. Other algorithms tend not to allow for the modification of signatures 
by the latter, and the accuracy of retrieval is often compromised, especially when applied on a 
large scale. Sensitivities to these factors, together with atmospheric effects, are reflected in the 
scatter plots and follow an approximately linear trend. Moreover, the technique satisfies 
sampling requirements by making use of the statistically large number of data points rapidly 
gathered from space; this minimizes random error effects, including those caused by cloud 
cover. Equivalent component reflectivities can be derived to self-correct for the instrument 
offsets. The persistence of recognizable clusters and the qualitative similarity between the 
emissivity and brightness temperature plots are also strong indications that the clusters identified 
are real, and cannot be attributed to effects caused by errors in the interpretation of the satellite 
data. It is estimated that this algorithm, based upon frequency plots, yields winter-time ice 
concentration values with an accuracy of about 10- 15% in the Antarctic. 

Past research (e.g. Comiso and Sullivan, 1986) has shown that the choice of channels is 
critical. Polarization plots at 37GHz (alone) do not reflect the different surface and sub-surface 
effects observed in the frequency plots (Comiso, 1985). The use of the 37GHz channels alone 
also tends to underestimate the total ice concentration in the Weddell seasonal (with a mainly FY 
ice cover) and MIZs (Comiso and Sullivan, 1986). This is due mainly to the ambiguity in the 
polarization data between consolidated FY ice with a thick or granular snow cover and FY ice 
with concentrations greater than 80% (Comiso et al., 1984). 

The polarizations are often unpredictable, and atmospheric/oceanic effec.ts contaminate the 
data to a significant degree. Comiso and Sullivan (1986) further report that ice concentration 
maps derived using the polarization scheme deviate considerably from those produced using the 
frequency scheme. The most obvious manifestation of this is that relatively high concentrations 
(as much as 40%) occur in regions which are ice-free when the polarization scheme is used; this 
is compared to only about 10% when the frequency scheme is employed. The relative lack of 
clarity and poor contrast between open ocean and ice covered regions can be seen in figure 4.4. 

One of the lower frequency channels must be used to separate ice from open water, giving 
the best accuracy but the worst resolution. The frequency scheme has been chosen for a number 
of reasons. Reductions in concentration consistent with the pr_esence of polynyas close to the 
continent are better resolved by the frequency than the polarization scheme (Comiso and 
Sullivan, 1986). This might result partly from the fact that the 37GHz channel is more sensitive 
than the 18GHz channel to thin ice, which is constantly generated in these regions. Moreover, 
the frequency scheme allows better definition of MIZs and more consistently consolidated ice in 
the inner pack. The use of 18GHz in combination with the 37GHz allows a better discrimination 
of snow cover and other surface effects, including an improved separation of ocean roughness 
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.-------------·-
and atmospheric effects from low concentration sea ice (Comiso, 1986). The polarization scheme is that the latter tends to seriously underestimate the ice concentration near to the intercept of lines AB and AC as the two lines often almost (or do) coincide at point A. Previous results using frequency data from the Antarctic (Comiso et al., 1984) show better agreement with in situ data than those obtained using each of the frequency channels separately or the polarization scheme. This is particularly true in spring, when the nature of the ice signature is highly unpredictable. 

F quency Scheme [ 37 GHz(V) & 18 GHz(V)] Polarization Scheme [ 37 GHz (H & V)] 
e) Sept 16 

Figure 4.4: A direct comparison of ice concentration maps produced using both the frequency (18GHz V v 37GHz V) and polarization (37GHz V v 37GHz H) techniques. Note the greatly improved clarity offered by the frequency scheme. From Comiso and Sullivan (1986). 

Although their use i.s desirable to reduce the IFOV dimension, higher frequency (i.e. 18 and 37GHz) data is not without its problems. MW radiation at 37GHz is considerably more sensitive both to atmospheric effects and variabilities in snow and ice pr9perties than that at 18GHz. An increase of 0.04cm in columnar cloud liquid water, for example, will increase the computed ice concentration by 1% at 18GHz and 8% at 37GHz (Cavalieri et al., 1984). Moreover, the structure of the ice margin is less well defined at 37GHz than at 18GHz (Comiso and Sullivan, 1986), even though the spatial resolution of the former is better ( 18 x 25km v 35 x 40km). This results mainly from the larger contrast in the emissivities of ice and water at 18GHz. 
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Vertical rather than horizontal polarization data have been chosen in the retrieval process for 
the following reasons. The V brightness temperatures are invariably greater than the H 
brightness temperatures. Moreover, H polarizations over open ocean are almost twice as 
sensitive as the V polarizations to near-surface wind effects. An increase in wind speeds of 6ms-
1 results in an increase of about 16% in calculated ice concentration when using the 18GHz dual 
polarized radiances (Cavalieri et al., 1984). 

Although the contrast between ice and water is greater with H polarization data, the latter are 
more sensitive to surface roughness effects, and show much larger daily standard deviations. 
Norwegian researchers (Svendsen et al., 1983) observed a marked brightening in the H 
channels with the advance of the cold season in the Arctic. This cannot be explained as a 
temperature effect, and is not easily explained as a change in surface composition, as the V 
channels remain virtually unaffected. The answer may lie in snow layering effects (probably 
caused by diurnal freeze-thaw cycles affecting the granularity). Microwave scattering due to 
density and structure variations in the snow cover reduces the brightness temperature, 
particularly at H polarization. 

It is assumed that surface/subsurface effects cause differential changes in emissivity of sea ice 
for two different channels. In each plot, the data points tend to coalesce to form three distinct 
lines (figure 4.3). Line AB represents ice at or near 100% concentration. Under certain 
conditions, data points near A and B represent beam-filling samples of different surfaces, with 
points inbetween representing varying proportions of the surfaces. In other cases, they 
encompass the same ice type but with different surface characteristics. Line AC represents 
IFsOV which contain partly FY ice with dry snow cover and partly ice-free water (the Weddell 
Sea contains perennial ice with a radiometric signature similar to that of FY ice at SMMR 
frequencies). 

The effects of ocean roughness, foam and atmosphere in the ice-free ocean region are 
represented in the scatter plots as a unique set of data points along the line IE, which is slightly 
different from line IC. That this cluster represents points in the open ocean area only is 
confirmed by plotting their latitudes and longitudes and establishing that the locations are indeed 
outside the pack. The variability of the ocean cluster indicates its sensitivity to the atmospheric 
water vapour, wind and precipitation (Wilheit, 1980). By automatically identifying the data 
below or about line IA as ice-free ocean data, the retrieval of a significant amount of ice from the 
data collected over ice-free oceans is minimized. Moreover, the use of a cutoff for the open 
ocean data (line CE) substantially reduces the uncertainty in the instantaneous data, and 
improves the characterization of the ice edge. 

The elongated, ellipsoidal nature of the longer axis along the 37GHz line is consistent with 
the expected larger effect of volume scattering (due to air pockets in older ice and snow on FY 
ice) at this frequency, with its shorter penetration depth, than at 18GHz (figure 4.2). At certain 
threshold thicknesses, values observed at 18GHz contain contributions from both ice and 
underlying water, but from ice alone at 37GHz (Grenfell and Comiso, 1986). 
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Data points located between the two lines were assumed in the past to represent mixtures of 
FY ice with wet snow cover, FY ice with dry snow cover, and open water. It now seems likely 
that, in the Weddell Sea, they include large regions of consolidated nilas and forming pancakes, 
which introduce a significant error into the retrieval of ice concentrations in the outer pack. The 
large scattering of points along line AC may also be caused by antenna pattern effects (Njoku, 
1980). By this, measurements made when the satellite crosses the land/ocean boundary from 
land to ocean are different from those made when the crossing is from ocean to land (Comiso, 
1983). Fortunately, this effect is most pronounced in the lower frequency data, due to their 
larger IFsOV. 

During the growth period, data from above and at line AB are mainly contributions from the 
inner pack, whereas data below it represent contributions from the MIZ. This suggests that the 
radiative characteristics of the two ice regimes are different. Because 37GHz is more sensitive to 
surface effects than 18GHz, an increase in snow cover will be represented by an increase in the 
number of points along line AB towards apex B. Points to the left of point A therefore suggest 
the effects of dry snow cover at different thicknesses and granularity. 

Referring back to equations { 4.1 to 4.5}, the measured brightness temperature for a 

particular surface is given by 

·. { 4.8} 

where TA is the contribution from the atmosphere. Assuming the fraction of open water to be 
Cw and the fraction of sea ice is C1 within each data element, it follows that the observed 
brightness temperature is given by 

, {4.9} 

where T w and T1 are the brightness temperatures of water and consolidated ice respectively. 
Using the RTE appropriate for satellite data as presented by Gloersen et al. (1974a), Comiso and 
Zwally (1982) and in a simplified form in section 4.4.1 { equation 4.1}, the ice concentration in 
each pixel, corresponding to each measured brightness temperature, can be calculated from 

C1 = (Ts -Tw)/(T1 -Tw) ·- {4.10} 

since Cw + C1 = 1, where Tr and T w are brightness temperatures of consolidated ice (i.e. 100% 
concentration) and ice-free water respectively. This formul(\ can be applied to any channel if 
correct values of T1 and T w are used. T1 is not unique, however, due to spatial and temporal 
variations in emissivity and physical temperature of the ice, and atmospheric effects. However, 
the sensitivities of these factors are already accounted for in the scatter plots, and follow an 
approximately linear trend. 

The ice concentration for each data element can be calculated from the slope of the line AB 
and the typical brightness temperature of open water within the pack by using a bootstrap 
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technique (Comiso et al., 1984). The plotted data points are not well defined, but follow an 
approximately linear trend with a slope nearly equal to 1. 

For a hypothetical data point at location D in the plot, the proper r1 to use is the brightness 
temperature at the intercept I of the line AB and the line rd (figure 4.3). The concentration C1 is 
then related to the radius vectors by 

C= I 

d 2 d 2 
(rx) + (ry ) 

(r~/ + (r// { 4.11} 

· {4.12} 

The ratio of the vectors r1 and rd yields the ice concentration corresponding to the data element 
observed at D, since it is equal to the ratio of Ts - T w to T1 - T w in { equation 4.10}. 

It is because the brightness temperature of consolidated ice is not distinct but has 
components following the slope of line AB that two channels (18V and 37V) are used to obtain 
the correct brightness temperature in the above equation and to derive ice concentration. For the 
special case of FY ice or saline MY ice in the Weddell Sea, which is largely opaque at PMW 
wavelengths, the large variability in emissivity observed at 37GHz is due mainly to snow and 
ice surface characteristics. This can be largely overcome by adjusting the emissivities in equal 
proportions (based on line AB) until the concentrations derived from both channels are 
consistent with and approximately equal to each other (Comiso et al., 1984). This technique 
retains a resolution that is relatively close to that of the 37GHz channel, and is conceptually 
justified in that the brightness temperature of each pixel is approximately the sum of the 
brightness temperatures from the various surfaces within it. 

The scatter plots clearly show the versatility of the chosen cluster analysis technique for a 
multi-channel sensor in both identifying and quantifying the large spatial and temporal 
variabilities (Comiso and Sullivan, 1986). Near the melt point, the temperature dependence of 
emissivity becomes highly non-linear; algorithms using tie-points are thus no longer valid, as 
they no longer change linearly with temperature. Fortunately, these effects show up clearly in 
the scatter plots. At certain times, increased scattering occurs along the consolidated ice line 
(AB), especially on account of variations in emissivity in the 37GHz data. At other times, a 
greater divergence of points about the 100% line may indicaty that wetness has penetrated deep 
enough to affect even 18GHz data (Comiso et al., 1984). 

The wetness effect is reflected in a pronounced concentration of data points for consolidated 
ice near the intercept of lines AB and BC. Refreezing, on the other hand, is associated with 
reductions in brightness temperature along the line AB. The occurrence of these freeze-thaw 
cycle effects should be coincident with cooling events, as measured by the buoys. 
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4. 7 Processing and preparation of raw satellite data 

Before the algorithm could be applied, the. raw SMMR data underwent a series of processing 
procedures at NASA GSFC. Data from satellite systems are typically processed in two stages: 
preprocessing of raw data and parameter retrieval. A number of steps have been followed to 
produce geophysical parameters from SMMR radiances: 

1) Raw data were received from the satellite in the form of voltages proportional to differences 
between the sensed radiometric signal and internal reference sources onboard the satellite 
(Gloersen and Barath, 1977; Swanson and Riley, 1980). To extract true brightness temperatures 
from the raw digital data, side lobe contributions and polarization cross-coupling effects are 
accounted for, in addition to integration time and antenna scan characteristics. The available 
brightness temperatures were obtained by use of a pre-launch laboratory calibration and 
additional corrections for polarization mixing (both dependent and independent of scan angle) 
discovered in orbit (Gloersen et al., 1981). The uncertainty in the relative calibration for 
brightness temperature has been cited as less than 3K, which would not seriously impede 
algorithm performance (Comiso, 1983). Most of the problems associated with noisy data, 
reported by Gloersen et al. (1980), are largely avoided by using a minimal number of channels. 

These data were normalised with the internal gain monitors, earth-located with the use of 
image location tapes (ILT) and stored on tapes known as temperature antenna tapes (TATs). The 
latter are archived at the US National Space Science Data Center, and are the primary source of 
orbital earth located but un-calibrated radiometer data. TAT tapes contain the time, measured 
brightness temperatures and corresponding geographical co-ordinates. Clearly, the accuracy of 
these corrections and calibrations is a critical factor in the determination of the ultimate accuracy 
with which ice parameters can be estimated. Initial calibration procedures of the SMMR data are, 
to some extent, imperfect and result in biases in the brightness temperatures and thus the 
geophysical parameters calculated from them. In the present work, these biases are treated as 
consistent and negligible. 

2) The data were then calibrated and re-mapped into evenly spaced cells across the swath, and 
stored on CELL tapes or Temperature Calibrated Tapes (TCTs). TCTs contain the calibrated 
brightness temperature for each channel in its original pixel resolution; or mapped onto a l1z0 x 
11z0 (55km resolution) grid; or 37GHz data from TCT, mapped into a 1,4° x 1,4° grid system. The 
TCT radiances differ from the corresponding CELL radiances due to the use of a different 
calibration procedure. 

CELL data are used in preference to TCT data, even though the latter offer the original spatial 
resolution and delineate the ice edge very clearly. However, they take ten times longer to 
process; CELL data have also been cleaned up. The CELL tapes contain data covering the whole 
world. To reduce the amount of data to manageable proportions, the geographical co-ordinates 
along the centre of the scan lines are decoded, and used to select the desired area, in this case the 
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Antarctic. The extracted CELL data are then copied onto a magnetic tape. 

In the next step, the 18GHz and 37GHz V channel data are decoded and extracted from the 
master data tapes on a daily basis. The orbital data are projected onto a common geographical 
grid, by interpolation, and accumulated at fixed time intervals to provide synoptic representation 

of the polar data for both temporal and spatial scales. Figure 4.5 illustrates the concept of polar 
stereographic mapping, with a point (B) on the Earth's surface being projected to the polar plane 
at C through a line from the vertex pole (A) to B. Although the resolution varies with frequency 

and scan angle for the sensor, the orbital data are all projected to 293 x 293 grid polar 
stereographic maps with a resolution of roughly 30km2, with each map cell representing an area 
ranging from about 32km2 near the poles to about 28km2 near latitude 50°S (i.e. intermediate 
between the resolutions of the 18 and 37GHz channels). This allows a direct comparison of the 
various data at close to the optimum spatial resolution of the SMMR (which is markedly better 
than the 1 - 5° square grids commonly used in climate and sea ice modelling). 
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Figure 4.5: Polar stereographic mapping of the SMMR data elements into 293 x 293 arrays 
(from Zwally et a/;, 1981). 
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The methods followed to determine the co-ordinates of each point in the projected map are 
given by Zwally et al. (1981). The standard 293 x 293 maps are constructed from the co
ordinate system by defining the location of each map cell by the following set of co-ordinates (I, 
J): 

J = 147 + X + 0.5 
I= 147 - y + 0.5 

{4.13} 

I is the N-S co-ordinate, J the E-W. The value of 0.5 positions the map cell at the centre of its 
geographic location. The geographical co-ordinates of the centre of the IFOV determine which 
cell the data are allocated to. Overlapping data in a cell from successive orbits are averaged to 
yield a single brightness temperature value taken to be located at the centre of the cell. Each day 
of operation, SMMR yields 10 maps corresponding to the 10 channels. Only two are chosen 
here i.e. 18GHz V and 37GHz V. 

Each polar map cell is thus associated with a matrix element, D(J, I), that represents the 
average value of the data over the number of measurements represented by the population 
matrix, P(J, I). The formats of the data records and the polar stereographic maps are described 
in detail in Zwally et al. (1981). Each image is 1024 x 1024 pixels across. Land masses are 
masked out using a land binary grid, and appear as black/white in the image. The remainder of 
the image is therefore either ice-covered or ice-free. 

The data were compiled onto 461 x 461 arrays on equal-latitude polar projections extending 
from the pole to 50°S. Complete coverage is obtained daily between 72° and 84° latitude as a 
result of sampling intervals, swath width and orbit separations of the satellite and instrument. 
Equatorward of 72°, there are diamond-shaped interorbit gaps, which rotate around the globe on 
successive days and hence encompass varying amounts of landfall and sea ice (figure 4.6) . 
These gaps have been largely filled by combining and averaging data from two successive days 
(i.e. a two day average with a gap of one day inbetween, caused by the fact that the sensor 
collected no data on alternate days). Tiny random data gaps of individual pixel size still remain; 
these have been largely infilled by interpolation from data values from neighbouring pixels. 

A set of 3-day (actually 2-day) averaged ice concentration maps, covering 1980, was 
generated by the author at NASA GSFC using the procedure described in the section 4.4.1. 
Three-day averages are largely used instead of orbital or daily data due to the improved coverage 
offered by the former. SMMR brightness temperatures accumulated during each 3-day period 
for the period of study have been resampled to calculate 3-day, average brightness temperatures 
at each of the equally spaced 293 x 293 grid points. Each data element on the polar stereographic 
maps represents a brightness temperature (and later a concentration value) averaged over the 
number of measurements made in that area within the specified time period. For a 3-day average 
map, this number of measurements, called the population, ranges from Oto 35 (depending on 
the availability of good data and the location of the data element). In this case, each cell has 3 
different scans, due to overlap after subsequent passes; these have been averaged to give a single 
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value. The three day maps use the centre of the observation swath (1,360km wide as opposed to 
2,500km). Both digital and hard copy (photographic) ice concentration data are used. 
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Figure 4.6: A one day image (day 110, 1980), produced from digital SMMR data on the Hewlett 
Packard image analysis system at NASA GSFC. The box forms a subset of a subset of the 
entire 293 x 293 element polar stereographic map, delineated by the limits I= 5, 185, J = 
5, 185. The I and J coordinates delimiting the sub-subset are 8, 134 and 55, 167. The data 
within the latter were used for the generation of meridional transects of ice concentration 
and maps of ice extent presented and described in chapters 5 and 6. 

Both daily and 3-day average concentrations are analysed in the course of this study. The 
former are used specifically to analyse ice concentrations at the buoy positions as they move 
northwards with the pack. They offer improved temporal resolution, and a better measure of the 
daily variability of shorter term ice concentrations. Although gaps do exist inbetween swaths 
(particularly in the MIZs), the buoys largely fall inside areas of data coverage. 

The false colour coded ice concentration maps are derived using the techniques described in 
more detail by Zwally et al. (1983a). Grey scale photographic images are in practice limited to 
about 6 useful grey levels, and it is therefore generally preferable to produce false colour images 
with 32 identifiable steps representing 4% increments. In the production of these images, a 
lower threshold (cutoff) value of 8% ice concentration is used; derived values lower than 8% are 
difficult to discriminate from low concentration ice due to uncertainties in the emissivity of open 
ocean. Since ice-free water data subject to different atmospheric conditions fall along the line CE 
in figure 4.3, the cutoff utilized is 8% from this line for the frequency scheme. 

8 1 

' I 

I ' 



It will be noted from the false colour maps (e.g. figure 5.33 on page 119) that ice 
concentrations retrieved from the SMMR data can attain values of up to 108%; this is due to 
large and inconsistent temporal and spatial fluctuations in the observed emissivity of the snow 
and ice surface. Such anomalously high values tend to be compensated for overall by 
underestimates in concentration in other areas (Comiso and Sullivan, 1986); this factor 
minimizes any possible statistical biases in the dataset as a whole. Along with some values 
below 100%, the high values represent variations due to the difference between the actual 
brightness temperature within the IFOV of the sensor and the brightness temperature assumed 
for a given ice type. This implicitly includes ice types present but neglected in the algorithm, 
such as new, young and second year ice. 

Brightness temperature anomalies are due largely to changes in the state and physical 
characteristics of the ice surface and its snow cover. Uncertainties in the retrieval of ice 
concentration values occur due to the unpredictable nature of the snow/ice signature, although 
changes in the latter are largely reflected in the behaviour of the scatter plots. Comiso and 
Sullivan (1986), by comparing SMMR data with in situ data collected in the Weddell Sea 
marginal ice zone in November and December, 1983, found that the signature of consolidated 
ice in spring undergoes cyclic increases and decreases in brightness temperature; amplitudes are 
as great as 50K at 37GHz and 20K at 18GHz. This cycle appears to be closely related to 
climatological air temperature variations. 

Comiso and Sullivan (1986) have estimated the overall error in ice concentration retrieval to 
be 10% when it is assumed that the emissivity of a consolidated ice cover is not widely 
dispersed from line AB in figure 4.3. The error is greater during the spring/summer period, 
when wet/saturated snow becomes a highly emissive medium which contributes significantly to 
the observed microwave signature. Subsequent refreezing, on semi-diurnal and longer time 
scales, produces snow grains with dimensions similar to the wavelength of the radiation, and the 
layered snow particles become significant scatterers which act to suppress the net radiation 
through the ice. In winter, on the other hand, the emissivity remains relatively stable and more 
predicatable (particularly at frequencies of less than 37GHz), and the error is significantly 
smaller. The latter period, with autumn, forms the major part of this study. Problems inevitably 
remain within the marginal ice zone, where the widespread occurrence of unconsolidated 
pancake ice and nilas, combined with flooding of the snow-ice interface due to snow depression 
and wave overwashing, may increase the error to 20% (J. Comiso, personal communication). 

82 



CHAPTER 5 

ANALYSIS OF NIMBUS BUOY DATA FROM THE WEDDELL SEA 

5.1 Introduction 

Six Nimbus-6 Random Access Measurement System (RAMS) buoys were deployed from 
the air (on parachutes) in the western Weddell Sea in December, 1978, four survived to provide 
pressure, temperature and drift data for periods between 3 and 11 months (Ackley, 1979a, 1980 
and 1981). Four more buoys were deployed further to the east, from the USCGC Polar Sea, in 
February 1980 (Ackley et al., 1980). Data from the latter were chosen for this study, as they 
cover the period of maximum ice advance. Positional data from the buoys are used to compute 
their trajectories and velocities; these are then used to ascertain the advective behaviour of the ice 
from its origin in the south western Weddell Sea to its eventual decay in the lower latitudes to 
the north and east. 

The buoy-tracked motion is analysed to determine the period over which an ice parcel can be 
expected to retain its identity, and how long it is likely to remain within the gyre before 
disintegrating. The residence time of floes in the Weddell Sea is believed to be short, but the 
effect and age of the perennial ice lens are unknown. Previous studies of this nature have either 
focussed on short-term fluctuations and their causes, or on long-term mean motion, and have 
been mainly concentrated in the central Arctic where a co-ordinated buoy programme has been in 
operation since 1979 (e.g. Colony and Thorndike, 1984). 

Networks of satellite-interrogated free drifting buoys provide the only reliable and accurate 
means of tracking individual floes in the Weddell Sea (the Seasat SAR did not collect data in this 
region), and of gaining satisfactory meteorological variables remotely froin an ice-covered 
ocean. Satellite-borne scatterometers cannot provide wind measurements over the latter. The 
Antarctic Ocean south of 60° is a sparse region even for the most basic meteorological data, 
particularly in winter. Time series of pressure and temperature fields derived from the buoy 
array thus represent a significant expansion of the existing data base. These data are used to 
infer the synoptic wind fields related to the passage of storms over the ice cover, wind stress 
being the key force driving the ice motion. Buoys alone can yield detailed measurements of 
wind and pressure gradients to observe the relationship between the local atmospheric situation 
and ice movement. 

The 1980 buoys are developed from models used successfu~ly in the Arctic. Eight Synoptic 
RAMS (SYNRAMS) buoys deployed in the Beaufort Sea as part of the Arctic Ice Dynamics 
Joint Experiment (AIDJEX) in 1975, before the launch of Nimbus-6; they were among the first 
buoys to be interrogated when the RAMS was activated on board the satellite (Martin and 
Gillespie, 1978). They featured the first memory and synoptic sampling system to operate 
through a polar orbiting satellite. Their use established conclusively that the spatial resolution of 
standard synoptic surface pressure charts is totally insufficient over sea ice to measure the 
response of the latter to atmospheric forcing . This early experience laid the groundwork for a 
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future, fuller exploitation of the RAMS data capacity, and aided the improvement of the buoy 
designs to meet the special challenges presented by the Weddell Sea. In recent years, there have 
been major advances in the technology of unattended, free-drifting ocean instruments that can be 
interrogated by overflying satellites. The use of such instruments has become logistically 
attractive. They offer the most cost-effective, non-hazardous method of studying the basic 
properties of the ice circulation in this important sector of the Antarctic. 

The 1980 buoys provided critical synoptic data on a more or less continuous basis on 
surface air temperature, surface atmospheric pressure and ice drift. At present, no organized and 
co-ordinated Antarctic buoy programme exists, even though the deployment of further ice buoy 
arrays is strongly urged by the WMO Working Group on Sea Ice and Climate (WMO, 1987). 
Rather, the buoys tend to be financed and launched by individual research establishments, 
unlike the Arctic Ocean Buoy Program. From a purely practical point of view, the task of 
launching and maintaining buoy arrays in the Antarctic is more complex than that in the Arctic 
Ocean. The logistical problems encountered in the south are enormous; ice-strengthened buoys 
generally have to be launched from ships or overflying aircraft on an opportunity basis, and 
have thus tended to be distributed sparsely in both space and time. The enormous First Global 
GARP Experiment (FGGE) buoy programme conducted in 1978-9 covered much of the 
Southern Ocean, but was largely limited to open ocean areas outside the ice edge. The degree to 
which methods and results gained from Arctic experience can be transferred to buoys in the 
Weddell Sea is far from clear. 

The 1980 buoys were equipped with neither current meters nor anemometers. Their data are 
thus unsuitable for detailed analyses of the relationships between wind, ice drag coefficients and 
ocean current (Crane and Roeber, in press). This factor is not a disastrous limitation; experience 
has shown that surface wind data from buoy anemometers contain anomalies due to localised 
smface roughness and aerodynamic effects. Moreover, anemometers are susceptible to icing and 
riming . . 

Conversely, it appears from intensive intercalibration prior to deployment that pressure data 
are largely free from errors. Geostrophic wind fields derived from pressure charts produce a 
reasonable approximation of the overall ice drift (Zubov, 1945), but are too coarse to allow 
detailed analyses of complex ice dynamics and seldom allow for the presence of barrier winds. 
However, by making ·use of positional and pressure data from the buoys, it is possible to 
determine the meso- and large-scale sea ice motion and deformation fields in response to the 
passage of individual weather systems. Information on the pressure gradient, and thus the wind 
directionality, can be derived from the array. Since the stations are deployed on ice, their 
movement in space and time is theoretically equal to the ice drift velocity. 

It was the initial intention to compare the buoy data with contemporary 850mb pressure 
charts produced by Australian Bureau of Meteorology (ABM). It has been noted, however, that 
geostrophic wind fields derived from these data are likely to be subject to considerable error, 
caused by the scarcity of data from the Weddell embayment. Moreover, the resolution of the 
analyses, which are largely interpolated, is too coarse to compare with the high frequency 
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oscillations present in the buoy drift tracks. Consequently, the passage of weather systems 
across the buoy array is noted from the buoy temperature and pressure records alone. 

5.2 Description of the buoys 

The RAMS system was an experimental programme designed to evaluate ARGOS sensors 
to be flown on the NOAA TIROS-N satellite (Coates, 1975), and to support the Tropical Wind, 
Energy Conversion and Reference Level Experiment (TWERLE) (General Electric, 1972). Data 
were received and recorded onboard by tape recorders, together with measurements of the 
Doppler-shifted frequency of the received transmission. Readout of data took place to the 
ground station at Gilmore Creek, Alaska on every overpass. The station location co-ordinates 
were detemrined and the raw data sorted, recorded and sent to users via the central ground data 
processing facility located at NASA GSFC. Here, geographical positions were computed from 
the Doppler shift data; preprocessing of the data also took place to discard obviously inaccurate 
measurements. CRREL received copies of archive CCTs from NASA GSFC with positions, 
temperatures, pressures and various supplementary data. Similar RAMS buoys have been 
deployed in the Arctic and on Antarctic icebergs by the Norsk Polarinstitut (Vinje, 1979b). 

When the satellite passed within sight of the station, the buoy transmitted a signal in a ls 
burst once every 62s with a nominal radiated power of 31dBm. A zero phase reference signal 
with no modulation was sent for a nominal period of 350µs. The Nimbus satellite achieved 
phase lock and established its phase reference over this period. The subsequent 640µs of the 
signal contained the message, and was phase modulated ±60° at a bit rate of lOOHz. The first 30 
bits of the message contained the bit sync and frame sync followed by the platform identification 
number. The next two bits were used to provide up to 4 variations on the 32 bits of data that 
followed. 

The number of orbits during which the buoy was in line-of-sight of the satellite increased 
with increasing latitude, with 11 or 12 passes a day near the poles (Nimbus-6 completed one 
revolution every 108 minutes). The buoy was seen for a maximum of 15 minutes per passage. 
The number of "hits", or received transmissions, per pass also varied, depending on the 
elevation angle from the platform to the satellite at the closest point of approach; this variation 
was typically 3 at low elevation angles and 15 at high angles. To achieve the stated accuracy of 
the Nimbus tracking system (±5km), at least 2 of 3 consecutive passes had to be received, with 
at least 3 hits per pass (NASA, 1973). The signals were accepted by the satellite with an 
allocated identification number. 

The buoy locations were computed by standard satellite positioning techniques using the 
Doppler shift of the signal transmitted by the buoy and received by the rapidly moving satellite, 
the position of which was known relative to a reference geoid. Suppose a stable frequency is 
transmitted on the ice. The received frequency was measured several times while the satellite 
was within line of sight of the buoy on each orbital pass. As the satellite co-ordinates were 
known at these times, each measurement produced an equation with unknowns corresponding 
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to the transmitted frequency and the position of the buoy; several equations were solved 
simultaneously for these variables. 

The primary advantage of a system such as RAMS is platform simplicity, which allows 
high platform reliability with low cost. Similar systems used in AIDJEX, such as the HF
N avSat buoy array, cost considerably more than RAMS and proved to be less reliable (Martin 
and Gillespie, 1978). To operate cost-effectively and accurately in the hostile environment of the 
Weddell Sea, the buoy design had to meet several specifications: 1) the hull had to be strong 
enough to resist severe ice pressure; 2) it had to be easy to handle and deploy; 3) the transmitter, 
antenna and batteries (lithium) were well insulated to avoid great temperature fluctuations and to 
obtain a stable frequency during transmission; 4) the rate of change of oscillator frequency with 
temperature had to be minimised, without using power, to optimise tracking accuracy; 5) a 
minimum life expectancy of 6 months; 6) the buoy had to withstand surface temperature 
extremes in the range of+ 10° to -50°C; 7) the buoy hull had to be water-tight in the event that it 
would enter the water in a lead; 8) the antenna was to remain horizontal regardless of the 
attitude; and 9) cost had to be kept to a minimum, as the buoys were expendable. Taken 
together, these requirements provided an interesting challenge, which was met. The advanced 
RAMS (ADRAMS) buoys used in this experiment were developed and built by the Polar 
Research Laboratory, California. 

The outer casing of the buoy consisted of two foam-insulated, resilient polycarbonate 
hemispheres, bolted together and 22" in diameter. The spherical construction of the hull 
afforded protection from ice forces by allowing the buoy to move upward under compression. 
Although this shape enabled a compact buoy to be built, it limited the range of sensors that could 
be placed on the package. It contained an internal temperature thermistor, a pressure transducer 
and a transmitter. The electronics, battery pack and antenna formed a single unit within the 
sphere; this unit was free to rotate around both horizontal and vertical axes on teflon bearings. 
The AD RAMS used an inorganic lithium battery, providing nominal power equivalent to 0.25W 
continuous on a 1 :60 on/off time cycle over a lifetime of about 8 months at full power. This 
battery had an extremely high energy density on a weight and volumetric basis, and operated 
down to temperatures of -50°C. Although the buoys were designed to float, over-washing by 
waves would eventually penetrate the casing and destroy the electronics. For further details and 
specifications regarding the electronic and mechanical design of the ADRAMS buoys, please see 
Brown and Kerut (1978). 

Possible sources of ambiguity in the temperature and pre~sure data are: 1) the effect of 
diurnal variations in internal buoy temperatures, which can be as great as 30°C, on the 
measurement of air pressure; 2) the mechanical problem of protecting the external air 
temperature sensor from damage during deployment and from radiation effects during operation; 
3) diurnal variations of up to l0°C in external temperatures; 4) pressure anomalies may result 
from dynamic pressures; this effect depends upon the orientation of the buoy. However, since 
the latter error occurs only during times of high winds which are generally driven by large 
pressure gradients, it does not seriously degrade the usefulness of the barometric pressure data 
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(Martin and Clarke, 1978). Overall, the effects are taken to be negligible. 
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Figure 5.1: The ADRAMS buoy. From Brown and Kerut (1978). 

Insulation of the buoy hull effectively reduced temperature variations in the electronics, 
thereby improving temperature compensation of the quartz oscillator pressure sensor. Martin 
and Clarke (1978) concluded that it was possible to obtain uniformly good and consistent results 
of barometric pressure and air temperature without resorting to field calibrations. The pressure 
sensor was a quartz beam device which oscillated at a resonant frequency dependent on pressure 
and to a lesser extent on temperature. The barometric pressure transducer had an accuracy of 
±0.lmb over the range of 950 to 1,050 (Brown and Kerut, 1978), characterised by long-term 
stability and low power consumption. Controlled tests on the present buoys (S. F. Ackley, 
pers. comm.) revealed an accuracy of greater than 0.3mb, and daily average temperature 
measurements to within 1 °C over a 4 month period (Martin, 1979). The cause of these 
discrepancies is unknown. When a major purpose of the buoy deployment is to collect surface 
barometric pressure data throughout the year, the potential calibration drift of the sensor is a 
major concern. Knowing how sensitive a barometric sensor is to temperature is critical to 
achieve accurate measurements from RAMS; in the event, the thermistor provided both a 
temperature correction for the pressure sensor and a measure of ambient thermal conditions. 

The measurement of temperature from inside the buoy hull integrates the effects of air 
temperature, snow and ice temperature and radiation in a way that is difficult to interpret 
(Untersteiner and Thorndike, 1982), and tends to yield anomalously high readings (by about 
3°C) due to radiational heating (Ackley and Holt, 1984). For this reason, internal temperature 
data, although available, are not used in this study. The measurement of air temperature requires 
a sensor on the exterior of the buoy hull, freely exposed to the atmosphere but shielded from 
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direct radiational effects. The 1980 buoys contained a sensor housed in a ventilated, shielded 
can, open at both ends, at a height of lm above the ice surface. This sensor provided an 
integrated ice, snow, and air temperature, although its data inevitably contain contributions from 
long and shortwave radiative fluxes and cooling by the wind (Thorndike and Colony, 1980). 
Winter temperatures can thus be expected to be consistently low due to constant radiative 
cooling and low wind speeds; conversely, they may be overestimated due to the insulating effect 
of snowcover (Thorndike and Colony, 1980). These effects are difficult to quantify. The buoy 
temperature is, however, generally within a few degrees of the ambient air temperature (Martin 
and Clarke, 1978). 

5.3 Preliminary data processing and evaluation 

The accuracy of the satellite position fixes is an important consideration, as it determines the 
degree of confidence that can be placed on interpretations of the data. Two sources of error limit 
locational accuracy: 1) inaccuracies in the calculated geometry of the satellite orbit and time 
coding; and 2) platform-related error, including buoy velocity and fluctuations in ambient 
temperature. The cumulative effect of these errors leads to an overall accuracy of approximately 
±1 - 2km in "one pass" positioning. Vinje (1979) reported that as many as 90% of the Nimbus
tracked positions are located within a distance of 1km from the average position, the maximum 
deviation being 2.6km. Similarly, Martin and Gillespie (1978) stated that, during AIDJEX, the 
NASA RAMS upper limit in positional accuracy of 5km was met or exceeded for about 85% of 
the data analysed over a six month period. NASA has identified irregularities in the along-track 
motion of the satellite as the major source of these errors. The along-track error component of 
reference platform fixes was monitored on a daily basis to permit corrections to the orbit 
positions. 

On occasions, the error may account for a significant proportion of the distance moved 
between satellite passes of a slow moving, ice-bound buoy, and may even be greater than that 
distance. Inaccuracy in position fixes can impart spuriously large values to calculated buoy 
velocities. Consequently, 6000s has been used as a threshold interval between fixes, values 
below which have been discarded. As a further quality control, any outlying speeds of greater 
than 1.5ms-I have been removed from the dataset prior to interpolation. 

The time series of each variable for each buoy was first scanned for obviously erroneous 
outlying points, and those detected were deleted. No attempt was made to determine the reason 
for these points or to try to correct them. Few obvious errors were present in the raw data. Plots 
of the edited data then permitted a visual quality check to be made before further processing was 
carried out. The RAMS at best yielded up to 4 positional fixes per day; other days contain none. 
More data gaps are present in the drift data than the temperature and pressure data. This study is 
thus limited by sampling constraints to the use of longer-period (i.e. daily) values. The shorter 
the period between buoy position measurements, the greater the proportion of the distance, and 
thus the speed, that can be attributed to error. Due to the irregularity of the RAMS data, the raw 
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buoy positions have been interpolated to daily values, corresponding to midday (12:00 GMT) 
fixes. 

In order to develop a regular time series of drift velocity, the positional data recorded at 
irregular time intervals were interpolated to 24 h periods set at midday. This temporal smoothing 
helps to suppress measurement noise and aliasing from high frequency motions. Mean daily 
drift speeds have been calculated from the displacements between 12:00 GMT positions. 
Obviously spurious values stood out, and several data errors were highlighted and subsequently 
eliminated. All buoy trajectories were then plotted on polar stereographic projection maps using 
the ATLAS base map programme on the Cambridge University IBM 3084 computer. These 
were inspected by eye for data errors and random sensor malfunctions, which showed up as 
spikes in the time series and were removed. 

Time and frequency domain analyses of 1986 ARGOS-tracked buoy position data carried 
out by Rowe et al. (1989) revealed semi-diurnal and diurnal periodicities in the buoy motion in 
the south eastern Weddell Sea, associated with tidal forcing rather than wind forcing and inertial 
oscillations. Sea breeze and internal wave effects may act to complicate the observed buoy drift 
at certain times/in certain localities. To detect the high frequency vacillations associated with the 
lunar semi-diurnal tidal or inertial periods (both roughly 12 h at these latitudes), the system 
should be able to resolve at least two cycles per day. Consequently, such variations are assumed 
to be outside the temporal (i.e. daily) resolution of the RAMS buoy data, and are effectively 
filtered out. Due to the low frequency of measurements, it is often difficult to separate out the 
low from the high frequency signals. This study, however, is primarily concerned with low 
frequency variability in the differential movement of sea ice cover; the higher frequency (less 
than 1 day) motions (both random and non-random) are of limited interest, except that they 
contribute through non-linear effects to the evolution of the longer term dynamics of the ice 
cover within the Weddell Gyre. The time variance spectrum of ice motion has very low energy 
at periods of less than 1 day (Thorndike, 1986). High temporal resolution buoy data are also of 
limited use for comparison with contemporary 3 day averaged SMMR data. 

5.4 Speed and velocity computations 

The motions of Lagrangian drifters provide measures of horizontal speeds at the surface. 
The positions of the buoys are thus observed as functions of time, and the results are interpreted 
as a measure of the deformation of the pack averaged over the region enclosed by the buoy 
array. The motion of a particle can be defined by its history of position. It is usual to give the 
position as a function of some reference position X and time. The relative paths taken by several 
drifting buoys gives a measure of the change of configuration of the ice cover, and therefore its 
kinematics. The ice field is treated as a continuum. The fundamental concepts applied to the 
study of the spatial variations in ice velocity are the partial derivatives of u(x, y, t) and v(x, y, t) 
with respect to x and y. 
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The motion of a continuum of particles, over time t, then gives the field of motion 

H(t) = H(X, t, dt) { 5.1} 

The overall motion of the buoys at any given time can be seen more clearly when it is 
separated into u (eastward or zonal) and v (northward or meridional) components of velocity. 
The u and v components correspond to the cartesian coordinates x and y respectively. The 
motion of one buoy between any two observations, in the time interval dt, can then be described 
by the velocity components 

u = dx/dt 

V = dy/dt 

{ 5.2} 

{ 5.3} 

As we are concerned here with motions derived from net daily displacements, from midday to 
midday, dt is consistently equal to 1 day. The daily averaged velocity, V, then exactly equals the 
net daily displacement. Averaging in time has the effect of smoothing out spatial detail in the 
velocity field. The mean daily speed, S, is related to the u and v components of the velocity by 

s = (u2 + v2)1/2 

The cartesian coordinates (x, y) are related to latitude, <I>, and longitude, 1, by 

x = ao (rc/2 - <I>) cos (1) 

y = ao (rc/2 - <I>) sin (1) 

expressed in radians, where ao is the radius of the Earth. 

{ 5.4} 

{ 5.5} 

{5.6} 

Statistical analyses are subsequently carried out on the buoy displacement (and other) data. 
The variance, standard deviation and the standard error are computed_ to provide statistical 
measures of the dispersion of the data; the results are presented in section 5.6.4. The variance, 
a2, is calculated by 

a2 = 1/n I:(Xi - X)2 { 5.7} 

where n is the number of observations, Xi is a series of observations where i = 1 ton, and X is 
the mean. The standard deviation, a, is the square root of the variance 

{ 5.8} 

The variance is particularly sensitive to extreme observations, and the standard deviation to a 
lesser extent. The standard error or sampling variance, SE (X), is the standard deviation of a 
sampling distribution, and is expressed as 

SE (X) = a/ Jn { 5.9} 

The resultant ice (buoy) velocity consists of a time-independent or slowly varying field, and a 
time-dependent or rapidly varying field. Departures from the mean ice motion are of particular 
interest. Sea ice velocity can only be accurately determined when either the sampling rate is less 
than 3 h, or the meander coefficient (the ratio of the total distance travelled to the overall 
displacement) approaches a value of 1 (Thorndike, 1986). It is the large-scale motion, however, 
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that determines the net transport of sea ice around the Weddell Sea. Daily data are used to 
describe the gross features of the velocity field. 

This raises an important issue in that the positions of drifters are available only in discrete 
time intervals, which in the case of the 1980 buoys are relatively large. The smaller the time step 
between measurements, the closer the reconstruction of a buoy trajectory will be to its actual 
path. The choice of the former can depend on the nature of the processes under study. Attempts 
to define the response of an ice field to the passage of an atmospheric frontal system, for 
example, lead into the realm of ice dynamics. Any floe trajectory will be in direct response to the 
driving forces of wind and water stress, internal ice stress and Coriolis force, each having its 
own time scale of variability. Thorndike (1986), analysing Arctic buoy data, concludes that the 
optimal time step should be from 15 minutes to 3 h to enable a useful derivative of the spatial 
vector (i.e. the drift velocity) to be made. In the present study, the time scale of 24 his largely 
set by the nature of the data themselves; the Nimbus readings are far fewer than those collected 
by the ARGOS system. It is advisable not to select time intervals greater than 1 day for the 
computation of drift speed. 

The real distance travelled by the buoys, and therefore their actual velocities, will never be 
known. However, a daily vector average of drift velocity, based on daily zonal and meridional 
displacements, is estimated, and proves to be very useful. The computed velocity is always 
smaller than the actual velocity. It is important to remember this when comparing ice and wind 
velocities; the ratio of ice velocity to wind velocity is highly dependent on the prevailing 
conditions with respect to the variance of both quantities, and as such cannot be generalized. 
Meteorological events lasting a few hours require a fine temporal resolution of observation. This 
is not possible with the Nimbus buoy data. Any diurnal cycles in the temperature and pressure 
measurements are suppressed in the daily averaging. 
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5.5 Differential kinematic parameter (DKP) techniques · 

Until 20 years ago, large-scale ocean current systems were thought to be essentially steady 
in time. It is now known that they display pronounced temporal and spatial variability, largely in 
response to changes in the surface wind field and oceanic thermal structure. The sluggish 
Weddell Gyre is no exception. The traditional view of the gyre as a backcloth against which 
higher frequency and amplitude movements of the ice cover occur in response to dynamic 
forcing is a serious oversimplification, and comes under scrutiny. In geophysics, randomness is 
a highly pervasive characteristic. Random effects are dominated by the deterministic effects of 
the wind and current fields. The presence of sea ice for much of the year and the scale of the 
problem prohibit the direct measurement of anomalies, which is where buoys and satellite 
remote sensing come into their own. 

5.5.1 Sea ice kinematics versus dynamics 

Kinematics deals with the buoy motion itself rather than the causes of that motion 
(Thorndike, 1986). It is a basic step towards understanding ice dynamics, which are concerned 
with the question of why the ice moves the way it does, and the way momentum is transferred 
through the sea/ice system (Hibler, 1984). The essential elements required to define ice 
dynamics in sea ice models are as follows: 1) a momentum balance equation based on the 
Coriolis force etc.; 2) an ice rheology (based on a constitutive law) relating ice deformation to 
stress; and 3) a scalar ice strength parameter which is primarily a function of the ice thickness 
distribution and compactness (concentration). Dynamics create a) leads and thin ice and b) 
ridging and thick ice in the existing pack. The strength of the latter is assumed to decrease with 
increasing open water area, as does the resistance to convergence. 

Buoys on the ice measure its actual response to driving forces, and its mesoscale differential 
drift. The use of observed ice motion determined by satellite-tracked free drifters effectively 
eliminates the need to formulate how the ice responds to the driving forces given its thickness, 
rheology etc. The primary interest here is the kinematic description of time-dependent, two
dimensional flow fields. 

The fundamental notion of kinematics is that all points being tracked have an identity which 
is preserved in time. Another essential concept is that the ice cover accommodates divergent 
motion by increasing the area of open water contained within it (i.e. decreasing the ice 
concentration) rather than by stretching and thinning. Conve~sely, it accomodates convergent 
motion by reducing the open water area and by ridging and/or rafting. These processes link the 
ice morphology to the spatial differences in the ice velocity, measured by the buoys. Ice mass 
balance depends on advection, which in the Weddell Sea causes net imbalances of ice growth by 
transferring ice from regions of high growth to regions of net ablation i.e. the MIZ. Advective 
effects play a pivotal role in the nature of atmospheric and oceanic circulation both within and 
beyond the Weddell Gyre. 
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Ice concentrations, derived from the SMMR data, are thus governed by the physical 
processes of advection, deformation, freezing/ablation, and ageing. In the absence of these 
processes, it is assumed that the concentrations are conserved. Advection and deformation rates 
are determined by the kinematic data themselves. Stresses develop within the ice cover which 
tend to oppose deformation, determining whether an ice floe is in a state of free drift or whether 
its behaviour is governed by its interaction with the surrounding ice. 

5.5.2 Computation of differential kinematic parameters 

In order to study the behaviour of the buoys drifting together as an array or single unit 
delineating a parcel of ice, and to examine the deterministic effects, differential kinematic 
parameters (DKPs) are derived from the positional data. The movement of the ice inferred from 
that of the buoys may be broken down into 4 basic motions of translation, namely vorticity ~ 
(rotation), normal (stretching) deformation rate ND, shear deformation rate SD and divergence 
D. DKP results thus describe the relative motion of the buoys within a given field of ice, 
demarcated by the buoy array, as it translates. They quantify various aspects of the array's 
behaviour in terms of changes in its rotation, shape and area. These parameters can then be 
compared with meteorological and oceanic conditions, in order to detect relationships (possibly 
causal), and with changes in concentration retrieved from the SMMR data. 

The deformation of the buoy arrays is examined by calculating their DKPs using a change 
of area method. The theory behind this technique is described by Lewis et al. (1983). It derives 
from studies of atmospheric dynamics (Saucier, 1955), and has since been applied to the study 
of drifter motion in mid-latitude open open ocean regions (e.g. Molinari and Kirwan, 1975; 
Okubo and Ebbesmeyer, 1976) and to buoy drift in the Weddell Sea during·1986 (Wadhams et 
al., 1989). The latter covers data collected from a basin-wide array comprising four widely 
spaced buoys in the Weddell-Enderby Basin for the period August 19th to 12th October (a total 
of 55 days). The present study covers a far longer period (days 49 to 332, 1980 i.e. the entire 
growth and part of the decay seasons), and the buoys are more closely arranged, which should 
lead to a more realistic determination of ice deformation (on the mesoscale). Moreover, the 1980 
drifters fill in a gap not covered by the later arrays i.e. the SW/central Weddell Sea, and are 
combined with contemporary SMMR ice concentration data. 

Lewis et al. (1983) state that the time interval, t, between buoy position fixes must be :;;;24 
hours for pack ice conditions to calculate DKPs. The governing equations become non-linear 
for time intervals greater than 24 h. Three is the minimum number of buoys required to compute 
DKPs, since at least three points are necessary to define an area. In this case, four (and then 
three) stations are combined to permit a first.:.order fit and a subsequent spatial derivation of the 
velocity components. The array initially consisted of the four buoys forming a quadrilateral, and 
DKP analyses were carried out when all four buoys were transmitting, from day 61 (early 
March) until day 132 (early May, when buoy 0621 ceased to operate). Similar analyses were 
carried out on a triangular array consisting of the three longer lasting buoys from day 61 to day 
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241 (the end of August, when buoy 0035 stopped transmitting). The 1980 buoys were released 
100-200km apart; larger basin-wide arrays (e.g. Wadhams et al., 1989) provide information on 
the overall circulation pattern of the sea ice cover, but are of limited use in DKP analyses. It is 
important to note that when the buoys are drifting some tens to hundreds of kilometres apart, the 
anomalous behaviour of one can seriously affect the observed DKP results of the array as a 
whole; consequently, the more buoys that are used, the more accurate the kinematic results will 
be. 

Saucier (1955) has shown that the horizontal divergence, D, of a velocity vector field (u, v) 
can be expressed as the fractional rate of change per unit time of the actual area (A) enclosed by 
the triangle and quadrilateral of the three and four buoy arrays: 

D = (auJax) + (avJay) ~ A-1(dAJdt) {5.10} 

Here, u, v are eastward and northward velocity components respectively, which correspond to 
the Cartesian coordinates x, y. In this case, the time step between interpolated positions, dt, is 1 
day. 

The vorticity c,), shearing deformation rate (shear or SD) and the normal deformation rate 
(stretch or ND) can also be calculated from the partial differentials of the u and v components as 
follows (Saucier, 1955): 

' = (av Jax) - (auJay) 

SD = (avJax) + (auJay) 

ND= (auJax)- (avJay) 

{5.11} 

{ 5.12} 

{5.13} 

In each case, the partial differentials are calculated with respect to an origin located at the 
centroid of the array to eliminate overall drift effects. 

Following Molinari and Kirwan (1975) and Wadhams et al. (1989), the FORTRAN 
programme used to calculate ,, SD and ND does so by rotating and reflecting the u and v 

components of the buoy velocity vectors by selected 90° increments. This step was taken for 
computational conv~nience. For example, a 90° anticlockwise rotation of the velocity vectors 
transforms 

v ' ~ - u 

u' ~ V 

By substituting u' and v' for u and v in equation {5.10} 

(au· Jax)+ (av· Jay)= (avJax)-(auJay) =' 

{5.14} 

{5.15} 

Thus, , ~ A'- 1(dA 'Jdt) { 5.16}, where A' is the hypothetical area of the triangle or 

quadrilateral enclosed by the buoys if the velocity vectors were transposed as described above. 
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By a similar analysis, it is seen that the transformation 

v"~ u 

u"~ V 

yields the SD, and the further transformation 

"' V ~ - V 

"' u ~ u 

{5.16} 

{5.17} 

yields the ND. Thus, SD ""A"-1(dA"/dt) {5.18} and ND"" A"'-1(dA"'/dt) {5.19}, where A" 
and A"' are the hypothetical areas enclosed by the triangles and quadrilaterals whose sides 
would be formed if the further velocity rotations/reflections described in equations { 5.16} and 
{5.17} were carried out.. 

Translation ( 0, v) 

Vorticity 

dv/dx - du/dy 

Normal Deformation Rate 
du/dx-dv/dy 

l 

Shear 
Deformation Rate 
dv/dx + du/dy 

Divergence 

du/dx+dv/dy 

Figure 5.2: A schematic representation of the differential kinematic parameters of an ice parcel. 

All of these parameters can be interpreted geometrically. Values at three points are 
necessary to get the first order approximate values of the derivatives in the right hand sides of 
these equations. Kirwan (1975) has provided physical interpretations of the DKPs: 

1) Divergence (D) - is a measure of the rate of change in the size of the ice parcel (i.e. the area 
enclosed by the buoy array) (without a shape or orientation change), expressed as the percent 
of change in area per second. Positive divergence (D>O) signifies e~pansion, and is thus 
related to lead formation. Conversely, negative divergence (D<O) implies contraction 
(convergence), which is related to increased rafting/ridging in the existing ice cover. 
Convergence and divergence fields are basic model outputs. 
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ii 2) Stretch deformation (ND) - measures the change in shape of the array (expressed as a shape I 
change per second) due to forces acting normal to the sides of the cluster (without a size or 
orientation change). Normal deformation rate thus measures the rate of elongation, and is 
positive when there is compression on the north-south axis and/or dilation on the east-west 
axis. It is theoretically independent of divergence and vorticity; however, it will be seen that 
certain relationships do exist, even between parameters that measure change in area and 
others measuring change in length without a change in area. Deformation is a highly variable 
quantity, but the principal axis on average points between 0° and 90° i.e. between E and N. 
The larger axis (i.e. in the N to S direction) has a positive amount corresponding to stretching 
or expansion, and the smaller axis (the direction of which is rotated by 90° from the larger 
axis i.e. it is E to W) is negative, signifying compression. 

3) Vorticity(~) - is a measure of the rate of change in the orientation of the array (without a 
shape or size change i.e. it is theoretically independent of divergence); it defined as the 
rotation rate per second. Vorticity, an important concept in the analysis of fluid and 
atmospheric dynamics, can be defined as the curl of the velocity field. Vorticity ( expressed as 
rads-1

) is taken to be positive if the rotation is anticlockwise relative to the Earth when viewed 
from above, and negative if clockwise. Positive, anticyclonic absolute vorticity is generated 
by horizontal convergence of flow, whereas cyclonic vorticity is generated by flow 
divergence. 

4) Shear deformation (SD) - measures the change in shape of the array due to forces acting 
parallel to the sides of the cluster (without a change in orientation or area). Deformation 
processes (both ND and SD) cause shape changes, which can be considered in terms of a 
rearrangement of individual floes within the array; ND and SD thus represent the degree (and 
rate) to which the floes are moving past each other in this process. Shearing deformation rate 
takes negative values when shearing is into the north-east quadrant i.e. the SE to NW axis 
becomes longer (in this case, negative shear indicates a shape change in which the northern 
pair of buoys moves westwards relative to the southern pair); it is positive for shearing into 
the south-west quadrant i.e. the SW to NE axis becomes shorter. Shear deformation is 
independent of divergence and vorticity. All four parameters are non-linear processes. The 
total deformation is (ND2 + SD2)1/2. The concepts of shear, vorticity and divergence have 
different meanings for a field which deforms discontinuously than they do for a continuum 
(Thorndike, 1986). 

Model equations presented by Lewis et al. (1983) give a simplified physical picture: the 
velocity of an individual drifting buoy is composed of a mean translatory velocity of the cluster, 
a velocity induced by rotation, divergence and distortion of the cluster, and a random or 
turbulent velocity. The mean velocity of the array is attributed to large-scale (relative to the array 
size) motions, the random component to the small-scale turbulent field, and the i~duced velocity 
to array-scale motions. The scale of these motions is assumed to be far less than that of the 
cluster. 
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5.6 Application of the buoy data 

This section, by concentrating on the 1980 buoy data, addresses a number of fundamental 
yet largely unanswered questions: 
1) Is the outflow of ice evenly distributed meridionally across the central-western Weddell Sea? 

The work of Limbert et al. (1989) suggests that the answer is no. 
2) Is ice edge expansion and movement correlated with buoy movement in the interior pack i.e. 

does ice within the internal pack advect northwards at the same rate as the ice edge? Being 
launched close to the ice edge at a time of minimum ice extent, the buoy drift rates can be 
compared with the PMW data to test this. 

3) Do the buoy data support the idea of a conveyor belt i.e. does ice production take place 
mainly behind the buoys and near the coast, under largely divergent conditions, to push them 
equatorward to melt at the ice edge? Alternatively (or in addition), is new ice added onto the 
existing ice edge? The phase relations between the buoy and ice edge movements plotted 
from the satellite data cast light on which of these two processes predominates, and on what 
spatial and temporal scales. 

4) Are ice concentrations related to the rate of change of the buoy positions? 
5) Where are the zones of high/low advection? 
6) How much does the internal ice stress affect the trajectory at a given time? 
7) What is the mean residence time of sea ice in the central-western Weddell Sea? 
8) Are there any seasonal or spatial trends in the DKP data? 
9) When are the peaks and troughs? 
10) Does long-term positive divergence occur? 
11) When and why do buoy drift reversals occur? 
12) When is the advection of the array rapid and when is it sluggish? 
13) Is compression associated only with a decrease in the amount of open water, or is it large 

enough for active ridging/rafting to occur? 
14) Is the (local) rotation of a floe (buoy) representative of the rotation of the pack as a whole 

unit? 

15) Under what circumstances does the ice move en masse as a rigid non-rotating body? One 
would expect this ph~nomenon to occur if displacements are identical at each buoy. 

Many gaps, both spatial and temporal, exist in our understanding of Weddell Gyre 
dynamics, and the seasonal effects of an ice cover on the latter. This study encompasses both ice 
kinematics and dynamics. Kinematic studies are based solely on observations of buoy motion. 
Dynamic forces are related to the combined effects of wind and current stresses, the Coriolis 
force, inertial forces, ice interaction and the dynamic topography of the sea surface (Hibler, 
1979). We are interested here in large-scale ice motion driven by synoptic meteorological fields 
and the Weddell Gyre. Inferences are made about the dynamic forces at work by examining the 
available data i.e. SMMR imagery and buoy pressure, air temperature and positional time series. 
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Data on drift rates in the Weddell Sea, and the large-scale structure of the gyre, have 
traditionally been limited to the tracks of the ice-trapped ships Endurance (Shackleton, 1919) 

. and Deutsch/and (Brennecke, 1921), and satellite-tracked icebergs (e.g. Swithinbank et al., 
1977). In the winter of 1967, the giant iceberg Trolltunga broke away from the coast at roughly 
the 0° meridian to begin a long journey around the southern and western rim of the Weddell Sea -
which was tracked on satellite imagery (Vinje, 1979; Swithinbank et al., 1977). Satellite
positioned automatic buoys have been deployed on tabular icebergs in the East Wind Drift 
(EWD) along the coast of east Antarctica since 1972 (Tchernia, 1974; Tchernia and Jeannin, 
1980, 1983 and 1984). In connection with FGGE in 1979, seven automatic buoys transmitting 
positional data were deployed on bergs to gain information on their movement into, and within, 
the West Wind Drift (WWD). Trajectories from these and various other sources have been 
combined in figure 5.3; although from different times, they give valuable insight into the overall 
nature of circulation within the central-western Weddell Gyre. 

Although useful, however, iceberg drift data should be analysed with caution. Icebergs tend 
to drift in a more erratic fashion than sea ice under the influence of waves, deeper currents and 
winds. Temporal variability of the flow is difficult to record because iceberg motion can be 
disturbed by the presence of sea ice, ice shelves, local winds, and bottom topography. Their 
mean paths follow the integrated upper surface (2 - 3,000m) currents at rates of between 60 -
75% of the current speed (Tchemia and Jeannin, 1980). Unlike sea ice, large bergs may take 
several hours to approach an equilibrium velocity after an abrupt change in current and wind 
direction (Smith and Banke, 1983). Trolltunga took about 5.5 years to pass into the WWD at 
60°S; this, however, included substantial periods of grounding. Icebergs breaking away from 
the Filchner Ice Shelf may pass into the WWD within two or three years (Vinje, 1980). 

Ice-locked ships may provide a closer approximation to actual sea ice drift. Shackleton's 
Endurance drifted in a curved path over the continental slope and rise from 76°25'S, 30°W to 
69°05'S, 51 °31 'W from 18th January to 27th October, 1915 before being crushed under 
convergent stress (figure 5.3). It followed the 2,000m sea bed contour after leaving the 
continental shelf at 72.5°S, 50°W, and its motion suggests a large degree of steering by the 
bathymetry. There is very little vertical stratification in much of the winter oceanic profile on the 
Antarctic continental shelf. This results in low baroclinicity, and hence surface flow is greatly 
influenced by sea floor topography. Many of the interesting features observed in the 1980 buoy 
drift are also associated with bathymetric features; this factor has been underestimated in 
previous studies. Similar responses have been noted by Limbert et al. (1989). 

The mean drift speed of the sea ice field confining the ship has been estimated as 0.05ms-1 
from the map provided by Shackleton (1919) using a smooth curve mean drift path (Gordon et 
al., 1981). It is in close agreement with the drift of the Deutsch/and, which remained trapped 
from March 8th to 26th November, 1912, and followed a 1,665km path almost parallel to the 
Endurance trajectory but 225km to the east (still within the predicted western boundary current). 
One striking feature of the Deutsch/and drift is an abrupt E deflection at 65°S, where it appears 
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Figure 5.3: a composite of drift tracks of ships, icebergs and buoys in the Weddell Sea, taken 
from the following sources: 

A - CRREL NIMBUS buoy 1433, day 355 1978 

to day 291 1979. 

B - CRREL NIMBUS, day 355 1978 to day 336 

1979. 

C - CRREL NlMDUS buoy 0511 , day 355 1978 

to day 121 1979. 

D - CRREL NIMBUS buoy 1121 , day 355 1978 

to day 94 1979. 

E - CRREL NIMBUS buoy 0003, day 49 to 276, 

1980. 

F - CRREL NIMBUS buoy 1405, day 56 to 332, 

1980. 

G - CRREL NIMBUS buoy 0035, day 60 to 243, 

1980. 

H - CRREL NIMBUS buoy 0621 , day 56 to 134, 

1980. 

I - Endurance, April 1915 to April 9111 1916 (after 

Ackley, 1979a). 

J - Deutsch/and, March 3rd 191 2 to 25th 

November 1912 (after Ackley, 1979a). 

K - SPRI/BAS ARGOS buoy 0534, 2nd January 

1986 to 31st March 1987 (after Limbert et al., 

1989). 

L - SPRI/BAS ARGOS buoy 1533, 7th March 

1986 to September 1986 (after Limbert et al., 

1989). 

M - Iceberg 1064, November 1980 to 3rd March 

J 982 (after Tchemia and Jeannin, 1983). 

N - Iceberg 13, July 1973 to November 1974 

(after Tchemia and Jeannin, 1983). 

0 - Iceberg, 25th May 1974 to 30th August 1975 

(after Ackley, 1979a). 

P - Alfred Wegener lnstitut fur Polarforschung 

ARGOS buoy 6576, 20th August 1986 to 1st 

January 1987 (after Hocbcr and Gubc-Lcnhardt, 

1987). 

Q - Institute for Meteorology anc) Climatology, 

University of Hannover ARGOS buoy 3313, 

18th October 1986 to 30th November 1987 

(after Kottmeier and Hartig, 1988). 

R - Institute for Meteorology and Climatology, 

University of Hannover ARGOS buoy 3316, 

18th October 1986 to 30th November 1987 

(after Kottmeier and Hanig, 1988). 
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to come under the influence of westerly winds. After a time, the drift direction again becomes predominantly northward. The average drift given in Table A, p. 212 of Brennecke's (1921) account is greater than 0.073ms-1, with the greatest rates occurring in winter. Brennecke included all the fine-scale drift features, and hence the speed data contain transient and wind event features in addition to the mean drift. 
Based on these varied observations, widely disparate estimates have been made of the residence time of sea ice formed in the southern Weddell Sea. It has been maintained that the migration of ice from the southeastern shelf to the tip of the Antarctic Peninsula takes longer than one year. From the Endurance drift, U/L = 6 months, where U is the speed of the ship and L is the distance from the edge of the continental shelf to the ice edge (Ackley, 1979). Data from different sources have been combined by Limbert et al. (1989) to ascertain ice discharge rates; they conclude that the outflow from the Weddell Sea amounts to 90% of its area, bounded by great circles joining the tip of the Peninsula to Kapp Norvegia. It has been estimated that the transport of a water parcel from 4°E to 50°W in the EWD takes about 7 - 8 months (Gill, 1973). The question of length of survival of Weddell Sea is subsequently addressed. 

5.6.2 Buoy trajectory analysis 

5.6.2.1 Deployment of the buoys 

The four buoys, which will be referred to by their serial numbers (i.e. 0003, 0621, 0035 and 1405), were deployed in 1980 to the eastern edge of the greater than 60% concentration core (figure 5.4). Two of the buoys (1405 and 0035) were released relatively close (about 50 -55km) to the ice edge at that time. Buoys 0003 and 0621 were placed in a line about twice as far from the edge (table 5.1). 

Figure 5.4: boundaries of greater than 60% ice concentration extent, with buoy positions marked on day 65. 
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Start and stop time Start and stop position 
BUOY 1405 Day 56, 09:23Z to day 331, 16:23Z 72.875°S, 39.453°W 

to 59.839°S, 21.115°W 
BUOY 0621 Day 56, 00:24Z to day 133, 21:19Z 71.858°S, 41.965°W 

to 68.947°S, 45.349°W 
BUOY 0035 Day 60, 15:31Z to day 242, 16:21Z 70.455°S , 39.665°W 

to 61.040°S, 34.522°W 
BUOY 0003 Day 49, 12:31Z to day 275, 14:37Z 73 .786°S, 44.448°W 

to 60.486°S, 38.004°W 

Table 5.1: Start and stop times and locations for the buoys (day 1 = January 1st, 1980). For 
details on gaps in data, please see table 5.2. 

5.6.2.2 Gaps within the time series data, 

Data gaps occur in the buoy time series for two reasons: 1) due to technical failures in the 
buoys; and 2) because NASA ground personnel in 1980 had commitments to other satellite 
systems, and were therefore restricted in the amount of experimental buoy data that they could 
receive and process. 0003 is the most severely affected, with positional fixes being gained only 
intermittently during its lifetime (table 5.2). Data have been interpolated to daily values 
throughout the time series. 

BUOY 1405 

BUOY 0621 Day 56, 09:30Z to day 133, 21:27Z 

BUOY 0035 Day 60, 15:39Z to day 242, 16:28Z 

BUOY 0003 Day 49, 12:38Z to day 275, 18: 18Z 

Data a s 
50 days contain no 
data, with the 
gaps largely concentrated 
in the vicinit of da 300. 
27 days contain no data, 
with the gaps largely 
concentrated in the 
vicinit of da 120. 
18 days contain no data, 
with the gaps spread 
evenly throughout the 
data record. 
140 days contain no data. 
The most serious breaks 
in data transmission 
occurred from days 105-
25, 191-232 and 235-70. 

Table 5.2: Start an_d stop times and data gaps for the buoy air temperature and atmospheric 
surface pressure records (day 1 = January 1st, 1980). 

5.6.2.3 Detailed analysis of the buoy trajectories, 

The drift tracks of the four buoys are combined in figure 5.5 and presented separately in 
figures 5.6 to 5.9. Detailed analyses of the buoy trajectory (time series) data reveal a number of 
interesting features. Initially, all have headings in the range of 65 - 80°, before completely 
reversing their courses from days 61-3 to drift west-northwest. In describing the tracks, the 
terms northward etc. are used to signify a drift to the north. These should not be confused with 
the terms northerly etc., which mean from the north etc. when applied to wind direction. Days 
69-70 contain another important event, whereby the buoys drift to the NE until day 75, when 
they completely reverse to almost retrace their paths before resuming their original northward 
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course on about day 94. This major digression is highlighted in the track of 0621, which 
continues to the NE to attain a maximum departure on day 80 (at 70.46°S, 44.46°W). It 
represents a total departure of almost 300km, over a period of 21 days (days 70 - 91), before the 
buoy returns to its original course. 
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Figure 5.5: The 1980 buoy tracks combined. A= 0003, B = 0621, C = 1405 and D = 0035. 

By specifying buoy positions on the SMMR maps on the Hewlett Packard image analysis 
computer system at NASA Goddard Space Flight Center (GSFC), ice concentrations have been 
extracted at or near the buoys; these figures are based on the values averaged over the pixel 
containing each buoy from daily SMMR data (figures 5.10a and 5.10b). On day 61, the 
concentration value derived at 1405 is 60%, compared to values of greater than 90% at the other 
buoys (figure 5.11). Over the subsequent 20 days, the concentration at 1405 steadily increases 
until it attains values similar to the other buoys on day 80. This could be interpreted in two 
ways; either 1405, the most southwesterly of the buoys, was deployed in a region of ice of 
actual concentration of less than 60%; or it was launched in a region of almost unbroken cover 
of newly forming ice, which would register on the SMMR as a region of lesser concentration, 
for reasons outlined in chapter 4. If this were the case, which is more likely, ~hen the apparent 
increase in observed concentration at the buoy may in fact result from a: "maturing" of the newly 
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Figure 5.6: The drift track of buoy 0035, days 60 - 242, 1980. 
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Figure 5.7: The drift track of buoy 1405, days 56 - 331, 1980. 
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Figure 5.8: The drift track of buoy 0003, days 49 - 276, 1980. 
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Figure 5.9: The drift track of buoy 0621, days 56 - 133, 1980. 



formed ice to form a more consolidated cover.i.e. individual pancakes, the predominant feature 
of the growing ice cover, are coalescing and hardening. Alternatively, the pack could be 
compacting under convergent conditions. 
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Figure 5.10a: Ice concentrations at 3 day intervals within the pixels containing the buoys, days 
60-160. 
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Figure 5.10b: Ice concentrations at 3 day intervals within the pixels containing the buoys, days 
160-249. 

The DKP records are unremarkable at this early stage, apart from a 5 day period centred on 
day 70 (figures 5.12 and 5.13). An anomalously high amplitude peak occurs in the u (west to 
east) component of 0035's velocity (figure 5.14), which is reflected in the DKP time series as a 
positive peak in vorticity, and negative troughs in divergence, shear deforma.tion and stretch 
deformation. 
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Figure 5.11: Ice concentrations at 3 day intervals at the four buoys. 
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Figure 5.12: Divergence, vorticity, shear deformation and stretch defonnation of the three buoy 
array, days 61-81. 
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Figure 5.13: Divergence, vorticity, shear deformation and stretch deformation of the four buoy 

array, days 61-81. 
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Figure 5.14: The u component of the velocity of 0035, interpolated to daily values at 12:00 GMT. Positive values signify eastward motion, negative westward motion. 
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Figure 5.15: Air temperature recorded at 1405, interpolated to daily values at 12:00 GMT. 
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Figure 5.16: Atmospheric pressure recorded at 0003, interpolated to daily values at 12:00 GMT. 
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Figure 5.17: Atmospheric pressure recorded at 0035, interpolated to daily values at 12:00 GMT. 
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Figure 5.18: Atmospheric pressure recorded at 1405, interpolated to daily values at 12:00 GMT. 
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Figure 5.19: Atmospheric pressure recorded at 0621, interpolated to daily values at 12:00 GMT. 
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Air temperatures at this time are, at -15° to -20°C (e.g. figure 5.15), lower than immediately 
before and after, suggesting an outbreak of cold air from the south or south west. These 
findings are consistent with those of Bodman (1910) and Schwerdtfeger and Komro (1978), 
that February-March usually contain several events of strong cold air advection from the south in 
the western Weddell Sea. This is borne out by the buoy pressure data; on day 70, the readings at 
0621 (at the NW tip of the array), 0003 (at the SW), 1405 (at the SE) and 0035 (at the NE) are 
1002mb, lOOOmb, lOOOmb and 997mb (figures 5.16 to 5.19). The pressure gradient, 
constructed from the distribution of these figures, indicates that the flow of air is predominantly 
from S/SW to NINE. 

Such events are thought to be linked to temporary meridional shifts in the position of the 
Antarctic circumpolar trough or ACT, the sea ice responding to the latter through their influence 
on individual weather systems (Limbert et al., 1989). The mean latitude of the circumpolar low 
pressure belt in the W Weddell sector is north of 65°S during mid-summer and mid-winter, but 
S of 65°S during autumn and spring. This feature is caused by a semi-annual maximum 
temperature gradient in the middle troposphere over the Southern Ocean (van Loon, 1967). As a 
rule of thumb, storms situated at or passing S of 69°S will lead to an intensification of zonal 
westerly winds over the western Weddell Sea to the N of that latitude. Cyclones situated at or 
passing to the north of about 64°S will lead to strong easterlies south of that latitude. The effect 
of shift in the ACT on buoy trajectories is well illustrated in figure 5.20. 

Figure 5.20: Surface-pressure charts redrawn from the U.K. Meteorological Office numerical 
analyses, which now incorporate all available data (including those from buoys). The charts 
are for 00.00 GMT on (a) 3rd March, 1986, and (b) 11th March, 1986. The position of 
buoy 0534 and its direction of movement are shown by the cross and arrow. From Limbert 
et al. (1989). 
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5.6.2.4 The effect of transient low and high pressure systems on the ice cover 

At this early stage in the growth season, the ice cover enclosing the buoys is likely to be 
largely unconsolidated. As such, ice interaction/internal stresses are taken to be negligible while 
drift is northward and eastward, and the buoys are assumed to be largely in a state of free drift 
overall. On a time scale of one to a few days, the drift behaviour of the centroid of a buoy array 
in free drift theoretically depends on its position in relation to an over-passing cyclone. If it is 
north of the low pressure centre, it should describe a clockwise arc with an overall E motion 
vector; south of it, it should describe a clockwise arc with a dominant westward motion vector. 
In reality, the situation is far less simple. Contrary to widely held beliefs, cyclones seldom 
remain stationary over the central Weddell Sea; as such, their influence differs as they advance 
on, pass over and retreat from the region. Moreover, apparent reversals of cyclonic surface drift 
in the buoy trajectories occur on a number of occasions, a factor noted in other studies 
(Wadhams et al., 1989). 

The presence of either high pressure or low pressure systems within the region largely 
determines whether the ice cover is diverging or converging. Linearised drift calculations by 
Hibler (1974) indicate that ice in a region of low pressure should converge for high ice 
concentration (i.e. winter) and diverge for low concentration (i.e. summer), and vice versa in a 
high pressure region. However, calculations of divergence are highly sensitive to ice viscosity 
parameters and to the rate of change of atmospheric pressure (McLaren et al., 1988). Moreover, 
the roughness or drag coefficient of the surface will affect the turning angle between wind and 
ice. 

To the west of low pressure centres, one would expect a strong convergence in the ice 
velocity field, resulting in an increase in ice concentration when the lows are intense. Similarly, 
a lesser increase should occur to the east of a major low. The rapid passage of intense low 
pressure systems should initiate and maintain a lower ice concentration and bolster the heavy 
production of new ice in open water areas within the pack. Large-scale cyclones produce a wind 
field over the whole array which creates a homogeneous drift field with little deformation 
present in the DKP data. Conversely, when cyclones are small with diameters similar to that of 
the array itself, active deformation, rotation and divergence can all be expected, causing 
considerable ridging/rafting. The larger the atmospheric disturbance, the more likely that warm 
air will be advected from the open water southwards across the ice in the east, with cold air 
being transported northward on the rear side from the continent. 

Conversely, an anticyclone generates convergence of oceanic flow, even though there may 
be a significant outflow of air near the surface (figure 5.21). Large-scale atmospheric high 
pressure systems in the south (of approximately 1,000km diameter) are characterised by anti
clockwise gyral motions at the surf ace. In addition, the turning to the right creates a convergence 
of the pack, which will theoretically act to increase the concentration by eliminating open water. 
As the process continues, the stress within the pack will eventually increase to resist further 
convergence, thereby altering the ice thickness distribution. 
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Figure 5.21: Cross-section of the patterns of vertical motion associated with (mass) divergence 
and convergence in the troposphere (after Barry and Chorley, 1987). 

For this effect to be significant, however, an anticyclone must remain in the same area for 
long periods of time, so that the corresponding geostrophic flow in the ocean, which is 
comparatively slow, can produce a noticeable effect. Schwaeger and Pritchard (1980) argue that 
although the pack converges under a high pressure system, it diverges locally near the outer 
edge of the high pressure system. Consequently, if the centre of a high passes about 300km 
from the point of interest, it would cause divergence. If it passes almost ·over the point of 
interest, divergence occurs as the centre approaches, convergence while it passes over, and 
divergence as it recedes. With a large number of atmospheric systems traversing the study 
region, the picture is far more complex and variable than is invariably painted in the literature, 
where atmospheric pressure and geostrophic wind fields are largely based upon monthly 
averages. 

5.6.2.5 Correlation · between buoy trajectories early in the growth season 

During days 91-4, all four buoys assume a virtually parallel heading of 255° towards the 
SW corner of the Weddell Sea (figure 5.9). They move en masse as 4 corners of a rhombus 
with sides of approximately 200 x 120km, as if they are slipping along a well developed shear 
plane (figure 5.22). This remarkable degree of uniformity and coherence is clearly in response to 
the atmospheric flow field; the passage of a single weather system is reflected in the buoy 
pressure records (figures 5.16 to 5.19). The superficial distribution of the buoy pressure data is 
as follows; on day 90, the readings at 0621 (at the NW tip of the array), 0003 (at .the SW), 1405 
(at the SE) and 0035 (at the NE) are 987 .5mb, 992mb, 1006mb and 990mb, indicating from the 
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pressure gradient that the flow of air (i.e. geostrophic winds parallel to the isobars) is now predominantly from the NE to the SW. These conditions cause a significant rise in temperature by carrying warmer air over the ice from the open ocean (figures 5.15, 5.23 and 5.24). 

O 100km 

60°W 

Figm:e 5.22: The drift and behaviour of the 4 buoy array, days 61 to 133, 1980, at 4 day intervals. 
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Figure 5.23: Air temperatures recorded at 0035, interpolated to daily values at 12:00 GMT. 

11 2 



(.) 
0 

Q) 

'-::::, 
+-' 
(0 

'--
Q) 

-5 

-10 

-15 

o. -20 
E 
Q) 

r-
-25 

-30 

-35+---..~-.-~-r---..~-,-~...----.~-,-~-r---..~-.-~...----.~-r~...----+ 50 60 70 80 90 100 110 120 130 
Days, 1980 

Figure 5.24: Air temperatures recorded at 0621, interpolated to daily values at 12:00 GMT. 

The array at this early stage in the growth season shows little sign of divergence or convergence; the other DKP results are similarly quiet (figures 5.25 to 5.28), once again suggesting that the array is moving as a single entity in response to the same weather system. Similar results are presented from the central Arctic by Thorndike and Colony (1980), who report a high coherence in the cross-spectra of the drift of two buoys 100km apart. Based on the analysis of buoy data from the central Arctic Basin, Thorndike (1986) showed that coherent motion of the ice occurs within length scales of 400km. This is the distance over which internal ice stress is effective in rectifying the motion of the pack as a whole; it may also be related to the correlation length of the geostrophic wind field. Points further apart than the "critical" distance will tend to move virtually independently of each other. 
The number and spacing of buoys is therefore a critical factor in attempting to resolve the synoptic ice motion field. Although released about 100km apart, the drift tracks of 1405 and 0035 exhibit a high degree of similarity throughout their entire lifetimes together (i.e. from days 61 to 240) (figure 5.9). The correlation coefficients of the u and v components of their velocity over their complete drift tracks are 0.704 and 0.888 respectively. It is thought that the correlation length of the strain field in the Weddell Sea is of the order of 200km (D. Crane, pers. comm.); as such it is significantly shorter than that of the Arctic, probably due to its generally thinner and less constrained ice cover. 
The correlations are performed using Pearson's product-moment coefficient of linear correlation, r, which is an estimate of the population correlation coefficient: 

covariance (x,y) r=-;:==================~ j[variance (x) x variance (y)] 
{5.20} 

which can be expressed as 
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{5.21} 

where i = 1, ... N. Equation {5.21 }is the ratio of how much x and y vary together about their 
means to the total variation of x and y. 
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Figure 5.25: Divergence of the 3 buoy array (1405, 0035 and 0003), days 61 to 240 inclusive, 
1980. 
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Figure 5.26: Vorticity(~) of the 3 buoy array (1405, 0035 and 0003), days 61 to 240 inclusive, 
1980. 
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Figure 5.28: Stretch deformation (ND) of the 3 buoy array (1405, 0035 and 0003), days 61 to 240 inclusive, 1980. -

Vinje (1980) presents a similar example of the nearly perfect parallelism, in the predominantly northward movement of three icebergs (drifting further to the east in the region of 10 - 20°W). Their trajectories have been incorporated into figure 5.3. In this case, the surface currents in the region are thought to be weak and variable (Treshnikov, 1964), and the behaviour of the icebergs may therefore reflect a dominance of the steering influence of the high concentration sea ice movement controlled by the wind. 
The buoy behaviour at this time thus suggests that a "rigid body" motion of large regions of sea ice is occurring due to nonlinear ice interaction processes. Within the framework of a plastic 
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Figure 5.29: Latitude and longitude v time, 0621. N.B. longitudinal distances increase with a decrease in latitude. 
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Figure 5.30: Latitude and longitude v time, 1405. 
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rheology, this state can arise where the ice stress is not large enough to exceed the plastic yield value of the pack (Hibler, 1979). Under these circumstances, the motion of the rigid body will be very similar to that of a spatially averaged free drift, the main distinction being that the deformation will differ from that expected under purely free drift conditions. Block motion gives insights into why simple free drift ice forecasts have generally been quite successful (e.g. Zubov, 1945). Basically, in the rigid motion case, the rigid block behaves very much like freely drifting ice, except that the plastic stress tends to renormalize the external forcing to a smaller value (Hibler, 1984). Smaller fluctuations are superimposed on the rigid motion. 
Although the Weddell Sea ice cover is often assumed to be thinner and more in a state of free drift than that of the Arctic, the high correlation in the daily displacement fluctuations over a distance of a few hundred kms is observed to be similar in both regions. Along the lines of arguments proposed by Maykut et al. (1972), an element of sea ice with a length scale of 100km can be expected to contain many floe-to-floe discontinuities, and therefore should have a well defined average deformation. Ice floating on the surf ace of the Weddell Sea has a velocity field which, over a few hundred kms, varies reasonably smoothly and continuously in response to passing weather systems. 

Weddell Sea ice does not track the underlying gyral motions exactly, even though the ice and water are highly coupled. Ice moves faster than water when wind and barotropic current are in the same direction (Limbert et al., 1989). When the wind and barotropic currents are in opposite directions, ice velocity is smaller than current velocity. This opposing situation is likely to occur during the transition from one atmospheric regime to another. 

5.6.2.6 Latitude v longitude plots 

When plotted against time, the buoy latitudinal and longitudinal positions reveal the overall nature of the drift (figures 5.29 to 5.32). They highlight the relative importance of meridional and zonal components i.e. the effect of minor reversals, and the predominance of northward drift before about day 200 and E drift after this day. 

5.6.2.7 . The effect of the Antarctic Peninsula on internal ice stress 

The 1980 buoy array closely follows the 4,000m depth contour, which marks the eastern boundary of the Weddell Basin and runs roughly S-N meridionally at roughly longitude 46°W (figure 5.22). Changes in·bathymetry along the buoy track or increased ice resistance within the pack are the most likely causes of observed reductions in the vacillations of the buoys. Beyond a barotropic Rossby radius from coastlines (approximately 100km), ice drift is determined by the local force balance in response to wind stress; using buoy data from the Arctic Ocean, Thorndike and Colony (1982) show that, on short time scales, more than 70% of the variance of ice velocity away from the coast is due to geostrophic wind variations. At time scales of several months, half the average motion is due to mean ocean circulation. Large ice sheets are not only 
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influenced by local winds alone, but also by large-scale or distant wind fields. Consequently, 
the ice decouples the ocean from the local wind. Freely moving floes amplify the momentum 
transfer to ocean in comparison to ice-free conditions. How far the pack "feels" the physical 
obstruction depends upon the local situation, although it appears in the Weddell Sea to be of the 
order of several hundred kms (Lepparanta and Hibler, 1987). 

Diverging ice is described as having no internal resistance or stress, whereas converging ice 
generally has a stress state at the plastic yield. Weddell Sea ice is thought to fall largely into the 
former category. In plastic flow, the deformation mechanisms are the opening of cracks between 
floes to form leads, the ridging of the thin ice which grows in leads, and shearing along leads 
(Colony and Rothrock, 1980). Opening and ridging change the thickness distribution and hence 
the strength with which the ice cover can resist plastic deformation. 

It is argued that the yield stress necessary to cause plastic flow becomes especially 
significant near a coast/in the western Weddell Sea, where onshore winds can cause continued 
deformation with a loss of thin ice and strengthening of the ice cover. The internal ice stress term 
plays an important role towards the Peninsula; the correlation length of the strain field may be 
longer in the western Weddell Sea, with internal stress being communicated over larger 
distances. Thus, internal resistance within the pack may cause a suppression of fluctuations as 
the buoys move westwards; similar behaviour has been witnessed more recently by Rowe et al. 
(1989). It may be that the buoy drift patterns at their western-most extremes reflect the 
compression of the ice field against the east coast of the Antarctic Peninsula. The 1979 CRREL 
buoys make significantly slower northward progress (in the range of 3.1 to 3.3kmd-1 [Limbert 
et al., 1989]) than those fmther to the east (figure 5.3). 

The Wand S Weddell Sea may be regions of net Ekman convergence rather than divergence 
(Ackley, 1979b). The core of compact, perennial ice present to the immediate west of the buoy 
array, and first observed on the SMMR imagery at the beginning of the growth season (figure 
5.33), may be characterised by an increase in convergent forces and internal ice stress. These 
factors would act both to suppress excursions in the trajectories and to slow the buoys. They 
appear to effectively prevent the buoys from drifting W any further than approximately 48°W. 
This has important implications for the drift of ice being transported into the Weddell embayment 
via the EWD. Conversely, divergence may predominate hard against the coast, where strong 
winds blowing persistently offshore pile the ice up seawards to form impressive ridge and 
rubble fields (figure 5.34). 

Away from the influence of the southern coast and the Peninsula, diffusion processes 
appear to be an important factor in the dispersal of Weddell Sea buoys (floes) under what are 
assumed to be largely free-drift conditions. Richardson (1926) proposed that the diffusion of a 
velocity field can be studied in terms of the motion of pairs of particles. These concepts can be 
applied to the motion of sea ice even though the diffusive mechanism is different in this case for 
a turbulent fluid (Thorndike, 1986). Although external forcing by wind and current causes a 
preferred mean direction of ice drift, short-term random motions, caused by the passage of 
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synoptic scale weather systems, produce a slow diffusive motion in sea ice (Thorndike, 1986). 

45°W 

l 
( 

00 

Figure 5.33: A SMMR image of the perennial ice core in the western Weddell Sea, days 55 and 
57 combined, 1980. 

Figure 5.34: Ridging and open water against the Antarctic coast, caused by convergent 
conditions in the vicinity of 5°W. The photograph was taken in August, 1986 close to 
Georg von Neumayer base. 
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5.6.2.8 Oscillations and excursions in the buoy tracks, early autumn 

On day 94, the buoys abruptly tum 90° to the right to adopt a more northerly course; the 
pressure readings (figures 5.16 to 5.19) suggest that this occurs in response to winds from the 
south/southeast, causing an outbreak of very cold air. The temperature time series drop 

.. -·--·-------··· 

dramatically from approximately zero to -30°C from days 94 to 99, marking the remarkably 
abrupt initiation of a significant downward trend in air temperatures from mid-autumn onwards 
(figures 5.15, 5.23 and 5.24). The buoys frequently undergo both minor and major 
perturbations en route to lower latitudes. One such event affects all four buoys for the period 
day 101 - 5, when they each remain within a small region, oscillating back and forth and making 
little northward progress. The existence of oceanic convergences may be acting here to bias 
observations of the surface flow by capturing the surface drifters (Weller et al., 1985). Few 
high amplitude perturbations are present in the DKPs, apart from the divergence record, 
suggesting that the buoys are still moving largely in unison in response to the same atmospheric 
disturbance. 

All the buoys rapidly describe small cyclonic arcs of 270° on day 108 to temporarily adopt a 
southwesterly heading in response to winds from the NE. The transition to a due northward 
course occurs at roughly the same time for all four buoys (i.e. days 110 - 11), but only after 
rapid 50 - 60km diversions to the SE (for 1405 and 0035). At this time, the buoys travel up to 
70 - 85km daily at mean daily speeds of up to 0.90ms-1 (figures 5.35 to 5.38). This significant 
departure from the mean coincides with a low pressure event (figure 5.17). It also concurs with 
the following rapid and high amplitude reversals in the DKPs: divergence to convergence (figure 
5.25); positive to negative vorticity (figure 5.26); positive to negative shear deformation (figure 
5.27); and negative to positive stretch deformation (figure 5.28). The array at this time appears 

to be responding to a series of rapid transitions from high to low pressure systems passing over, 
and visible in the buoy pressure time series. The latter fluctuate by almost 30mb about the mean 
over a few (i.e. 4 - 5) days (figures 5.16 to 5.19); once again, this could be linked to temporary 
southerly departures in the position of the ACT. 

This perturbation in the tracks is clearly represented in the u and v components of the buoy 
velocities (figures 5.14, 5.39 to 5.44). Moreover, it shows up strongly in the DKP time series 
of both the four (figures 5.45 to 5.48) and three buoy arrays (figures 5.25 to 5.28). Buoys 1405 
and 0035 reside and oscillate within a small area over the period of days 114 - 21, illustrated in 
the DKP results as sudden, high amplitude reversals. It can be seen from the mean daily speed 
time series (figures 5.35 to 5.38) that the buoys come to a virtual standstill around day 118, with 
little activity in the DKPs. This is obscured in the record of 0003 by a data transmission gap, 
while 0621 (further to the west) is largely unaffected, continuing in a net northward direction. It 
does, however, tum dramatically to the SW (altering its course by 130°) on days 116 - 19 (at 

about 68.90°S, 46.80°W). Having reached 69.31°S, 47.81°W on day 124, 0621 reverses to 
take up a 70° heading. A data gap occurs at this point, and continues until the buoy fails and 
disappears from this study after giving a final reading on day 133 at 17:50Z (at 68.95°S, 

45.35°W). 
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Figure 5.35: Daily mean drift speeds of 0003, interpolated to daily values at 12:00 GMT. 
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Figure 5.36: Daily mean drift speeds of 0035, interpolated to daily values at 12:00 GMT. 
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Figure 5.37: Daily mean drift speeds of 0621, interpolated to daily values at 12:00 GMT. 
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Figure 5.38: Daily mean drift speeds of 1405, interpolated to daily values at 12:00 GMT . 
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Figure 5.39: The v component of the velocity of 0003, interpolated to daily values at 12:00 
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Figure 5.40: the u component of the velocity of 0003, interpolated to daily values at 12:00 
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Figure 5.41: the v component of the velocity of 0035, interpolated to daily values at 12:00 
GMT . 
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Figure 5.42: The u and v components of the velocity of 0621 , interpolated to daily values at 
12:00GMT . 
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Figure 5.44: the v component of the velocity of 1405, interpolated to daily values at 12:00 GMT. 
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Figure 5.45: Divergence (D) of the 4 buoy array, days 61 to 132 inclusive, interpolated to daily 
values at 12:00 GMT. 
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Figure 5.46: Vorticity (s) of the 4 buoy array, days 61 to 132 inclusive, interpolated to daily 
values at 12:00 GMT. 

1 24 



3 

2 

'° I 
w . 
C 

0 0 
:;:::; 
co 
E - 1 L 
0 --Cl) 
u -2 L 
co 
Cl) 

.c - 3 (/) 

- 4 

-5 
60 70 80 90 100 110 120 130 140 

· Days, 1980 

Figure 5.47: Shear defom1ation (SD) of the 4 buoy array, days 61 to 132 inclusive, interpolated 

to daily values at 12:00 GMT. 
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Figure 5.48: Stretch deformation (ND) of the 4 buoy array, days 61 to 132 inclusive, 
interpolated to daily values at 12:00 GMT. 

It is clear from the entire DKP time series of the 3 buoy array that, after an initial period of fairly intense activity from days 60 to 75, the buoys settle down to drift almost in unison for the next 25 to 30 days (figures 5.25 to 5.28). This is followed on approximately day 105 by a 30 day period of high amplitude activity, with peaks and troughs typically 4 - 5 days apart, which corresponds closely to a period of high values in the buoy mean drift speed data (figures 5.35 to 5.38). After attaining maximum values in the region of day 132, the DKPs fall off dramatically to reflect little differential activity in the buoy motion over the following 70 days (which mark the onset of winter proper). The intense activity in the early part of the ice growth season, and in the divergence time series in particular, infers that the ice cover at this time is largely in a state of free drift. Floes are largely unconnected, and as such are able to respond independently to the driving forces. Only later (after approximately day 135) does the ice cover in the vicinity of the 
buoys become sufficiently consolidated to suppress free drift to a larger extent. The amplitude and frequency of peaks in the DKPs decrease with an increase in concentration. High concentration ice infers a high degree of internal stress/ice interaction, and a resultant reduction in the degree of free drift. In this way, the DKP and ice concentration data can be related to internal ice resistance. Drift speeds are high even in high concentration (compact) ice. 

5.6.2.9 The effect of the passage of an individual storm, and reversals of cold or warm conditions 

A typical 3 - 5 day event, illustrating the effect of the passage of an individual storm, is centred around days 132 - 3, and reflected in the tracks of 0035 and 1405. Both buoys suddenly reverse their courses by 180° to head due S for about 100km, and at speeds of up to 0.75ms-1 
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(figures 5.36 and 5.38), corresponding to maximum u and v velocity components of -0.20ms-1 
and -0.70ms-1 (figures 5.14, 5.41, 5.43 and 5.44). Clues to explain this sudden anomalous 
behaviour lie in the atmospheric pressure time series of both buoys (figures 5.17 to 5.18); from 
day 129 to 132, the pressure drops from lOOlmb to 965mb, marking the passage of an intense 
cyclone. This is matched by a high degree of activity in the divergence, vorticity and shear 
deformation of the 3 buoy array (figure 5.49). On day 134, both buoys turn about 150° to their 
left and drift northeastward with headings in the range of 10-30°, although they are separated 
meridionally by about 100km (with 0035 further to the N) on any one day. 
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Figure 5.49: Divergence, vorticity, shear deformation and stretch deformation of the three buoy 
array, days 101 - 39, interpolated to daily values at 12:00 GMT. 

This hypothesis is strongly supported by the air temperature time series of 1405 and 0035, 
which show remarkable agreement (figures 5.15 and 5.23). From values of -35°C on days 125 
- 8, the temperatures rise sharply to attain values of 0°C to -3°C on day 133. The temperature 
increase coincides with high negative values in the v components of the buoy velocities (figures 
5.41 and 5.44), and much activity in the 3 buoy DKP records (with high amplitude reversals of 
3 to 4 day frequency) (figures 5.49 and 5.51). This evidence suggests that oceanic heat and 
moisture are being advected from the open ocean beyond the ice edge by northerly winds, 
related to the leading edge of a passing cyclone, to affect the temperature and sea ice regimes 
deep (approximately 1,200km) within the pack. This figure is t~ice as large as that proposed by 
Andreas (1987); based on field work from within the MIZ close to the 0° meridian, he concludes 
that oceanic heat and moisture (or continental cold and dryness) can be carried over Antarctic sea 
ice for distances of at least 600km. The latter figure implies that even during maximum extent, 
roughly 60% of the area of Antarctic sea ice is in "close contact" with the open ocean, whereby 
oceanic heat advected southwards by the atmosphere is available to warm or melt sea ice at a 
considerable distance from the ice edge. 
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Relatively small changes in climatic variables, such as mean air temperature, can produce 
large variations in the location and composition of the MIZ. Air temperature and humidity 
respond immediately to a change in wind direction (Andreas, 1987). Air temperature and 
humidity are also negatively correlated with the zonal wind after a 4 day lag, corresponding to 
the time scale of passing cyclone centres. Thermodynamic processes at the surface are strongly 
coupled to geostrophic wind direction (Andreas et al., 1984). Freeze and thaw cycles, or 
advance and retreat periods, may therefore be episodic, especially near the ice edge and in spring 
and autumn when the energy budget of the ice is nearly balanced (Gordon, 1981). Relatively 
mild conditions can occur deep within the pack in spring. 
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Figure 5.50: Ice concentrations within pixels containing the buoys, days 101-39. 

The concentrations at the buoys decrease by about 10% (from about 101 % to 91 %) in the 
period 131 - 7 (figure 5.50). This could be interpreted three ways: 1) in terms of an actual 
decrease in concentration caused by either melting due to the sudden increase in air temperature; 
2) a concentration decrease related to a divergence of the ice velocity field; or 3) in terms of the 
sudden temperature increase causing a degree of melt in the snow cover, thereby raising its 
effective E and masking the underlying ice to yield a false (i.e. lower) retrieval of ice 
concentration from the PMW data. Without a snow cover, the ice surface responds almost 
immediately to reductions in cloud cover or air temperature by significant drops in the physical 
temperature of the surface. Such drops are greatly reduced by a snow cover, which also causes 
a lag of 6 - 24 h (or longer) in the response time of the ice. There may also be a strong feedback 
relationship between ice concentration and air temperature. The latter may be consistently lower, 
and subject to higher day to day variability, over a high concentration than a low concentration 
i.e. the amount of open water may be a highly significant factor. 

The pack warms as a frontal system system approaches, bringing with it higher wind 
speeds. Colder air temperatures and more cloud-free conditions are typically associated with 
higher pressures and lower wind speeds. Figure 5.49 casts some light on this; from a value of 
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almost -4 x 1Q6s-I on day 129 (indicating a strong convergence of the 3 buoy array), the 
divergence soars to 4 x 106s-t on day 131, the largest amplitude peak in the entire record. This 
suggests that the reduction in concentration noted in the subsequent days is strongly in response 
to physical forcing, with the buoys returning to a northward course after their southern 
excursions. Thermodynamic effects must also play a role; it has been seen that the air 
temperature records show dramatic increases at this time. By days 138 - 140, the concentrations 
have returned to their former. higher values. 

By day 140, the pressure record has rebounded to 1005mb and the temperature has dropped 
to -29°C, indicating that the deep low pressure, rapidly migrating from NW to SE, has passed to 
set up a predominantly southerly/southwesterly wind field in the vicinity of the buoy array; this 
outflow would transport continental cold air and dryness across the region. It has been replaced 
by an intervening high pressure ridge (system) before the approach of the next storm. With its 
centre initially to the west of the array, the storm would create a northerly wind field which 
would initially force the buoys to the south, inferring a compaction of the ice cover; once the 
low pressure centre had passed to the east, the wind field would reverse to blow predominantly 
from the south, forcing the array to reverse its drift to resume a northward course. 
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Figure 5.51: Divergence, vorticity, shear deformation and stretch deformation of the four buoy 
array, days 101 - 31, interpolated to daily values at 12:00 GMT. 

An alternative explanation for this (and other) outbreaks of freezing winds may be the 
strong and persistent southwesterly barrier winds, with temperatures in the range of -20°C to -
30°C. To the extreme south of the Weddell embayment, the topography facilitates the flow of 
very cold air from the continental interior over the Filchner and Ronne Ice Shelves and onto to 
the Weddell Sea ice (figure 2.5). This is likely to be an important factor in limiting the decay of 
ice in this region, and may maintain ice growth at the margin of the Filchner-Ronne Ice Shelf 
throughout the year. Schwerdtfeger (1975a) argues that barrier winds have a profound effect on 
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the temperature field not only in the south but also in the NW Weddell Sea far north into the 
WWD, at a time when conditions on the western side of the Peninsula are far milder. When 
there are strong horizontal atmospheric sea level pressure gradients, the ice drift at sufficient 
distances from the Peninsula is approximately in the direction of the geostrophic wind (Kyle and 
Schwerdtfeger, 1974). When a storm centre lies between 65°W and 50°W, strong winds blow 
over the western Weddell Sea if the centre lies south of the affected area. 

More frequently, however, cyclone trajectories are to the north of 65°S, with easterly winds 
over the northern Weddell Sea. Under these circumstances, a westward or northwestward flow 
of air approaches the Peninsula south of about 65°S, and is deflected to the N and NE, advecting 
colder air from higher latitudes and driving the ice to lower latitudes than would otherwise be 
possible. These winds, with typical speeds of 15 - 20ms-1 and gusts up to 80ms-1 and last for 
periods of several days, must have a profound effect in driving the large masses of sea ice and 
icebergs northward into the eastward moving surface waters north of approximately 63.3°S. 
Their strength depends upon the zonal temperature gradient, which the buoy data show to be 
about 2 - 4°C per 100km in this region (Ackley, 1981b). 

This raises an important issue. During maximum ice growth periods, it has been widely 
held that the ice cover contributes to colder air temperatures by restricting the transfer of heat 
from the ocean and by providing a cold surface over which the advecting air is further cooled. 
The present findings, however, are more in agreement with the conclusions of Andreas et al. 
(1984) based on observations further to the east (in the vicinity of the Greenwich meridian). The 
sea ice is not cooling and drying the air flowing over it as quickly as would be expected; a 
northerly air mass tends not to be warmed or moistened above its oceanic equilibrium. Leads 
and polynyas are such large heat and moisture sources that, until their percentage and 
distribution can be accurately monitored, any surface heat budget will warrant little confidence. 
Therefore, because of the intimate relationships between the surface energy budget, atmospheric 
boundary layer modification and synoptic scale systems, a knowledge of open water distribution 
is a key to any improved understanding of Antarctic air-sea-ice interaction and ice production .. 

5.6.2.10 Quiescence in the DKP records of early-mid winter. 

A series of events deserving close attention is centred around days 157 - 71 (figure 5.52). 
At this time, the u components in particular are characterised by medium frequency and 
amplitude fluctuations (figures 5.14, 5.40 and 5.43) at a time when the temperatures are 
consistently in the region of -25 to -30°C (figures 5.15 and 5.23), suggesting an outflow of cold 
air from the S/SW. The period from day 157 to 180 is notable for a steady increase in 
concentration values at the 3 buoys (figure 5.53), concomitant with the DKP activity at this time 
(early winter). 
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Figure 5.52: Divergence, vorticity, shear deformation and stretch deformation of the three buoy 
array, days 155 to 179, interpolated to daily values at 12:00 GMT. 

This activity forms an isolated enclave in an otherwise quiescent period in the DKP records 
of the 3 buoy array stretching from day 140 to 205. This immediately suggests that the buoys at 
this time are responding to the atmospheric and oceanic forcing almost in unison; they are no 
longer moving independently. Freeze-up is well underway, and the buoys are now locked 
firmly into a more consolidated ice cover. Alternatively (or additionally), it could be that few 
storms of any intensity are passing over the region at this time. Indeed, the pressure records 
appear to bear this out; mean daily atmospheric pressures measured at the buoys are consistently 
greater than 980mb and often greater than lOOOmb, indicating more Stable atmospheric 
conditions than during the periods both before and after (figures 5.16 to 5.18). Similarly, air 
temperatures remain largely below -15°C (figures 5.15 and 5.23). With the exception of the 
period 157 - 71, when speeds of up to 0.3ms-1 are encountered, the mean daily drift speeds for 
140 - 205 are in the range of 0.03 - 0.18ms-1 (figures 5.35, 5.36 and 5.38); this corresponds to 
mean distances travelled in the range of 2.6 - 15.5kmd-1 (figures 5.54 to 5.59), relatively low in 
comparison with other times. 

5.6.2.11 A major departure in the buoy tracks 

The trajectories of 0035 and 1405 converge at about '68.50°S, 42.32°W (although at 
different times), and run very closely for the remainder of the time series (separated by a few 
days) (figure 5.9). Few major departures occur from a mean northward course until day 161, 
when 0003 has reached 67.29°S, 47.60°W, 1405 66.71°S, 41.01°W, and 0035 65.80°S, 
40.29°W. At this point, major perturbations occur in the trajectories, with a lesser deviation in 
that of the more westerly 0003 starting at 67.29°S, 47.60°W. All head due E, with 0035 drifting 
as far as 38.60°W (66.05°S) on day 180; 1405 attains a longitude of 39.20°W (66.97°S), and 
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Figure 5.53: Ice concentrations at the three buoys (0003, 0035 and 1405), days 155 - 179 at 3 
day intervals. 
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Figure 5.54: Buoy 0003 daily distance travelled, interpolated to daily values at 12:00 GMT. 
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0003 46.50°W (67.58°S). This highly significant event occupied 1405 for 37 days (days 161 -
97), 0035 for 39 days (161 - 99), and 0003 for 23 days (161 - 83). It can be seen from the 
positions that many oscillations occur within the main departure, and are contained within 
relatively narrow (about 0.5°) zonal bands but relatively wide (approximately 80km) meridional 
bands. 

Remarkably, all three buoys tum and drift due westward on day 180, to retrace their paths 
back to almost the exact locations where they first departed, before resuming their northward 
drift. The DKP time series show very few major fluctuations, apart from an event centred on 
days 160 to 170. The divergence record (figures 5.25) is nowhere quieter than at this time. Only 
the stretch deformation results show any significant activity; their predominantly negative values 
reflect an elongation of the 3 buoy array in the W-E direction. This could be linked to the 
anomalously high activity in the u component of 0035's velocity (figure 5.14) compared to that 
of the two buoys further to the south i.e. 0003 and 1405 (figures 5.40 and 5.43). Elsewhere, 
the "quiet" nature of the DKPs lends further credence to the belief that the ice has shifted almost 
as a rigid block in response to same atmospheric forcing event; the few fluctuations present in 
the time series show that the individual buoy motions are almost identical, and that they are not 
reacting independently. 

Once again, the evidence suggests that the entire ice cover in the region has shifted E en 
masse, before swinging back to its original position; both motions are closely related to a 
meridional shift in the position of the ACT. Earlier visible satellite imagery show that the initial 
shift is accompanied by the opening of leads to the W and against the Larsen Ice Shelf, which 
soon refreeze (Colvill, 1977). Such features open and close within a few days in response to the 
changing wind field. It is postulated that by returning westward, the pack deforms this newly 
formed ice cover by pressing it hard against the Peninsula. Repeated several times, this process 
would lead to extensive heavy ridging and rafting. The high concentration, heavy and perennial 
lens of ice hugging the east coast of the Peninsula could possibly be maintained and perpetuated 
by this process. Similar events occur at regular intervals throughout the time series. For this 
reason, the east coast of the Antarctic Peninsula is one of the least accessible and least explored 
portions of the entire coast of Antarctica. Progress has always been stopped by heavy ice 
conditions, with the notable exception of Larsen. The very changeable and hazardous ice 
conditions in the western Weddell Sea are described in Schwerdtfeger (1984). 

Another interesting factor is that the period from day 160 to 200 (mid-late winter) 
encompasses a remarkable upward bulge, symmetrical about day 180, in the mean daily air 
temperatures recorded at 1405 and 0035 (figures 5.15 and 5.23). This suggests that the forces 
driving the buoys E may be a complex combination of more than one process. Strong westerly 
and north-westerly foehn winds can occur in the northern half of the Peninsula when the low 
pressure trough west of the Peninsula lies south of about 70°S (Kyle and Schwerdtfeger, 1974; 
Colvill, 1977); they transport warmer air into the western Weddell Sea. It is possible that foehn 
winds may combine with other forces at this time to force the ice away from the Larsen Ice Shelf 
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Figure 5.56: Buoy 0035 daily distance travelled, interpolated to daily values at 12:00 GMT. 
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Figure 5.57: Buoy 1405 daily distance travelled, interpolated to daily values at 12:00 GMT. 
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Figure 5.58: Daily distances travelled by Lhe two western buoys, 0003 and 0621, interpolated to 

daily values at 12:00 GMT. 
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Figure 5.59: Daily distances travelled by the two eastern buoys, 0035 and 1405, interpolated to 

daily values at 12:00 GMT. 

and the islands south of the NE tip of the Peninsula. This effect may be dynamically transmitted 

by ice interaction, internal stress forces through the high concentration core adjacent to the ice 

shelf to the region containing the buoys in the central Weddell embayment, at latitudes 

approaching 66°S. Their effect is unlikely to be felt further than about 100km offshore. 
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Although Peninsula foehn winds are unlikely to be strong enough to inject warm conditions 
as far E as 40°W, they indicate widespread incursions of warm, moist cyclonic air. This is 
supported by the timing of the upward trend in the temperature bulge; day 160, which coincides 
with the sudden eastward departure in the track of buoys 1405 and 0035 (figures 5.7 and 5.6). 
Similarly, the downward trend in temperature, apparent from day 180 (to day 200), is 
concurrent with the sudden reversal of both buoys to adopt a westward rather than an eastward 
drift. This behaviour would be consistent either with a northward shift in the position of the 
ACT, or the passage of one cyclone southeastwards to be replaced by the approach of a high 
pressure ridge from the north/northwest. 

The alternation of these two wind classes, warm from the west (and north) and cold from 
the south (driven by a combination of cyclonic, foehn and barrier processes) are frequently 
observed in spring-early autumn. As such, they are of prime interest to both the transport and 
state of the pack in the western Weddell Sea. Indeed, Schwerdtfeger (1979c) argues that foehn 
and barrier winds alone occur with sufficient frequency, duration and strength to have a major 
effect on the drift of ice in a strip about 100km across adjacent to the Peninsula. Significantly, 
the foehn winds can be as much as 20°C warmer than the barrier winds; Schwerdtfeger and 
Komro (1978) report that September and October appear to be the only months where the 
frequency of foehn winds is similar to that of barrier winds. The barrier winds then drive the ice 
northeastward (Schwerdtfeger, 1979b). The autumn, with its frequent persistent barrier winds 
and rarely occurring foehn winds, appears to present optimal conditions for the accumulation of 
ice in the NW corner of the Weddell Sea. 

Carsey (1980) argues that the strength and thus significance of the barrier winds 
diminishes 100 - 200km offshore; the width of the ice mass moving north-northeastward in the 
Weddell Sea in winter is about 1,000km. He concludes that the oceanic gyre must play a central 
role in ice export, while the coastal barrier winds serve to minimize shear zone retardation of the 
flow, and to export a narrow band of ice at the coast. Model results presented by Parish (1983), 
however, suggest that the barrier wind phenomenon has an influence that extends as far as 
300km from the Peninsula (compared to Schwerdtfeger's [1979a] estimate of greater than 
100km). If this is the case, this broad flow will have a profound effect on both the growth, 
maintenance and transport of ice in the western Weddell Sea. On the strength of the results 
presented here, it is felt that, while barrier winds play a part, it the winds associated with the 
passage of intense low pressure systems that play the most significant role at the longitudes of 
the 1980 buoys (drifting approximately 700km away from the Peninsula). 

The outflow of ice constantly opens up new leads, which soon freeze over; the "freezing 
potential" in this region is enormous. Moreover, there are strong indications that barrier winds 
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may play a significant role in the synoptic meteorology as far north as the South Shetland 
Islands. The winds force large ice fields and correspondingly low sea surface temperatures to 
extend far to the east from the tip of the Peninsula, having a feedback effect on the temperature 
regime of the E and NE flanks of the Weddell Sea. Maritime air masses advected from lower 
latitudes pass over the cold belt and lose more heat than comparable air masses at the same 
latitudes in other sectors of the Antarctic (Schwerdtfeger, 1975a). This contributes to the 
relatively low mean temperatures in the NE and E Weddell Sea. The colder the near-surface air 
moving from the east across the Weddell Sea, the more favourable the conditions or the 
development of barrier winds. 

The predominantly northward drift of the 1980 buoys, south of the ACC, and the behaviour 
ice cover as a whole during the period of maximum growth, lend support to Schwerdtfeger 
(1979b) in challenging the frequently used assumption that the Weddell Gyre is driven by quasi
stationary low pressure systems over the central Weddell Sea. The presence of the latter is often 
based upon monthly averages of the pressure field. It seems more likely that the main driving 
forces are barrier winds along the western side, combined with the passage of cyclones and the 
shift of the Antarctic circumpolar trough. Indeed, direct evidence lends little support the notion 
of a quasi-stationary low pressure system over the central Weddell Sea. Observations made 
during the drifts of the Deutsch/and in 1912 (Barkow, 1924) and the Endurance in 1915 
(Mossman, 1921) indicate that the occasional and fairly regular passage of a strong depression, 
but moderate winds with relatively low values of directional constancy. Both ships drifted 
through the ice during the growth season (i.e. winter), when the surface winds at the shore 
stations along the eastern coast of the Peninsula have been found by Schwerdtfeger (1975b) to 
be at their strongest. 

106 

104 

~ 
102 

-
C 100 0 

:;::; 
(0 

98 L 
+-' 
C 
Q) 

96 () 
C 
0 
() 

94 Q) 
() 

92 

90 

88-r--r---,~,---r---,~,---r---r~,---r---,~ ...--r---r~...-"-T""-,,~...--"""T""--+ 
200 205 210 215 220 225 230 235 240 245 250 

Days, 1980 
Figure 5.60: Ice concentrations at the three buoys, days 203, 205 to 249, 1980. 

Having said this, the results presented here stress the overall importance,of the relentless 
backcloth of the oceanic western boundary currents. Gradient currents due to the geopotential 
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slope of isobaric surfaces, and which are initiated and maintained by wind-driven westward 
transport of water masses, cannot be neglected. Such currents must intensify the northward and 
northeastward transport of ice parallel to the eastern coastline of the Peninsula. Their overall 
effect on the western limb of the Weddell Gyre is extremely clear from the composite drift track 
diagram (figure 5.3). Once again, the presence of the Peninsula, and its associated bathymetry 
and continental shelves, plays an overwhelming role, exerting an influence hundreds of km to 
the east. 

5.6.2.12 The buoys enter the West Wind Drift 

Buoys 0035 and 1405 continue their remarkably parallel courses by drifting almost due 
northward, with very few perturbations until days 212 - 6 (apart from a 4 day oscillation in the 
tracks from day 206 - 9 in response to the passage of a deep low across the array, marked by a 
significant drop in atmospheric pressure of 30 - 45mb to 962mb from days 207 - 12 [figures 
5.17 and 5.18]). Cyclonic loops in trajectory are generally associated with the rotation of winds 
around moving low pressure systems. The sudden transition from high to low pressure 
coincides with a downward trend in ice concentration (figure 5.60), which is concomitant with a 
change from divergence to convergence in the 3 buoy divergence time series, an increase in 
vorticity activity and a distinctive transformation from positive to strongly negative shear 
deformation (figure 5.61). The latter indicates that a sudden shift to the east has occurred in the 
tracks of the two southernmost buoys (0003 and 1405) with respect to the northernmost buoy 
(0035). This is clearly reflected in the u components of the velocities; 0035 departs westward at 
a rate of 0.23ms-1 (figure 5.14) at a time (day 212) when 1405 is moving largely eastward 
(figure 5.43). 
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Figure 5.61: Divergence, vorticity, shear deformation and stretch deformation of the three buoy 
array, days 205 - 40, interpolated to daily values at 12:00 GMT. 
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Both buoys appear to be under the influence of the same weather system, but are affected 
differently as they are about 130km apart. A particularly sharp drop (10%) in the ice 
concentrations observed at 0003 on days 217 - 8 corresponds to an equally sharp rise in 
atmospheric pressure, and peaks in divergence (figure 5.25) and negative stretch deformation 
(figure 5.28). This period of high magnitude and short frequency activity in the DKPs (from 
day 207 - 235) results from the fact that the three buoys are entering the realm of the WWD at 
different times. The DKP results for this sector rieed to be treated with care, however, as the 
positional data for 0003 are entirely interpolated to fill in a large data gap i.e. its track does not 
contain the oscillations which would have occurred. 

This period marks a turning point in the long term behaviour of both buoys. From its due 
northward course, 1405 turns abruptly due E at 63.75°S, 40.51 °W in a series of small 
anticyclonic vortices, approximately 20km in diameter (figure 5.6). This behaviour is consistent 
with that expected from ice under free drift i.e. the buoys are deflected to the left by the Coriolis 
effect, with little internal resistance from ice interaction processes. Buoy 0035 follows suit in the 
vicinity of 63.11 °S, 39.78°W (figure 5.6). From this point onwards until the demise of 0035 on 
day 242, the buoys show a remarkably high degree of correlation in their mean drift, almost 
exactly mirroring each other's motion even though separated by a distance of the order of 
100km. The correlation coefficient of the u velocity components of 0035 and 1405 is 0.857 for 
the period covering days 215 to 240. 

The magnitude of the subsequent eastward (zonal) displacements (145.411km for 0035, 
117.107km for 1405, with mean daily speeds of0.067ms-1 and 0.054ms-1) in the 10 days from 
day 216, with a very weak meridional component (17.107km for 0035, 46.570km for 1405), 
strongly suggests that the buoys have now come under the influence of the WWD/ACC. This 
corresponds to mean daily u and v velocity components of 0.168ms-I and 0.020ms-1 
respectively for 0035 (figures 5.14 and 5.41), and 0.136ms-1 and 0.053ms-1 for 1405 (figures 
5.43 and 5.44). At 35.99°W, 62.73°S (day 227) and 37.89°W, 63.73°S (day 226) for 0035 and 
1405 respectively, both buoys turn abruptly by 90° to resume a due northward course (u 
component 0.4 - 0.5ms-1 ), but only for 2 - 4 days before the strong eastward drift again 
becomes predominant (at a latitude of 62.06°S for 0035 and 62.70°S for 1405) (figures 5.6 and 
5.7). 

For seven days centred on day 236, both 0035 and 1405 undergo significant departures 
from their mean courses, with excursions to the SE (figures 5.6 and 5.7). In both cases, 
anticyclonic loops, about 20km in diameter, return both buoys t~ a northward drift. Buoy 0035 
failed soon after this event, on day 242 at 61.04°S, 34.52°W. At this time, air temperatures 
undergo a dramatic increase from -30°C to approximately zero (figures 5.15 and 5.23). The 
DKPs are quiet; all 3 surviving buoys are now predominantly under the influence of the WWD 
(figure 5.61), and are in a state of free drift. The u and v components on either side of this 
period are notable for their high amplitude peaks, indicating a vigorous northeastward drift 
(figures 5.14, and 5.39 to 5.44). Ice concentrations measured at the buoys fluctuate accordingly 
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(figures 5.60). 

5.6.2.13 The latter stages of the drift of 1405 alone 

Considerable insight into the dynamics of the northern limb of the Weddell Gyre can be 
gained from the study of the latter stages of the drift of 1405 alone (figure 5.6). At 63.73°S, 
37.89°W (day 245), it veers abruptly to the SE, and its drift becomes sluggish (figure 5.38). In 
certain locations, vertical rather than lateral oceanic processes may dominate. These show up in 
the buoy motion time series as pericxls of relative stagnation, with speeds in the range of 0.05 to 
0.12ms-1. Its trajectory closely follows the 4,000m seabed depth contour (figure 5.62). 

In the subsequent 11 days, 1405 covers a distance of only 88.02km (at a mean daily speed 
of 0.093ms-1 ). In the 8 days from day 256 (at 62.13°S, 36.51 °W), it drifts at a speed of up to 
0.27ms-1 for a distance of 100.310km to the E and only 37.324km to the N (figure 5.38). At 
61.99°S, 33.48°W on day 264, the buoy assumes a mainly northeastward drift with few 
diversions until day 317 (figure 5.6). The latter is clearly related to the N-S trend of the South 
Sandwich Trench bathymetry (figure 5.62). One major exception occurs in the time series from 
day 291 - 310; although the time series is largely punctuated by data gaps, it is clear that the 
buoy resides in a small region throughout the 20 day period, covering a net distance of only 
about 100km before continuing its course. Figure 5.62 reveals the answer: the buoy passes 
directly through the South Sandwich Islands at this time, underlining once again the significance 
of this feature as a trap for the advancing ice cover, severely hindering its predominantly 
eastward progress. 

Such abberations are in distinct contrast to the generally rapid progress of the buoy within 
the realm of the ACC at its most dynamic. An example of the latter occurs from day 317, when 
having reached its minimum latitude at 58.94°S, 24.47°W, 1405 suddenly turns 90° and 
plummets down to 69.22°S, 23.10°W (day 322) at a mean daily speed of 0.175ms-l; this 
corresponds to a mean u component of 0.201ms-1 and a v component of -0.262ms-1. This 
behaviour is caused by the southward deflection of surface currents by the physical barrier effect 
of the South Sandwich Island arc and its complex bathymetry (figure 5.62). Once past the 
sphere of influence of the latter, it turns equally suddenly to continue on a northeastward course 
until its eventual demise on day 331 at 59.84°S, 21.12°w. 

5.6.2.14 The latter stages of 0003 

Long gaps exist in the time series of 0003 (table 5.2). Fortunately, however, the buoy did 
briefly resume transmission on two occasions, days 232 - 5 and 270 - 5 before disappearing 
forever at 60.49°S, 38.02°W, roughly the same latitude as 1405 but further to the west (figure 
5.8). When drifts are interpolated between these points, the mean trajectory shows a remarkably 
high degree of correlation with those of 1405 and 0035, even though 0003 is approximately 
200km to the west. In the transmission gap between days 191 and 232, 0003 moved 410.05km 
northward and 177 .8 lkm eastward, corresponding to mean u and v components of velocity of 
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0.049ms-1 and 0.113ms-1 respectively. Similarly, in the day 235-70 data gap, the buoy moved 
261.27km to the N and 192.85km to the E (v velocity component 0.084ms-1, u 0.062ms-1). 
This suggests that, the closer to the Peninsula the ice is, the further north it has to travel before 
coming predominantly under the influence of the WWD (at about 61 °S). Buoy 1405, 200km to 
the east, has a higher easterly (u) velocity component further to the south (at about 64°S) (figure 
5.43). The distance moved by 0003 during its final five days gives some indication of the 
relatively high velocity and dynamism of the ACC: 73.61km to the E and only 9.33km to the N, 
corresponding to daily mean daily u and v velocity components of 0.170ms-1 and 0.022ms-1 
respectively. 

5.6.3 Zonal Drift regimes 

Based on the evidence presented above, five distinct latitudinal (zonal) and/or temporally 
distinct meridional drift regimes are apparent in the buoy data: 
1) poleward of approximately 70 - 70.5°S; 
2) 70 - 70.5°S to 69 - 68°S; 
3) 69 - 68°S to 63 - 64°S; 
4) 63 - 64°S to 62°S; and 
5) equatorward of 62°S. 

It is enlightening in the study of the overall behaviour of the ice cover in the central and 
western Weddell Sea during its growth to look at each regime more closely. The relative 
meridional advances of buoy and ice edge are examined in more detail in the next chapter. 

5.6.3.1 Poleward of approximately 70 - 70.5°S (days 49 - 110) 

The four buoys show a remarkable coherence in their trajectories almost immediately after 
launch, With all showing a strong westward to northwestward component after initial excursions 
of approximately 2° of latitude to the NE and equally striking departures to the SW (figures 5.6 
to 5.9). The dominant nature of the drift to the NW is reflected in the nature of the net 
longitudinal and latitudinal distances covered between deployment and approximately day 110, 
starting with the most s~utherly and westerly buoy and working eastward: for 0003, this is from 
73.79°S, 44.45°W to 71.27°S, 47.22°W (on day 105); for 0621, 71.86°S, 41.97°W to 
70.31 °S, 47.00°W; for 1405, 72.88°S, 39.45°W to 70.83°S, 43.12°W; and for 0035, 70.46°S, 
39.67°W to 69.70°S, 42.52°W. 

u corn onent vcom nent 
South of 70-70.5°S, days 61-110. 0.568 0.864 
70-70.5°S to 69-68°S, days 111-20 -0.612 0.948 
69-68°S to 63-64°S, days 121-214. 0.174 0.913 
63-64°S to 62°S, days 215-240. 0.857 0.433 

Table 5.3: Correlation coefficients for the u and v components of buoys 0035 and 1405. 
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Table 5.3 reflects the remarkable correlations in the directional drift behaviour of 0035 and 
1405, even though they are separated, largely meridionally, by at least 100km at any given time. 
These results underline the predominance of a northerly outflow (along a longitude of 
approximately 40°W) to the south of 64 - 63°S; an enhanced u component largely affects both 
buoys equatorward of this latitude. 

The buoys' behaviour immediately after launch suggests that this sector represents the 
western extremity of the EWD as it departs from the coast to be deflected northward in the 
central Weddell Sea; this effect is clearly visible in the composite drift tracks (figure 5.5). The 
main EWD appears to closely follow the bathymetry, hugging the continental shelf break. It 
forms a zone 10 - 300km wide, and is basically driven by easterly winds which prevail south of 
65°S (Gordon, 1974). The flow is largely convergent towards the continent in the coastal zone 
due to the southward Ekman flow (Deacon, 1982), and internal ice forces are important and 
stress gradients large. Iceberg drift indicates that the current speed is 5 - lOkmd-1 (Tchernia and 
Jeannin, 1984). East of 20°W, it is strongly baroclinic (Hellmer and Bersch, 1985). It is 
intensified near the coast by a W surface flow induced by katabatic winds cascading off the 
continent. In direct proximity to the Antarctic coastline runs a belt of Ice Shelf Water (ISW) or 
Antarctic Coastal Current, which is separated from the EWD by a well defined front (continental 
convergence). This cold ISW extends for more than 400km over the Weddell Sea continental 
shelf. 

The surface current appears to deflect northwards at 27 - 35°W to follow the 3,000m depth 
contour, the transformation occurring over a narrow distance. Evidence for this is shown in the 
composite drift diagram (figure 5.9). Part of the coastal current diverges from the main E-W 
stream near Halley Bay at 75°30'S, 27°30'W and follows the general trend· of the coastline 
towards the Filchner Ice Shelf, where it joins a cyclonic gyre centred over the Filchner 
Depression (Carmack and Foster, 1975a). This gyre exhibits a high degree of stability, and 
upwelling occurs in its centre. A general divergence occurs in the surface flow at the 
northeastern boundary of the Depression (at 75°S, 29°W) (Gill, 1973). The remaining water 
continues westward along the edge of the continental shelf at an average velocity of O. lOms-1. A 
similar cyclonic flow pattern is observed in the SW corner of the Weddell Sea (i.e. to the south 
of the perennial ice lens), These features are open to two possible interpretations: either a strong 
shear zone occurs at the edge of the continental shelf west of 38°W, or the barotropic component 
of the flow may be Wand sufficiently strong to reverse the relative surface flow. The present 
buoys were released just to the north of this region, where the circulation is strongly influenced 
by the presence of the Antarctic Peninsula and its continental shelf. 

5.6.3.2 70 - 70.5°S to 69 - 68°S (days 111 - 120) 

This forms a narrow zone in which the transition is made fairly abruptly from a flow with a 
large northwestward (i.e. negative u) component to one in which the v velocity component 
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predominates (figures 5.15, and 5.39 to 5.44). Drift is now almost exclusively due northward, 
with the buoys coming increasingly under the influence of the mean motion of the pack in the 
central part of the western limb of the Weddell gyre. The remarkable similarity in the tracks of 
0035 and 1405, separated here by about 60km, is apparent in figure 5.5: the correlation 
coefficient between the v components of the two buoys' velocities is a remarkable 0.948 over 
this period. 

The WWD and EWD are separated by the Antarctic Divergence (AD), a transition region 
thought to run from approximately 68°S in the western Weddell Sea to 65°S in the east (Deacon, 
1984). Significant peaks occur in the shear and stretch deformation records of both the three 
buoy (figures 5.26 and 5.27) and four buoy arrays (figures 5.47 and 5.48) at this time, 
suggesting that a shear zone occurs between the coastal current and the ACC in the central 
western Weddell Sea; these data must, however, be treated with some care as the drift track of 
0003 contains interpolated data which may significantly affect the DKPs. Strong elements of 
shear were also present on days 91 to 96 in the kinematics of the buoy array, with a remarkable 
"slip" to the SW; this event does not show up strongly in the DKPs, however, as the buoys are 
largely moving in unison. Shears occur in very narrow zones of intense activity; slip planes may 
be locally significant. 

The surface currents in this region are thought to flow irregularly, and consist of poorly 
defined eddies (figure 2.3). Wind stress, bottom topography and lateral friction produce 
deflections from a purely zonal, geostrophically balanced current. To the east, Crane (pers. 
comm.) found that two buoys to the south had high drag coefficients due to more ridging, 
rafting and rubble (Wadhams et al., 1988; Casarini and Massom, 1987). The shear zone in the 
vicinity of 0° is highly complex, with its boundary located at roughly 67°S. It is formed when 
the pack moves against a fixed boundary of either land or ice. The shearing or convergence of 
the pack's motion generates a band of highly deformed ice which has a higher density of ridging 
than the ice further out in the ocean. The presence of pressure ridges and other surface 
roughness elements will significantly alter the effective drag coefficient of the ice (McBean, 
1986). 

Detailed studies of processes occurring in the winter shear zone have been limited by the 
harsh conditions. General conclusions about it cannot be drawn from short term observations. 
What is required is a ·long term analysis of satellite data. Probably the two most important 
remaining questions are: 

i) how does the distribution of ice thickness and ridging compare with other parts of the 
Antarctic, and why is it different? 

ii) what is the field of motion, on short and long temporal and spatial scales? Does it 
approximate that of a boundary layer, or is it more complex? 

5.6.3.3 69 - 68°S to 63 - 64°S (days 121 - 214) 

This wide zonal band forms the the central part of the western limb of the Weddell Gyre. 
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The mean outflow occurs in a north-northeastward direction, running parallel to the 4,000m and 3,000m seabed contours, with very little longitudinal variations in trajectory (figures 5.3 and 5.9). It is important to note that, south of approximately 63°S, the trajectory oscillations, which occur with fairly regular spacings in the range of 4 to 10 days along the buoy tracks, are almost exclusively cyclonic (clockwise) and are associated with transient cyclones. There are fewer indications of perturbations from the mean flow due to oceanographic (i.e. surface current) anomaly effects than in the regimes further to the north. The outflowing buoys (floes) appear to be more under the influence of the unrelenting western boundary currents. However, although application of a Sverdrup dynamics model explains the general characteristics of the westward intensification, the lack of a well-defined eastern boundary to the Weddell Gyre, the poorly resolved wind field and lack of inclusion of ice interaction terms limit the usefulness of this approach. Western boundary currents have unique non-linear dynamics which have not been well characterised, partly because of practical difficulties of mooring instruments in ice covered regions and in intense currents. Using the 1979 buoy data and linear Sverdrup dynamics with the Kerguelen Plateau as an eastern boundary, Gordon et al. (1981) estimated the total volume transport to be 76 x lQ6m3s-1. Considering the outflow of sea ice across the 62nd parallel between 15°W and the tip of the Antarctic peninsula, Vinje (1980) estimates a figure in 1979 of roughly 2.5 x lQ6 km2. 
Superimposed upon this are the small-scale oscillatory effects produced by the rapid passage of cyclones over the region as a whole. These are reflected particularly well in the highly synchronised motion of 0035 and 1405; the v velocity components show a correlation coefficient of 0.913 over the 93 day period, even though they are at different latitudes at any given time (i.e. they are about 100-200km apart). 

Colony and Thorndike (1985), working with the trajectories of buoys in the central Arctic Ocean, have developed the idea that the motion of a single particle of sea ice can be partitioned into a predictable component, associated with the long-term average wind and ocean current, and a random part associated with short-term fluctuations in the wind and current. The separation between a pair of particles will change because of differences in the mean velocity field at two locations and because of uncorrelated fluctuations. The composition of the pack in any region (i.e. the relative proportions of ice of differing age and origin) is affected not only by advection but also by mixing and local modifying processes. This concept clearly also applies to Weddell Sea ice. 
Wind dominates ice drift over short time scales, whereas an ice·-covered ocean responds to the integrated wind field over larger regions, and does not vary as rapidly. Buoys are highly sensitive to small-scale motions and related wind gustiness. Local low frequency surface motion is linearly related to the local low frequency winds (Colony and Thorndike, 1980). The structure of the time-mean or low frequency wind-driven velocity is an important issue both for the dynamics of the ocean surface layer and for the interpretation of the drifting buoy data. Weaker winds (less than 10 knots) have less directional constancy and exert only negligible stresses on 

1 4 5 



the ice since air stress is taken to be proportional to the square of the wind speed. Thus, higher 
wind speeds associated with the passage of intense storms and barrier winds are of greater 
importance in determining ice drift. 

Short-term fluctuations in ice drift will tend to follow the wind regime closely, whereas 
longer-term variations can be more strongly affected by ice interaction (Hibler, 1984). This is 
one possible reason why the wind and ice drift in the Arctic basin have such a high coherence at 
high frequencies, and consequently such a high temporal correlation (Thorndike and Colony, 
1982). The situation in the Weddell Sea may be different, as the ice cover away from the coast is 
thought largely to be divergent i.e. in a state of free drift. Although the Weddell Sea pack is large 
in superficial extent, it in effect forms a thin veneer that undergoes large changes in response to 
relatively small changes in dynamic and thermodynamic forcing. The situation may, however, 
be different in certain regions, including that adjacent to the Antarctic Peninsula. 

Ice movement thus responds rapidly to atmospheric forcing; the underlying water mass tends 
to respond barotropically to the ice motion in the short term. The vector wind stress field 
determines the strength, distribution, and characteristics of ice motion. The scale of this 
movement corresponds to a large extent to the scale of atmospheric wind systems, which exhibit 
high temporal and spatial variability. Wind fields over the Weddell pack change with the 
synoptic meteorological cycle of a few days. The importance of individual meteorological events 
is paramount. The transitions are usually smooth, although frontal activity can sometimes cause 
quite sharp changes which readily show up in the temperature, pressure and DKP results. 

It is important to note that different ice floes in free drift and in close proximity will respond 
very differently to the same wind field, depending on their size, shape and roughness 
characteristics, freeboard etc. An ice cover of close to 100% concentration will largely move as a 
coherent mass, with floe-floe interaction dominant. Additional forces, however, come to act on 
individual floes in a cover of less than 100%, including form drag on the front edge, the form 
drag of the water on the ice, and wave radiation pressure on the ice. With a cover consisting 
mainly of large floes, the ice velocity will decrease with increasing concentration. The form drag 
effect will also decrease with increasing concentration. 

The overall behaviour of the buoys suggests that, by this stage in late autumn, they are 
surrounded by a more consolidated (and higher concentration) ice field. Rapid reversals in the 
headings of the buoys cause convergence in the velocity field, forcing the floes to push back on 
the pack behind them. This would increase floe-floe interaction to a certain extent, heightening 
internal ice stress and lessening free drift conditions. This effect shows up in the SMMR data as 
increasing ice concentration . Conversely, when the buoy drift vector has a dominant v 
component, one would expect divergence in the ice velocity field and reductions in the SMMR 
ice concentration data. 

The mean velocity field represents the response of the pack to the long term average 
circulation of atmosphere and ocean. Departures from the mean are a response to transient 
atmospheric and oceanic forcing, and are substantially more vigorous than the mean velocity, are 
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highly variable and are as active in the meridional component as they are in the zonal direction. Variations in meridional velocity have typical time scales of seven days (Gordon, 1980). For daily motion, the deviations are therefore large compared to the mean motion. Daily and monthly averaged fields of sea ice motion are highly variable, and departures from the climatological field can dominate the mean patterns for several days or months. 
High amplitude random velocity fluctuations occur on time scales of about 3 - 5 days, and are closely related to the passage of synoptic-scale atmospheric features. Long-term drift values estimated and summarized by Ackley (1979a) are smaller in that they average nearly 0.05ms-1 or 4kmd-1, but commonly attain values 10 times as high during the passage of storms. Large ice velocities may be due to three factors: the wind and water stresses acting in the same direction, providing a large external force on the ice; second, these stresses may force the ice into open water areas where internal stress cannot act to reduce velocities; and ice concentrations and thickness may be small, thus providing a small ice mass to be acted upon by these stresses. Although the majority of the oscillations have only a 3 - 5 day duration and have a fairly localised effect on ice concentration values from a purely dynamics point of view, certain longer events have a far greater effect on the ice cover dynamics and concentration. One such event is clear in the records of 0035 and 1405, occupying them from days 161 - 197. This dramatic departure from the mean drift behaviour of the pack is clearly driven by winds associated with a shift in the position of the circumpolar trough. As stated earlier, warm foehn and freezing barriers winds appear to play a major role both in forcing the pack and determining its state further to the west. Their influence towards the central Weddell Sea may have previously been seriously underestimated, as they are not resolved on conventional sea level pressure analyses. 

5.6.3.4 63 - 64°S to 62°S (days 215 - 256) 

As already indicated, a dramatic transition occurs in the trajectories of 0035 and 1405 at the latitudinal boundary of roughly 63 - 64°S, where the advecting pack enters the sphere of influence of the Antarctic Circumpolar Current (ACC). Meridional density distribution and westerly winds cause circumpolar eastward oceanic circulation north of the Antarctic divergence. This strongly deflects the buoys to the east in curving, plume-like trajectories. It is enlightening to determine how the DKPs vary as the ice edge is approached. An elongation of the array would be expected; the stretch and shear deformation DKPs (figures 5.27 and 5.28) indicate that this is the case. Figure 5.63 shows this schematically. 
The ACC refers to that portion of the E circulation which is truly circumpolar, although it does not necessarily form the northern limb of the Weddell gyre. It is driven by a combination of heat flux differences and wind stress. The meridional flow and eddy fluxes associated with this zonal current are major mechanisms for meridional heat transport (Bryden, 1979). The oceanic polar front (OPF) is closely related to the ACC, and may act as a significant thermodynamic boundary affecting floes passing over and beyond it. 
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Figure 5.63: the drift of the 3 buoy array, days 61 to 241, 1980, at 8 day intervals. 

The absence of middle latitude southern land masses leads to a mean tropospheric flow which appears to depart little from a westerly direction. On any given day, however, the pattern 
features many small scale weather disturbances travelling rapidly eastward/southeastward. 
Unfortunately, for reasons already stated, the meteorological data base over the ice-covered Weddell Sea is too poor to allow detailed analyses of the intensity and tracks of transient 
disturbances. European Centre for Medium Range Weather Forecasting (ECMWF) numerical 
analyses of Southern Hemisphere pressure fields began in 1980, but wind data output is of a resolution too coarse (1.875° latitudinal grid points) to allow detailed comparison with buoy 
drift. Moreover, they did not incorporate the present buoy pressure and temperature data. 

Under these circumstances, it is heartening to learn that other studies have discovered an apparent lack of correlation between daily displacement and wind speed (from buoy 
anemometers), likely due to poor wind data) Satellite imagery ensures that pressure systems in 
the southern hemisphere· analyses are generally shown in there correct position, but cannot ensure their correct magnitude. Allison (1989), comparing buoy drift speeds off East Antarctica with geostrophic wind speeds derived from the Australian sea level pressure data, found no statistical correlation on a day-to-day basis. He concludes that this lack of correlation is mainly 
due to the poor quality of the wind data rather than to the wind stress being unimportant in the 
ice momentum balance. 

Another remarkable change occurs in the behaviour of the buoys on entering this zone; their 
oscillations reverse to become anti-cyclonic, and are more closely spaced and of a shorter duration (approximately 1 to 2 days in each case) than further south (figure 5.9). The diameter 
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( c.20km) of these transient features indicates that they trace oceanic eddies. Inertial oscillations 
are probably prominent near the ice edge, but as their period is approximately 12 hours at this 
latitude, they cannot be readily detected in the daily data alone. Both currents and winds are 
forced to extend northeastwards to approximately 63 - 64°S in the central Weddell Sea by the 
presence of the Peninsula. 

The eddy features occur at roughly the same latitude as the tip of the Antarctic Peninsula. 
The northern edge of the Weddell Gyre meets water passing through Drake Passage at the 
Weddell-Scotia Confluence (Foster and Middleton, 1984; Sievers and Nowlin, 1984). This 
frontal zone tends to meander, and contains intense eddy activity which increases downstream in 
a W-E band from the initial contact of the two circulation regimes (i.e the Weddell and Scotia 
Seas) (Gordon and Owens, 1987). Within the NW branch of the Weddell Gyre, the annual 
mean current vector points to the northeast. Pronounced velocity and temperature fluctuations 
occur here, and seem to be caused by cyclonic cold-core eddies with a baroclinic Rossby radius 
of deformation of about 20km (Foster and Middleton, 1979). 

The sea ice cover overlies this front at its maximum extent. What is particularly surprising 
about the mesoscale eddies, observed in the buoy trajectories, is not their existence, but rather 
their large distance away from the Peninsula; the latter is fully 16° of longitude to the west. The 
deflection the buoys to the left to demarcate these features is consistent with the expected 
deflection of moving objects under free drift due to the Coriolis force (in the southern 
hemisphere). Okubo and Ebbesmeyer (1976) view the spectrum of oceanic turbulence as 
separable into two main parts: large-scale eddies that appear as shears of the mean velocity, and 
small-scale eddies responsible for eddy diffusion. In reality, the turbulence terms consist of two 
parts, namely the variation due to the real inhomogeneity of velocity gradients within the buoy 
group, and that due to measurement errors in buoy position and velocity. 

More information is needed on the response time of currents to wind when an ice cover is 
present and on the dynamics of eddies. The most that can be predicted is a mean, generalized 
response of the ice cover to the stronger wind fields, which will in any particular location be 
perturbed by additional random velocities only marginally smaller than the wind drifts. The 
effect of large scale eddies and variable local winds is probably more important to the short-term 
behaviour of the ice field at maximum extent. A consistent current field is more difficult to 
identify with an ice cover present. It is tempting to think in terms of the drift pattern varying on 
the scale of the wind field and the larger coastal features such as the Antarctic Peninsula, but 
perturbed by some smaller scale random processes. The scale of eddies is somewhat smaller 
than a typical large scale drift, and they are not always obvious in the drift tracks of buoys. 
However, there are many instances where the drift paths cross, or where marked shears occur. 

The following description by Wordie (1921) during the drift of the Endurance indicates how 
intense vorticity can be in the central-northwestem Weddell Sea: 

"on April 6th, 1916 (at approximately 62.5°S, 54.2°W), the floe on which the Endurance party was camped swung as much as 180° in one night; the ice at the time 
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was described as being fairly open and travelling fast; but it was still open-pack, not drift-ice. When the ice was closer, the actual swinging was not so obvious, but the effects were greater; and one saw the type of pack produced which is so dangerous to sail through, and which the navigator calls 'screwing back'." 
Rotation may occur due to a cessation of the wind with a sudden dominance of oceanic current 
drag. 

5.6.3.5 Equatorward of 62°S (days 257 - 331) 

Although large gaps appear in the time series of 1405, which is the sole surviving buoy for 
much of this final section, it is apparent that the drift behaviour is markedly different to that in 
the adjoining region to the south. Broadly speaking, the flow direction is to the northeast along 
the South Scotia Ridge (west of 25°W), the America-Antarctica Ridge (25°W - 0°) and the Mid
Ocean Ridge (west of 20°E) (figure 5.62). The South Sandwich Islands provide a formidable 
barrier to the progress of the ice drift. 200km to the west, 0003 appears to drift further 
northward (to approximately 60.5°S) before showing any significant eastward (positive u) 
component to its velocity. The latter appears to be related to the zonal trend of the Orkney Deep. 

Fewer but larger kinks, related to the complex sea bed configuration, are superimposed upon 
the mean drift of 1405, which traces out the northern limb of the Weddell gyre at this time of 
year (late winter-early spring) (figure 5.62). The flow displays significant longitudinal variations 
which are closely related to bathymetry (e.g. the South Sandwich Trench), although the exact 
nature of this coupling is poorly understood. No significant reversals are recorded in the drift. 
Long-term buoy (floe) drift is largely in response to the unrelenting WWD of the upper ocean 
currents. Vigorous transient flow, in the form of meanders and eddies with typical diameters of 
20 - 100km, is again superimposed on the mean flow and seen in the buoy trajectories as 
anticyclonic oscillations. 

---------

...,,,,----- -----

Figure 5.64: SMMR imagery of ice concentration, days 257 and 259 combined, 1980. 
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Late in the season and far from the ice edge, the floes may be large and more closely packed, 
and the ideal rigid approximation probably holds good. In the MIZ, however, a great deal of 
random floe-floe bumping may be taking place this late in the season. Ice interaction processes 
exert a strong influence on ice velocity wherever there are sharp changes in the external forcing 
fields. For example, ice interaction at the ice edge can work against the tendency of the ice-water 
stress to transfer current jets to the ice. This damping effect is clearly illustrated in the modelling 
results of Lepparanta and Hibler (1985). Ice interaction may play an important role in damping 
out high frequency oscillations. This effect is, however, likely to be localised and will be 
superimposed on the larger scale behaviour. On this scale, ice interaction may have a rectifying 
effect on the ice motion. Under off-ice winds, the plastic nature of the ice will cause it to diverge 
relatively freely at the edge, whereas under on-ice winds the ice interaction will prevent further 
convergence. 

5.6.4 Comparison of drift rates 

Ackley (1979b) has estimated the following mean drift rates: 1) Endurance: 4.lkmd-1 
(0.047ms-1); 2) Deutsch/and: 4.3kmd-1 (0.05ms-1); and 3) Trolltunga: 2.74kmd-1 (0.032ms-1). 
Daily drift (displacement) rates may far exceed the mean, and have been as high as 40kmd-1 
(0.47ms-1) (Deutsch/and drift, 3-6th August, 1912). The mean winter drift rate of the 
Deutsch/and (from 1st June - 31st August, 1912) was 7.3kmd-1 (0.084ms-1), perhaps reflecting 
stronger winds during the winter. Such seasonal comparisons are difficult with the 1980 buoys, 
as the latter part of their drift is greatly affected by their presence within the realm of the 
vigorous WWD. Vinje (1979) notes a marked decrease in speed when his iceberg meanders into 
the area between 15° and 0°W at c.60°S. Its drift rates were of 20 - 27kmd-1 (0.231 - 0.313ms-
1 ). Vinje's results also indicate a correlation between the location of the Weddell polynya event 
(Martinson et al., 1981) and an area of maximum surface velocity divergence. 

Ackley (1979a) has presented drift data of the more westerly 1979 buoys in the region 70 -
75°S, 50 - 60°W. They drifted northward at a rate in the range of 0.017 - 0.088ms-1, with 
northeastward drift velocities of 0.020 - 0.120ms-1 during summer and autumn; these figures 
are relatively low. The largest values have been observed in autumn, when strong southerly 
winds prevail along the Peninsula. Similarly, Limbert et al. (1989) describe the drift of buoy 
0534 in 1986; depending on the relative contributions of wind and current, its mean speed varies 
over the range of 0.05 to O.llms-1. Figure 5.3 includes a direct comparison between the 
northerly movement of sea ice roughly along the line of longitude 50°W and an iceberg drifting 
almost parallel along longitude 40°W. The average speed (net displacement time) is 0.084ms-1 
for the iceberg and 0.069ms-1 for the sea ice. N.B. the 1979 buoys cover a significantly 
different period of the year to the 1980 buoys, and it may be inappropriate to draw detailed 
comparisons. 
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BUOY 1405 BUOY0621 BUOY0035 BUOY0003 
Mean dail drift rate, kmd-1 14.907 15.821 13.534 11.022 
Standard deviation 10.743 11.941 9.647 4.804 

Mean dail drift rate ms-1 0.1725 0.1831 0.1566 0.1276 
Standard deviation 0.0012 0.0014 0.1120 0.0560 

Table 5.4: Mean daily drift rates, calculated from positional data interpolated to 12:00 GMT. 

BUOY 1405 BUOY0621 BUOY0035 BUOY0003 
Mean m 14907.41 13533.91 15820.90 11021.64 
Minimum 1268.71 1574.58 498.61 1204.23 
Maximum 71007.50 73827.62 84499.31 31082.72 
Ran e 69738.79 72253.04 84007.00 29878.49 
Standard deviation 10743.48 9647.42 11940.74 4804.00 
Standard error 647.86 1099.43 887.55 320.27 
Variance 1.154E8 9.307E7 l.426E8 2.308E7 

Table 5.5: Basic statistics of the mean daily distances moved by the buoys, calculated from positional 
data interpolated to 12:00 GMT. 

Tables 5.6 to 5.13 present the mean daily drift distances, velocities and speeds from the 5 
sectors. They are always and everywhere much higher than those of Endurance and 
Deutsch/and. Moreover, the drift rates of the 1979 buoys to the west are significantly smaller, 
due to the presence of the high consolidation core. 

Mean drift Mean daily drift 
distance kmd-1 s eed ms-1 

South of 70 - 70.5°S, days 56 - 110. 14.440 0.167 
70 - 70.5°S to 69 - 68°S, days 111 - 20. 19.125 0.221 
69 - 68°S lo 63 - 64°S, days 121 - 214. 14.338 0.166 
63 - 64°S lo 62°S, days 215 - 56. 15.988 0.185 
North of 62°S, days 257 - 330. 14.793 0.171 

Table 5.6: Mean daily drift rates of buoy 1405 in latitudinal (daily) sectors 1 to 5. 

Mean daily drift Mean daily drift 
distance kmd-1 s eed ms-1 

South of 70 - 70.5°S, days 56 - 110. 12.072 0.127 
70 - 70.5°S to 69 - 68°S, days 111 - 20 18.133 0.210 
69 - 68°S lo 63 - 64°S, days 121 - 214. 9.581 0.111 
63 - 64°S to 62°S, days 215 - 56. 10.454 0.121 
North of 62°S, days 257 - 276. 12.563 0.138 

Table 5.7: Mean daily drift rates of buoy 0003 in latitudinal (daily) sectors 1 to 5. 
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Mean drift Mean daily drift 
distance krnd-1 s eed rns-1 

South of 70 - 70.5°S, days 60 - 110. 13.980 0.162 
70 - 70.5°S to 69 - 6 8°S, days Ill - 20 18.403 0.213 
69 - 68°S to 63 - 64° S, days 121 - 214. 15.219 0.176 
63 - 64°S to 62°S, da ys 215 - 242. 20.368 0.235 

Table 5.8: Mean daily drift rates of buoy 0035 in latitudinal (daily) sectors 1 to 4. 

South of 70 - 70.5°S, days 57 - 110. 
70 - 70.5°S to 69 - 6 8°S, days Ill - 20 
69 - 68°S to 63 - 64° S, days 121 - 133. 

Mean daily drift 
distance, kmd-1 

12.983 

19.057 

11.575 

Mean daily drift 
s eed, rns-1 

0.150 

0.220 

0.134 

Table 5.9: Mean daily drift rates of buoy 0621 in latitudinal (daily) sectors 1 to 3. 

South of 70 - 70.5°S, days 56 - 110. 
70 - 70.5°S to 69 - 6 8°S, days 111 - 20 
69 - 68°S to 63 - 64° S, days 121 - 214. 
63 - 64°S to 62°S, da ys 215 - 56. 
North of 62°S, days 257 - 330. 

Mean v velocity 
corn onent, rns-1 

0.050 

0.177 

0.074 

0.056 

0.039 

Mean u velocity 
corn onent, rns-1 

-0.028 

0.009 

O.Oll 

0.079 

0.122 

Table 5.10: mean daily u a nd v components of the drift velocity (daily displacement) of buoy 1405 in 
5. latitudinal sectors 1 to 

South of 70 - 70.5°S, days 56 - 110. 
70 - 70.5°S to 69 - 6 8°S, days 111 - 20 
69 - 68°S to 63 - 64° S, days 121 - 214. 
63 - 64°S to 62°S, da ys 215 - 56. 
North of 62°S, days 2 57 - 276. 

Mean v velocity 
corn onent, rns-1 

0.064 

0.209 

0.058 

0.094 

0.074 

Mean u velocity 
corn onent, ms-1 

-0.029 

-0.016 

0.010 

0.060 

0.098 

Table 5.11: mean daily u and v components of the drift velocity (daily displacement) of buoy 0003 in 
latitudinal sectors 1 to 5. 

South of 70 - 70.5°S, days 60 - 110. 
70 - 70.5°S to 69 - 68 0 S, days l ll - 20 
69 - 68°S to 63 - 64° S, days 121 - 214. 
63 - 64°S to 62°S, da ys 215 - 242. 

Mean v velocity 
corn onent, rns-1 

0.015 

0.162 

0.076 

0.084 

Mean u velocity 
corn onent, rns-1 

-0.024 

-0.008 

0.016 

0.111 

Table 5.12: mean daily u and v components of the drift velocity (daily displacement) of buoy 0035 in 
latitudinal sectors 1 to 4. 
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Mean v velocity 
corn onent rns-1 

Mean u velocity 
corn onent rns-1 

South of 70 - 70.5°S, days 57 - 110. 0.040 -0.041 ---------------------70 - 70.5°S to 69 - 68°S, days 111 - 20 0.115 -0.004 --------------------------69 - 68°S to 63 - 64°S, days 121 - 133. 0.009 0.063 
_____ __......_ _____________ _ 

Table 5.13: mean daily u and v components of the drift velocity (daily displacement) of buoy 0621 in 
latitudinal sectors 1 to 3. 

Although many temporary departures from the mean outflow occur, the five regimes 
outlined above thus clearly reflect the large-scale dynamics of the central-western and north 
western limb of the Weddell gyre, and its effect on the advection of sea ice to lower latitudes 
from its origin in the south. One remarkable feature is that vortices traced by the buoys 
invariably return them to their original positions, sometimes 30 days later, to continue on the 
same heading as before. Westward migrating cyclones frequently cause short-term convergences 
and divergences in the ice field of the western Weddell Sea. The largely parallel advance of the 
buoys and the ice edge suggests that, in mid-late spring, the rate of advance/maintenance is 
determined by a combination of processes, including in situ growth of new ice, surf ace drift of 
existing floes and floe-floe interaction (whereby the advancing ice pushes the buoy forward). 

5.6.5 Meander coefficients 

Although the net distance covered during the identified oscillations and loops is often small, 
the actual distance travelled on a daily basis is generally quite large. The meander coefficient is a 
measurement of the perturbation of a buoy track from a direct (i.e. linear) path from A to B, in 
this case from the position at which it began transmitting to the position at which it ceased. It is 
defined as the ratio of the total distance travelled to the overall displacement of the buoy, after an 
idea advanced by Dunbar and Whitman (1962). The total distance is derived from the filtered, 
un-interpolated positional data. The meander coefficient value obviously depends on the time 
interval chosen for observations. In this case, it is 1 day; a shorter time step would reveal finer 
details of the buoy motion (including inertial and tidal effects), and would lead to larger meander 
coefficients. The meander coefficients for the four buoys are shown in table 5.14 N.B. the data 
record of 0003 contains large gaps which have been interpolated. 

Buo 1405 Buo 0035 Buo 0621 Buo 0003 
I Meander coefficient 1:2.8365 1:3.5675 1 :3.2011 1:1.1537 

Table 5.14: The meander coefficients of the four buoys over their entire drift tracks. 

154 



5.6.6 Buoy temperature results 

One factor greatly influencing the ice edge position is surface air temperature (Walsh and 
Sater, 1981). The sea surface temperature must be less than 271K for sea ice to form; the 
location of the ice edge should thus be influenced by the location of the 27 lK isotherm. Comiso 
and Zwally (1984) have shown that monthly changes in ice edge position are highly correlated 
with the rates of advance and retreat of the 27 lK isotherms inferred from the climatological 
temperature data of Jenne et al. (1974). Although the rate of advance/decay is associated with 
surface temperature gradients, the ice edge position generally lags behind the isotherm as the 
ocean takes time to freeze. Comiso and Zwally (1984) point out that freezing conditions do not 
always guarantee ice growth. 

BUOY 1405 BUOY 0621 BUOY0035 BUOY0003 
Mean, oc -13.212 -13.970 -16.862 
Mini mum -37.646 -30.678 -39.151 
Maxi mum 1.888 -2.440 8.777 
Range 39.534 28.238 47.928 
Stand ard deviation 10.868 7.074 9.463 
Stan dard error 0.666 0.806 0.703 
Varian cc 118.113 50.045 89.557 

Table 5.15: Statistics of the daily buoy air temperature sensor data records, in degrees 
centigrade, interpolated to midday. N.B. the temperature sensor on buoy 0003 never 
operated successfully. 

Air temperatures remain low much of the time, but never fall below -40°C; this appears to 
be a common feature with more recent buoys (Limbert et al., 1989). It appears that the Weddell 
Sea ice is now more densely packed, resulting in larger internal stresses and small heat fluxes. 
Generally, there are 3 regimes of variability in the buoy air temperature registrations 
superimposed on seasonal trends: 
1) in mid autumn to late winter (April - August, days 95 - 220), there is a variability with 

amplitudes of 10 to 30°C and periods of 3 to 4 days associated with synoptic-scale transient 
disturbances. Short period fluctuations of high amplitude are superimposed on mean seasonal 
temperature decreases in the range of about 0.1 to 0.2°C per day in autumn/early winter. The 
buoy temperature profiles reveal a regime over the ice governed by a synoptic-scale pattern, 
with large intrusions of warm air from equatorward of the ice edge vying with periods of cold 
continental air from the south (figures 5.15, 5.23 and 5.24). These significant departures 
from the mean (table 5.15) are forced by the passage of individual weather systems, and can 
have marked localised effects on freeze (ice production) and thaw. The temperature time 
series also indicate fluctuations with a characteristic period of 2 weeks, which are obviously 
caused by large scale atmospheric disturbances. The Weddell Sea exhibits the largest 
interannual sea ice and surface air temperature variations (Streten and Pike, 1980); 

2) other periods (including November [late spring]) show relatively "quiet" conditions with the 
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diurnal period prevailing, having amplitudes of the order of 3 to 5°C; 
3) warm buoy temperatures may occur at buoys completely or partly covered by snow; 

The annual oscillation of the surface air temperature follows the annual cycle of the solar 
radiation with a time-lag of 0.5 to 1 month. Consequently, the temperature maximum occurs in 
December/January and the minimum in July. From the climatological data compiled by Taljaard 
et al (1969), the surface temperature gradients are mostly meridional, with the exception of the 
region that includes the Antarctic Peninsula; notable zonal gradients occur here. Meridional 
temperature gradients are negligible during warm periods, with uniform temperatures almost 
down to the ice edge front. By contrast, southerly winds result in a more divergent ice flow, 
lead formation and an associated increased heat flux between surface and atmosphere. This flux, 
typically 30Wm-2, increases the heat content from temperatures around c.-20°C at 65°S to c.
I50C at 6l0S (Roeber and Gube-Lenhardt, 1987). The gradient south of 65°S remains small. 
Most of the air mass modification appears to occur in the MIZ, causing periodically intense ice 
formation events. 

Cavalieri and Parkinson (1981) note that the large-scale behaviour of the sea ice field lags 
the cycle of air temperature at the sea surface by 1 - 1.5 months, with maximum temperatures 
occurring in December and minimum ice extent in early February; the 1980 buoy temperature 
time series (figures 5.15, 5.23 and 5.28) show that minimum temperatures occur in mid- to late 
July (centred on day 200, or mid-winter), whereas maximum ice extent is not attained until mid
August to early October (days 223 - 279, or late winter/early spring). Moreover, it can be seen 
that the length of the autumnal cooling (clearly a distinctive downward trend from approximately 
day 95 to 150) exceeds that of spring-time warming (seen as an upward trend from roughly day 
235 to 270), corresponding closely with the seasonal asymmetry in the periods of ice growth 
and decay in the central-western Weddell Sea. 

Significantly, the air over the Weddell Sea is colder than over any other sector of the 
Southern Ocean, and colder by 4 to 6°C than the air to the west of the Peninsula (Schwerdtfeger, 
1970b). This is due to its deep southern extension of the Weddell embayment, the influence of 
the cold surf ace air flowing northward from the continent in the western Weddell Sea, and 
westward from the sea ice field in the central and eastern sectors. The high mountain range of 
the Antarctic Peninsula also contributes to the relative cold of the Weddell Sea sector by 
protecting it from many of the depressions bringing warmer air from lower latitudes in the 
northwest. Due to the asymmetry of Antarctica and the northward deflection of cold water and 
air masses by the Antarctic Peninsula, negative temperature deviations occur in the Atlantic 
sector. 

After approximately day 215, the air temperature time series of 1405 displays a steady 
upward trend, marking the end of winter/the onset of spring (figure 5.15). Smaller amplitude 
fluctuations now occur (about l0°C as opposed to 25-30°C witnessed earlier). The temperatures 
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surge above zero on day 268, and consistently remain above freezing for the remainder of the 
time series. 

5.6.7 Buoy pressure results 

BUOY 1405 BUOY0621 BUOY0035 BUOY0003 Mean, mb 989.700 989.800 987.774 992.353 Minimum 955.436 .966.079 961.327 961.343 Maximum 1016.100 1011.675 1013.227 1019.419 Range 60.738 45.596 51.900 58.076 Standard deviation 11.626 9.450 10.557 8.326 Standard error 0.713 1.077 0.785 0.554 Variance 135.155 89.298 111.45 69.321 

Table 5.16: Statistics of the daily buoy surface air pressure sensor data records, in millibars, 
interpolated to midday. 

Apart from gaps in data transmission specified in table 5.2, the pressure sensors operated 
successfully. Comparison of the time series (figures 5.16 to 5.19) shows that the results from 
the four buoys are consistent, and can be interpreted with confidence. As such, the data are 
extremely valuable in monitoring the approach and passage of individual mesoscale weather 
systems, and provide information on pressure gradients across the buoy array. At some future 
date, it may be enlightening to construct basin-wide pressure gradients by combining the buoy 
data with those from terrestrial meteorological stations (both manned and automatic) skirting the 
Weddell Sea. The results could then be compared with the large-scale drift of the ice. The 
temporal resolution of the data is too poor, however, to be of use for comparison with the high 
frequency drift track perturbations and ice edge advances/retreats, of prime interest here. 

5.6.8. The major findings, their relevance and limitations in the analysis. 

The major findings outlined in this chapter, and their relevance, can be summarised as 
follows: 

1) The Antarctic Peninsula exerts an overwhelming influence on the atmospheric and oceanic 
circulation of the Weddell Sea. Any attempt to model air-sea-ice interactions here must treat 
the region as a special case rather than just another sector of the circumpolar Southern Ocean. 

2) Western boundary currents affect the northward drift of sea ice oyer the entire sector from the 
Peninsula to at least 35°W. 

3) The kinematic data, reflecting the differential motion of the buoys forming the array, quieten 
after an initial period of high activity, indicating a consolidation of the existing ice cover (after 
day 135) and a damping of free drift as winter progresses. 

4) Mean daily drift rates are significantly higher than previous estimates; very high figures (up 
to 0.8ms-l) are recorded on a number of occasions, particularly early in the growth season. 

5) The Weddell Sea ice cover is not exclusively divergent in its mean behaviour; regions to the 
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west and south appear to be sites of net Ekman convergence, accompanied by considerable 
internal ice stress. To the west of 35°W, periodic departures from the mean northward drift 
are forced by meridional shifts in the Antarctic circumpolar trough and the passage of low 
pressure systems. 

6) The compact and heavily deformed nature of ice in the west is both initiated and maintained 
by periodic west to east and subsequent east to west swings of the ice cover en masse, over 
scales of hundreds of kilometres. Remarkably, the buoys return to almost the exact location 
from which they originally departed before continuing northwards. 

7) The drift, temperature and pressure data do not support the concept of a quasi-stationary low 
pressure centre over the central Weddell Sea as the main mechanism forcing the buoys 
predominantly northwards to the west. The continual passage of intense storms, with a 
frequency of 4 to 6 days, assumes a key role both in driving the ice equatorward and forming 
new ice. 

8) A remarkable coherence is noted in the response (almost immediate) of the buoys (ice) to the 
passage of individual intense cyclones. Even though the buoys are hundreds of kilometres 
apart, the area of ice that they enclose moves almost as a rigid block; the latter breaks down 
only when the buoys enter the ACC. 

9) Outbreaks of cold continental air alternate with incursions of relatively warm air from the 
open ocean north of the ice edge. Anomalously warm conditions are found 1,300km in from 
the ice edge, significantly further than previously recorded. 

10) Five latitudinal and/or temporally distinct meridional drift regimes are identified from the 
buoy data. Outflow of ice is not evenly distributed across the central-western Weddell Sea. 

11) The influence of the Antarctic Circumpolar Current (ACC) is great to the north of 64°S in 
driving the ice eastwards. The closer a parcel of ice is to the Antarctic Peninsula, the further 
north it must drift before entering the ACC. 

12) Buoy oscillations reverse to become anticyclonic as they enter the ACC. Eddy-like features 
may be an important mechanism for lateral heat exchange at the ice edge. 
The above findings have obvious implications regarding both the dynamics and 

thermodynamics of the Weddell Sea pack. 
The following limitations in analysis have emerged: 

1) Data from conventional meteorological analyses could not be incorporated, as they are too 
coarse and inaccurate in the Weddell Sea. 

2) The buoy data are temporally coarse, and contain a number of data gaps. A higher frequency 
of buoy data would allow both the construction of a closer representation of the actual drift 
tracks and the identification of ice response to inertial forces. 

3) The anomalous behaviour of one buoy may have a significant effect on the DKPs of the 
array. An awareness of this has limited the danger of erroneous interpretation, however. 
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CHAPTER 6 

ADVANCE AND DECAY OF THE ICE EDGE 

This chapter investigates two closely related problems: 1) the evolution of the concentration 
structure of the internal pack as it expands; and 2) the behaviour of the ice edge in response to 
atmospheric and oceanic forcing. The buoy results presented in chapter 5 are tied in with results 
from the SMMR data. Other important questions, only touched upon in previous research, are 
addressed. For example, the relative importance of equatorward advection, in situ freezing 
throughout the pack and accretion at the ice edge has never before been fully evaluated in the 
context of both short term and seasonal fluctuations in ice extent. This factor is studied by 
directly comparing meridional ice edge advance rates with buoy u and v velocity components 
within the interior pack. 

The classical belief is that the Weddell Sea ice cover is everywhere divergent in its mean 
behaviour, advecting northwards in a state of free drift under the prevailing wind field, and 
constantly opening new leads and polynyas which then refreeze (Budd, 1975; Ackley and 
Keliher, 1976). Sweeping statements have been made about the nature of the Weddell gyre as a 
means of driving the ice equatorwards. Prior to the advent of PMW remote sensing from space, 
it was believed that the pack expands in winter by the simple addition of new ice to the outer 
edge. It is argued here that the dramatic expansion (and contraction) of the Weddell Sea ice is in 
response to far more complex and changeable processes than hitherto assumed, depending upon 
both season and location. Convergence is important in certain regions. 

6.1 Processes of ice edge advance: advection versus accretion at the ice edge 

Before analysing the 1980 results in detail, it is enlightening to outline the various 
hypotheses presented in the literature to explain the strong seasonal advance/decay cycle of the 
Weddell Sea SSIZ. Gordon and Taylor (1975) argue that wind-driven northward advection 
rather than ice edge accretion could approximately account for the rapid advance (but not decay) 
of the ice edge during the austral winter. Their hypothesis entails a horizontally divergent ice 
field driven by Ekman drift in the upper layer of the ocean, induced by a diverging wind field 
related to high degree of cyclonic activity over the ice cover. The total Ekman transport is 
directed at an angle of 90° to the left of the surface wind, and is proportional to the ratio of the 
wind stress to the Coriolis parameter (Ekman, 1905). 

Gordon (1980) ascertains that net wind-induced Ekman drift may amount to 0.01 -0.03ms-1, 
being larger when the wind is strongest. Leads with freezing temperatures are constantly 
generated within the pack. During freezing periods, when the ocean-atmosphere heat flux is 
towards the atmosphere, new ice fills this open water and the pack expands northwards, with 
the ice growth rate increasing as its extent increases. Seasonal variability in the frequency and 
path of cyclones would affect the generation of open water and hence seasonal fluctuations of 
sea ice extent. In winter, a concentrated ice pack acts as a viscous material (i.e. one in which the 
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stress is proportional to the strain rate). If loose and divergent, it responds to a low by diverging 
further. Conversely, Ackley and Keliher (1976) present a sea ice model predicting that ice of 
"normal" concentration will converge rather than diverge under a cyclonic vortex. The exact 
mechanisms involved are thus far from clear, and depend upon the position of the ice parcel in 
relation to the atmospheric disturbance overhead. 

Gordon and Taylor (1975) further argue that cyclonic activity to the north of the ice edge 
may inhibit further expansion through wave generation and the upwelling of warmer sub-surface 
waters. Ice extent may be determined by an inability of the local heat balance (both atmospheric 
and oceanic) to continually freeze over open water generated by Ekman divergence. The 
resultant partial ice cover may then be destroyed mechanically by ocean wave action. 

Gordon (1981) has estimated that air-sea heat exchange in the 60° - 70°S zone can account 
for approximately 50% of the heat required to satisfy spring melting. He infers from this that the 
remainder derives from heat flux into the surface layer from the sub-pycnocline water, the 
warmer water being brought to the surface by upwelling of the pycnocline due to regional 
Ekman divergence of the surface layer and by cross-pycnocline mixing. The model of Parkinson 
and Washington (1979) also supports the notion of a high Antarctic oceanic heat flux. 
Unfortunately, the Gordon and Taylor (1975) model neither explains the summer retreat of the 
pack, nor does it provide an adequate explanation for the advance. The fact that it works at all 
indicates that winds drive the ice northwards roughly as fast as thermodynamic processes carry 
northwards the line separating the ablation zone from the accretion zone. The application of this 
hypothesis to the Weddell Sea will subsequently be challenged. 

Hibler and Ackley (1983) draw different conclusions from their model simulations. The 
latter yielded only an approximate simulation of the seasonal variations in ice extent. One of the 
strengths of such an approach, however, is that it helps to isolate critical driving forces. Their 
results indicate that the large seasonal variability is primarily controlled by wind-driven ice 
advection processes. The general conclusion is that the ice advance is primarily thermodynamic, 
except in the western Weddell Sea; the retreat depends on ice advection and the continual 
formation of leads, and is thus largely influenced by dynamics. 

Thus, two widely disparate but strong physical arguments have been put forward to explain 
the dramatic seasonal advance and retreat of the ice cover. It is argued here that distinctly 
different processes may be at work in the western/central compared to the eastern Weddell Sea; 
marked seasonal as well as zonal and meridional differences are encountered. The immense 
significance of the Antarctic Peninsula as both a meridional physical, deflective obstacle and a 
climatic divide has been consistently underestimated in all modelling attempts so far, with the 
possible exception of that of Hibler and Ackley (1984). The Weddell Sea must be treated as a 
special case rather than just another sector of the circumpolar Southern Ocean. 

Ice in the eastern sector is largely unconstrained, with an annual cycle of advance and retreat 
that is representative of much of the remainder of the Antarctic pack. Conversely, the western 
portion, forming the subject of this thesis, contains a substantial region of perennial sea ice 
(figure 5.28). This survives the summer to form a core from which subsequent advance radiates 
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in the following autumn. It is unclear whether the perennial ice is mainly SY ice, or whether it 
resides in the region longer to become MY ice proper. 

6.2 The nature of the Weddell Sea ice edge derived from SMMR data 

The meridional extent and concentration of Weddell Sea sea ice at any one time result from 
complex dynamic and thermodynamic balances of the ocean-atmosphere system. The position of 
the ice edge is ultimately determined and maintained by mass balance processes. The edge itself 
is notoriously difficult to define, especially from a ship, due to its unpredictable, highly variable 
and erratic nature. Often, it is not a clearly defined boundary, but rather a transition zone or a 
complex series of bands or streamers (Casarini and Massom, 1987). Its definition ultimately 
depends on both the scale of the phenomena under investigation and the resolution of the satellite 
sensor. According to Comiso and Zwally (1984), the ESMR could establish the ice edge 
location to within ±30km. This accuracy is theoretically improved with the SMMR, due to its 
enhanced ability to separate anomalous surface and atmospheric effects from the ice cover in the 
MIZ. 

The position and nature of the ice edge has been inconsistently defined from space, partly 
because of its diffuse and changeable nature and partly because different sensors display 

different sensitivities near the ice-ocean boundary. Ice only becomes observable on VIS and IR 
imagery when it is dense and thick enough to provide sufficient contrast with the ocean (Comiso 
and Zwally, 1984). Due to the relatively large footprint of the SMMR, ice edge detail signature 
is smeared out compared to higher resolution measurements. The spatial resolution of SMMR is 
inadequate to study floe size distribution and individual features such as eddies and ice edge 
bands, which are generally on scales of substantially less than 30km. A large part of the error in 
ice edge location is due to uncertainty in SMMR pixel locations. 

However, the ice edge position derived from SMMR data is more reliable and consistent, 
due to the lower sensitivity of PMW sensors to atmospheric and oceanic effects. Although the 
ice margin has a width which is often comparable to the resolution of the SMMR, certain 
processes along the MIZ can be studied with the PMW data. For example, the relative overall 
response of the pack caused by the occurrence of ocean eddies or cyclones can be studied by 
examining how the brightness temperature changes. Consequently, atmospheric and oceanic 
forcings with effects of the order of a few tens of kms can be inferred from changes in the ice 
concentration distribution time series. The instrument is doubly powerful when its data are used 
in harness with ice velocities and kinematics derived from the buoy ·data. 

A number of factors affect the apparent width of the MIZ on SMMR imagery, and thus the 
observed concentration gradient (defined here as the average change in concentration occurring 
over the distance over which the concentration decreases from greater than 90% to less than 
8% ): 1) the resolution (FOV) of the sensor; 2) the actual ice distribution; 3) the size of the map 
elements and the procedure used for employing the orbital data; and 4) the time averaging of 
multiple orbits, in this case over periods of 1 to 3 days (Comiso and Zwally, 1984). The 
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analysis of the MIZ is simpler in the Antarctic than the Arctic because of the approximately radial 
symmetry and the absence of a continental physical boundary near the former; thus year-round 
conditions can be quantified and compared more simply from one meridional transect (or time 
period) to another. This advantage outweighs the disadvantage of consistent underestimates of 
ice concentration from SMMR due to the presence of vast pancake fields, a factor covered in 
section 4.3.1.4. 

6.3 Methods 

Three meridional transects have been drawn at regular (3 day) intervals through the digital 
SMMR ice concentration maps on a Hewlett Packard image analysis system and plotter at 
NASA GSFC. Because the daily maps fail to provide complete coverage at the latitude of the ice 
edge (figure 4.6), 2 days of data, using observations from alternate days (i.e. separated by one 
intervening day when the sensor was turned off) were combined and averaged. Thus, an image 
described as representing day 71, for example, in fact represents an integration of data from 
both days 71 and 73. The transects extend from the coastline in the south to the open ocean in 
the north. Initially, the 38.5°W, 43.5°W and 48°W lines of longitude were chosen, as these 
most closely approximate the advancing buoy array. On day 217, the transects have been 
changed to 36°W, 40.5°W and 45.5°W, to accommodate the predominantly eastward motion of 
the buoys from this point onwards. 

Analysis of the transects provides a measure of the variability of the ice edge location (to an 
accuracy of about 15 - 30km), its meridional advance/retreat rates, and interior pack composition 
at given threshold values. The transects provide statistical information about ice edge 
concentration gradients and rates of advance and retreat in a way that is difficult to infer from ice 
extent data or concentration contour plots alone (Comiso and Zwally, 1984). 

The position of the ice edge is defined as the location beyond which the MW radiation is no 
longer sensitive to the presence of sea ice i.e. the technique relies on the high contrast in the 
emissivities of ice-covered and open ocean at 18 and 37GHz. In the plots, this corresponds to 
the point where an approximately horizontal line drawn along the ice-free ocean (i.e. demarcated 
by concentrations of less than 8%) intersects the line defining the MIZ (figure 6.1). This 
"intercept technique" has one great advantage, namely the consistency at which the intercept can 
be identified in the data (Comiso and Sullivan, 1986). The 8% cutoff minimises uncertainties 
associated with atmospheric effects at the ice-ocean boundary. 

The speed of the ice edge is defined as the rate of change· in the location of the line 
representing 40% ice concentration over a number of 24 h periods, and in a N-S direction. 
Variations in either gradient or speed are caused by a combination of growth, decay and 
advection. In spite of the coarse resolution, the structure of the MIZ is always defined by several 
data elements in the histograms, indicating the vast extent of the region in the Weddell Sea. 

The data are also presented as a time series of boundaries delineating the extent of ice of 
concentrations greater than 90% and greater than 60%. These data were extracted by specifying 

161 



an upper threshold value to the digital SMMR data on the Hewlett Packard image analysis 
system. This approach facilitates the examination of spatial and temporal variations in ice extent 
and concentration. The greater than 90% diagrams are particularly useful in that they chart the 
progress of the high concentration, perennial core as it expands outwards from the far western 
Weddell Sea. 
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Figure 6.1:The intercept technique. Ice concentrations along the 48°W transect, days 59 - 99, 
1980. The region marked Bis the area adjacent to the Filchner-Ronne Ice Shelf. The high 
values to the extreme left (A) may be due to fast ice or the anomalous effect of a coastline. 
The high concentration core (C) is a persistent feature. D is the marginal ice zone, and E is 
open ocean. 

6.4 Analysis of the transect data 

The initial transect, covering the period from day 55 to 99 at 4 day intervals, extends along 
the 48°W meridian (figure 6.1) to form a cross-section across the central/wes~ern Weddell pack 
in early autumn. The highly consolidated perennial "core" (greater than 85%) of ice (demarcated 
on the false colour SMMR imagery by all shades of purple) with "inner pack" characteristics is 
evident from the very beginning of the growth season on day 51 (late February), covering the 
region from 74°S to 66°S (figure 5.33). It forms a shallow dome-like feature in the plot, and 
remains remarkably stable both in terms of location and concentration; the latter varies by less 
than 5% throughout this 45 day period, the variation probably being associated with the opening 
of leads. This low value is still within the noise level of the retrieval calculations/sensor. 
Another interesting characteristic of the core is the consistently high concentration (greater than 
100%) of its central region; its PMW signature remains stable. Concentrations of greater than 
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100% are obviously physically impossible, but include the error inherent in the SMMR data and 
its "interpretation" of surface variabilities. 

In contrast, concentrations drop off very steeply in the MIZ to the north of the core. The 
concentration gradient, assumed to be linear and meridional, is 0.186%km-1. The ice edge 
proper in this sector (NW Weddell Sea) advances in a series of parallel fronts as the pack surges 
predominantly NINE to enter the ACC in a large bulge of new ice production (Figure 6.2). 
From day 55 to 99, the ice edge at 48°W moves a net distance of 221.34km northwards (at a 
mean daily rate of 5.0lkmd-1 and a speed of 0.058ms-1). It behaves irregularly, forced by 
vigorous atmospheric and bathymetric effects. Fluctuations and reversals in advance and 
decay/compression occur with a periodicity of 3 to 5 days (figures 6.3 and 6.4). Under free drift 
conditions, forcing functions which would only produce a modest effect in the interior pack 
produce a major effect on MIZ ice displacement. Over the same period, the buoys advance 
northwards by distances in the range of 38.88km (0035) and 209.952km (0003) (figures 5.36 
and 5.34 respectively); these correspond to mean v velocity components of O.OlOms-1 and 
0.054ms-1, and mean daily rates of 0.864kmd-1 and 4.67kmd-1. 

Figure 6.2: SMMR image of ice concentration, days 69 and 71 combined, 1980. 

Processes of lateral and vertical energy and momentum exchange are critical determinants of 
the rate of advance and retreat of the ice edge. These include boundary layer modification across 
the ice-water transition; cause and effect relationships between the limits of the pack and oceanic 
fronts; steering of cyclones by the ice edge; eddy generation; the mechanical reworking of the ice 
by wave action; oceanic upwelling and convection; and modified ice dynamics and 
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thermodynamics due to the fracture of the ice cover into discreet floes/brash ice/bands. The 
nature of ice interaction in the MIZ particularly affects the way in which heat and momentum are 
exchanged between atmosphere and ocean. The momentum modification is a direct effect, while 
heat exchange arises from deformation patterns which generate both areas of open water and 
alter the ice thickness distribution. Yet the precise nature of the momentum balance at the ice 
edge is poorly understood. Additional forces which owe their existence to the proximity of the 
open ocean are important, including a radiation-stress. mechanism (Squire, 1989) and an internal 
gravity wave mechanism leading to zones of convergence and divergence, and therefore banding 
at the ice edge (Muench et al., 1983). 
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Figure 6.3: the latitudinal position of the ice edge, measured along the 48°W, 43.5°W and 
38.5°W meridians at 3 day intervals, 51 - 219, 1980. 
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Figure 6.4: Daily displacements of the ice edge along the 48°W, 43.S°W and 38.S°W meridians. 
38.5°W meridians at 3 day intervals, days 55 to 100, 1980. 
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Figure 6.5: Boundaries of the greater than 90% ice concentration extent, days 61 - 73. Buoy 
positions are marked for day 65. Growth is predominantly meridional at this early stage in 
the season (early autumn). 

6.4.1 Open water close to the continent in the SW Weddell Sea 

The low concentration gap centred on 76°S on day 55 marks the SW extremity of a great 
wedge of open water that cuts along the coast and into the SE corner of the perennial ice lens, 
tern1inating at the Filchner-Ronne Ice Shelf (figure 6.2). Shipping routes to the southern 
Weddell Sea bases use this recurrent shore lead, with its northern entrance between 10° and 
30°W. It is kept clear of ice by a combination of the dominant wind and EWD ( current) effects, 
which follow the barrier of the ice shelves westward; predominant southerly to southeasterly 
cold winds of katabatic origin also exert a considerable shear stress on the ice, driving it to the N 
and NE respectively (Kohnen and Schwarz, 1981). Currents and winds are strong enough prior 
to the growth season proper to drive the surviving ice hard against the Peninsula and its ice 
shelves, notably the Larsen, where it is maintained by outflows of cold air from the continental 
interior and strong barrier winds. 

The wedge progressively fills in from day 55 to 79, with· the high concentration core 
spreading to the SISE (figure 6.5). As a result, the eastern boundary of the pack runs almost N
S by day 79 (figure 6.7). Before the advent of PMW remote sensing from space, Sissala et al. 
(1972) discussed the apparently annual development of a closely related winter-time flaw lead 
along the east coast of the Larsen Ice Shelf, with a roughly north-south orientation. It appears to 
be related to a southward migration of the ACT, noted earlier. This phenomenon allowed 
Captain Larsen to take the Jason to 68°S along the east coast of the Peninsula in 1895. 
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Figure 6.6: SMMR image of ice concentration, days 61 and 63 combined, 1980. 

Figure 6.7: SMMR image of ice concentration, days 71 and 73 combined, 1980. 
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Figure 6.8: Boundaries of the greater than 90% ice concentration extent, days 77 - 81. Buoy 
positions are marked for day 79. Note that the core is "connected" to the coast in only one 
place - at about 71 °S along the east coast of the Antarctic Peninsula. This is a recurrent 
feature throughout the period of interest. The only significant advance of the core is towards 
the SE. Growth is still mainly meridional. 

figure 6.9: Boundaries of the greater than 60% ice concentration extent, days 77 - 81. Buoy 
positions are marked for day 79. 
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Figure 6.8: Boundaries of the greater than 90% ice concentration extent, days 77 - 81. Buoy 
positions are marked for day 79. Note that the core is "connected" to the coast in only one 
place - at about 71 °S along the east coast of the Antarctic Peninsula. This is a recurrent 
feature throughout the period of interest. The only significant advance of the core is towards 
the SE. Growth is still mainly meridional. 

figure 6.9: Boundaries of the greater than 60% ice concentration extent, days 77 - 81. Buoy 
positions are marked for day 79. 
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Coastal ice growth at its maximum is thought to be about lm per month in a 30km wide zone 
along the ice front, decreasing seawards. Since about 0.4m of ice melts during 6 months of the 
decay season, a growth rate of 1.7ma-l must be assumed in the southern shelf area of the 
Weddell Sea (Gill, 1973). Ackley (1979b) suggests that this rate might even be as great as 
3.7ma-1, as freezing also occurs in summer and ridging effects have not been included in ' 
previous estimates. To the south of the buoys, Foster and Carmack (1976) compute a northward 
sea ice transport across the shelf break of 1.5 x 104m3s-1, corresponding to an ice growth rate of 
0.95ma-l (the con.tinental shelf occupies an area of 5 x 1Q5km2). This value would mean a salt 
release of about 4 x 105kgs·1. Due to the great width of the southern Weddell Sea shelf, the 
salinity encountered is one of the highest on the Antarctic shelves. 

It is thus believed that the primary source of bottom water is the "ice factory" open water 
regions of the southwestern Weddell Sea. Its production seems to be strongly controlled by 
wind forcing. Along the coast, easterly and offshore winds generate and maintain Ekman 
transports, resulting in vertical transport (Hellmer and Bersch, 1985). On the Weddell Sea shelf, 
this effect is generally supported by the geostrophic flow. Were it not for the export of ice away 
from the coast, the salinity gained by the ocean in winter would be lost by summer melting. This 
cold, dense water moves to the north in deep western boundary currents, known as the Weddell 
Stream (WMO, 1982). They introduce very cold continental margin water, highly altered from 
the warmer saltier inflow to the Weddell Gyre at its eastern boundary, into the ACC belt. Water 
mass conversion occurs en route. 
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Figure 6.10: Ice concentrations along the 43.5°W transect, days 59 - 99, 1980. The outlier 
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The 43.5°W transect is very similar in this early part of the growth season (figure 6.10). 
Once again, the high growth rate centred on 76°S reflects the rapid infill of the open water 
wedge in the SE Weddell Basin, which on day 55 contains no ice. What appears to be a band of 
20 - 30% concentration ice, radiating eastwards into the ACC from the extreme NE tip of the 
pack on days 51 - 67 (figure 6.6) is evident on the histogram as a secondary peak (C). This 
behaviour is consistent with the presence of a low pressure system to the south, which acts to 
advect cold air northeastwards from the tip of the · Peninsula, thereby promoting seaward ice 
advection and new ice growth. This streamer disintegrates on day 57 due to a lack of continuing 
ice supply from the main pack to maintain its position deep in the open ocean. The surrounding 
10 - 14% concentration pixels are likely to be spurious, due to ocean surface and weather 
contamination effects (which affect only the extreme outer edge of the pack). 

6.4.2 Rapid growth early in the season 
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Figure 6.11: Ice concentrations along the 38.5°W transect, days 59 - 99, 1980. 

By late March (days 85 to 90), the growth season is well underway, with substantial 
increases in areal coverage within the existing pack and generally more rapid increases at the 
advancing ice edge. Up to day 83, the 38.5°S transect runs across and along the eastern MIZ 
(figure 6.11). The twin peaks (A and B) in concentration presen_t on day 95 mark the gradual 
extension to the SW and E respectively of the core. On day 83, a secondary bulge of ice growth 
emerges from the ice edge at 72°S, 35°W, and heads due eastwards, eventually joining the main 
pack to the strip of coastal ice developing in the eastern Weddell Sea at 72°S, 25°W (figure 
6.12). By day 99, the narrowing open water inlet centred on 73°S, 30°W has been totally filled 
in with 40 - 58% concentration ice (figure 6.13). This could in fact, for reasons highlighted in 
chapter 4, be 100% concentration thin or unconsolidated ice, which the SMMR tends to interpret 
as a reduced concentration ice cover. The secondary peak C reappears on day 99 as the early 
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Figure 6.12: SMMR image of ice concentration, days 83 and 85 combined, 1980. 

Figure 6.13: SMMR image of ice concentration, days 99 and 101 combined, 1980. 
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stages of a highly significant and persistent bulge of active ice growth from the extreme NE tip 
of the pack. The large, isolated peak D centred at 52°S to the north of South Georgia on day 83, 
is a prime example of open ocean contamination effects, and is spurious. 

6.4.3 E-W transects 

Concentrations were also computed from W to E (half way up the east coast of the Antarctic 
Peninsula to the Greenwich meridian) along the 70°S line of latitude. In figure 6.14, covering a 
nine day period in late summer (days 61 - 69), the two peaks X and Y, denoting the main pack 
and the strip of ice skirting the east coast, are separated by a vast stretch of ice-free ocean. The 
eastern margin of the pack first advances 40km eastwards (at a rate slightly lower than that 
observed in the S-N transects), before receding to 40km westward of its original position. 
Meanwhile the coastal strip undergoes both a small growth westwards and a consolidation of the 
existing ice cover (figure 6.2 and 6.6). From day 71 - 81, the main pack advances eastwards at 
70°S by about 120km (i.e. at a mean daily rate of about 12kmd-1, or u component of 0.139ms-
1 ); the most significant growth, however, occurs along the east coast (Coats Land), where the 
ice cover extends 200km W (i.e. at a rate of 20kmd-1, u component of -0.231ms-1) (figure 
6.16). This compares with a northward buoy advance in the range of 79.86km (mean daily rate 
7 .99kmd-1 , v component 0.092ms-1) for 0035 to 108.35km (mean daily rate 10.835kmd-l, v 
component 0.125ms-l) for 0003. The corresponding zonal distances moved range from 4.51km 
W (mean rate 0.451kmd-1, u component -0.005ms-l) for 0003 to 26.61km eastwards for 1405 
(mean rate 2.66kmd-1, u component 0.038ms-1), which are far lower than the eastward ice edge 
advance. 
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Figure 6.14: Ice concentrations along the latitudinal E-W transect (70°S), days 61 - 69. The 
feature marked Y is not only an outgrowth westwards from the coast at 0°W, but also a 
consolidation of the existing low concentration/pancake ice cover along the coast. 
Z represents the eastern marginal ice zone. 
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Figure 6.15: Ice concentrations along the latitudinal E-W transect (70°S), days 71 - 81 

The ice edge along the three transects is recorded at widely different latitudes from days 51 
to 100 (figure 6.3); the ice has advanced furthest equatorward to the west i.e. towards the 
Peninsula. The buoy temperature time series undergo a rapid decrease of almost 30°C on days 
94 - 6 (figures 5.15, 5.22 and 5.23). This dramatic fall is accompanied by an equally dramatic 
advance in the ice edge, particularly along the 38.5°W meridian (figure 6.3). After receding 
poleward by over 200km in the 3 days centred on day 90, the edge expands equatorward by 
almost 850km to reach 61 °S from days 93 - 100 (corresponding to a mean northward daily 
advance rate of a remarkable 1.23ms-1) (figure 6.3). 

At the same time, the buoys advance northwards by only 65.67 to 89.86km (corresponding 
to mean v velocity components of 0.095 to 0.130ms-1). By day 100, the edge at 38.5°W has 
effectively caught up with that observed in the transects further to the west, and the advance 
continues at a much lower.rate (figure 6.3), but equally across the 48°W to 38.5°W sector. 
Significantly, this dramatic advance is hardly reflected in the the motion of the buoys far to the 
south (figures 5.34, 5.36, 5.37 and 5.39). The DKP records are quiet at this time (figures 5.24 
to 5.27). Similarly, the ice concentrations retrieved at the buoy locations show little sign of 
deviation (figure 5.11 ). It would thus appear that the immediate response to the sudden 
temperature drop is an equally rapid drop in sea surface temperature at the ice edge; advance in 
early-mid autumn occurs largely by the production of pancake ice onto the existing ice edge 
rather than by ice production within the internal pack. This is a significant factor in terms of the 
exchange of energy between atmosphere and ocean. Pancake ice may have an albedo as low as 
20% (Babarykin et al., 1964). The immensity of ice growth at this time of year is reflected in the 
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fact that the eastward advance of the ice cover to the south of 70°S and east of 40°W is largely 
against the westward trend of the prevailing ocean surface currents. 

Both air temperature and wind speed are important in determining thermodynamic growth 
rates in open water throughout the year, both within the pack and at the ice edge/MIZ. Their 
combined effects are superimposed on the seasonal cycle of advance and retreat. The cooling of 
surface waters in the SSIZ is forced in February by a substantial decrease in solar radiation. 
From mid-summer to March, the ocean gains heat by net radiation (maximum values of greater 
than 200Wm-2) and sensible heat fluxes. As the air temperature drops in the autumn, the 
direction of the net radiative and heat fluxes reverse, and in April the oceanic heat loss may reach 
as high as 200Wm-2. Heat is extracted from the sea until freezing point is reached at the surface 
(sea water with a salinity of 35ppt freezes at -l .8°C). Once this process is initiated, additional 
heat loss produces slight supercooling of the water, and ice formation begins (Maykut, 1985). 

Initial ice formation occurs at or near the ocean surface in the form of frazil ice. Frazil ice is 
related to strong turbulence (high wind/wave) events under low temperatures, and forms 
probably as a result of the brine convection induced by .the rapid freezing of leads, polynyas and 
open ocean. Continued freezing results in the production of grease ice. As soon as the new ice 
reaches a thickness of about 20cm, the oceanic heat loss drops below about 75Wm-2. From May 
to July, the heat transfer across the ocean surface remains nearly constant at 50Wm-2, while the 
thickness increases. In mid-winter, the coastal pack ice zone still loses energy of 56Wm-2. 
Comparatively large growth rates are observed during the formation of grease ice in leads and 
polynyas, with their high sea-air heat fluxes. 

By day 101, virtually 50% of the Weddell pack consists of an ice cover with concentrations 
greater than 90% (figure 6.16), fringed all around by a strip of what appears on the SMMR 
imagery to be 60 - 90% ice (figure 6.17); it is postulated that the latter is in fact a higher 
concentration cover of growing pancake ice, frazil and nilas. The inner domed core remains 
radiometrically stable, with virtually no changes in concentration occurring along the 48°W 
meridian over the period day 101 - 21 (figure 6.19). Murray et al. (1984) also report from a 
study of ESMR data that the region of perennial sea ice to the east of the Antarctic Peninsula is 
characterised by high average brightness temperatures, and has a standard deviation of only 
lOK. To the north, the concentration gradient across the MIZ is steeper than previously I 
(0.21 %km-1 ), again reflecting that active growth is taking place at the ice edge. Rapid cementing 
together of new pancakes occurs to form larger, consolidated floes; these in turn combine, 
having damped destructive wave/swell effects, to form an almost continuous ice cover. From 
day 101 - 21, the ice edge advances northwards by a net distance of 254.54km equatorward (at 
a mean daily rate of 12.12 kmd-1 and a velocity of 0.147ms-1), with very few reversals but a 
number of periods of little activity. The buoys advance roughly 163km northwards over the 
same period (daily rate 7.76kmd-1, mean v component of 0.09ms-1 ). The northward advance of 
the ice edge is thus leaving the buoys far behind to the south. 
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Figure 6.16: Boundaries of the greater than 90% ice concentration extent, days 103 - 15. Buoy 
positions are marked for day 107. The core has elongated considerably since day 81 in a 
meridional direction (figure 6.8). The eastern boundary remains roughly along the 40°W 
meridian. 

Figure 6.17: SMMR image of days 101 and 103 combined. 
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Figure 6.18: Boundaries of the greater than 60% ice concentration extent, days 103 - 15. Buoy 
positions are marked for day 107. Note the growth that has occurred along the Coats Land 
coast. Substantial pancake ice growth is taking place eastwards in a wave oriented N-S, 
with a tongue of new ice extending outwards from the north eastern tip of the pack; this 
feature shows the vigorous effect of the ACC at these latitudes. 
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Figure 6.19: Ice concentrations along the 48°W transect, days 101 - 21, 1980. Note that the 
coastal region has now largely been filled with high concentration ice. The new ice has 
consolidated. 
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The results presented here do not tie in with results from buoys in East Antarctica (Allison, 
1989); a notable feature of the latter is that, for a considerable time, they maintained their 
position near the ice edge as it advanced equatorward. The 1980 buoys remain well within the 
interior pack for most of the study period (figure 5.9). The drift tracks of the 1980 buoys 
suggest a strong thermodynamic control in determining the advance of ice in the central-western 
Weddell Sea early in the season, with the ice edge position resulting largely from enhanced ice 
production at the edge and to a lesser extent from the advection of a divergent ice cover to the 
south. 

6.4.4 Pancake ice formation at the ice edge 

Meridional gradients in concentration from 90% to open ocean are always relatively steep, 
indicating consistently low concentrations around the outer margins of the pack. In reality, it is 
believed that the SMMR is largely mis-interpreting the characteristics of this ice cover. Rather 
than being an immense circumpolar ring of very low concentration ice, it is postulated that the 
multi-coloured (on the false colour imagery) outer margin consists of actively growing pancake 
ice and nilas. The radiometric signature of new ice species at 18 and 37GHz, even though they 
largely form a continuous (100%) cover, is similar to that of lower concentration ice for the 
following reasons: they are thin (the radiometer may be receiving contributions from the 
underlying ocean), highly saline, wet and contain a significant proportion of unconsolidated 
interstitial frazil ice. Contemporary US Navy/NOAA Joint Ice Center ice charts indicate that the 
Weddell Sea MIZ, up to several hundred kilometres wide at the outer edge, contains ice 
concentrations of only 40 - 60%; it is argued that these charts are based largely on poorly 
interpreted PMW data. Similarly, low concentrations observed.in MIZ (and coastal) regions may 
reflect the localised importance of negative freeboards i.e. the flooding of the ice surface 
depressed below sea level by the weight of an overlying snow cover. The latter may attain great 
thicknesses in certain localised areas (Ackley et al., 1989). 

The 1986 WWSP, upon which the author participated, made a number of important 
discoveries in the vicinity of the Greenwich meridian to the east. Among these were the unique 
mechanism for Antarctic ice edge advance via the formation and subsequent consolidation of 
vast pancake ice fields. These findings lend further credence to the argument that the rapid early 
season advance of the ice edge in the west is not only by advection of older ice from the south 
but also by the formation of pancake ice, and its subsequent coalescence into solid floes, 
controlled by wave and swell action. During the initial stages of pancake formation, microscale 
dynamics dominate with the rafting and welding together of small pancakes to form larger cakes. 

Shown schematically in figure 6.19, frazil ice discs and platelets (a few mm in diameter) 
first grow in the surface water, and are herded together by wave action to form pancake ice, 
consisting of small rounded floes (ranging in diameter from ems tom). Wave-generated motion 
harvests the ice crystals to enlarge the floes (S. F. Ackley, pers. comm.). Wind and wave 
induced turbulence in the upper water column and abrasion between the crystals combine to 
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inhibit the immediate development of a solid cover. The individual cakes grow thicker and larger 
by accretion, affecting the incoming wave field to an increasing extent by attenuating the high 
amplitude wave field by scattering, flexure etc. Originally semi-consolidated slush, the cakes 
soon consolidate. Grease ice inbetween the individual floes then begins to freeze, welding the 
floes together to form a continuous cover broken only by leads and polynyas. This interstitial ice 
is thinner than the adjacent pancake ice. The characteristic rough surface, formed by the 
upturning of pancake perimeters by collision, remains long after the initial stages of formation 
and serves to collect drifting snow in sastrugi. The widespread occurrence of frazil formation in 
the SSIZ has important implications for both dynamic sea ice modelling and for the energy 
exchange between ocean and atmosphere. The former requires a theoretical ice thickness 
distribution which at present does not accommodate ice growth by frazil accretion. Similarly, the 
advection of frazil formed in leads and polynyas to other regions keeps the leads open as areas 
of very high ice production and heat loss. 
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Figure 6.19: Schematic diagram of Weddell Sea pancake ice formation. The process depicted 
takes a few days from initial frazil ice formation. From Ackley et al., 1987. 

Once an ice thickness of roughly 0.5 - 0.7m is attained, further congelation growth is 
negligible, its rate depending on the thermal conductivity and vertical temperature gradient of the 
ice. Thus, mean sea ice thicknesses in the central Weddell Sea (c.lm) do not significantly exceed 
this range in undeformed ice, and are thinner than expected (Ackley et al., 1989). Divergence 
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and related low internal ice stress infer that ridging is largely uncommon, apart from in the 
"core" area to the west. Rubble and hummock fields are extensive towards the coast, but are less 
pronounced than their Arctic counterparts (figure 5.29). Wordie (1921) observed that rafting 
was the commonest "pressure" process during the drift of the Endurance. 

Significantly from a PMW radiometric point of view, the surface of very young ice is wet, 
highly saline and its temperature stays close to freezing point in the early stages of growth (i.e. 
grease and pancake ice). During ice growth, brine pockets and channels within the ice contain 
cold, dense, high salinity brine. With air temperatures often in the range of -10° to -20°C (i.e. in 
late spring/early autumn), turbulent and longwave radiation losses are large and ice formation 
rapid (Maykut, 1985). Once the ice becomes consolidated, free water is no longer available at 
the surf ace, and its temperature begins to approach that of the atmosphere. Additional growth 
then occurs largely by accretion onto the underside of the sheet. 

During late April (mid-autumn), the north eastern corner of the core pushes NE by about 5° 
of longitude. This extension is evident in the 43.5°W transect as a substantial increase in the 
width of the MIZ, representing a significant decrease in the concentration gradient (figure 6.21 ). 
On day 101, the transition from greater than 90% concentration to open water occurs first 
gradually then steeply, but occupies a latitudinal band of width 600km (concentration gradient 
0.136%km-l). 

By day 121, the width has decreased to less than 220km of latitude (a gradient of 
0.373%km-l), following a rapid consolidation of the pancake field . Northward drift/growth of 
ice now predominates in this sector, which has become similar to the transect further to the 
west. It was seen in the previous chapter that the buoy array throughout this period drifts 
predominantly due northwards in the central Weddell Sea, seemingly unaffected by the rapid 
eastward advance of the ice front to the east monitored on the SMMR imagery (figures 6.12, 
6.18 and 6.22). The buoys are strongly under the influence of western boundary currents, 
which are an important driving force as far from the Peninsula as approximately 35 - 40°W. 
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Figure 6.20: Ice concentrations along the 43.5°W transect, days 101 _ 21, 1980. 
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Figure 6.21: SMMR image, days 121 and 123 combined. 

6.4.5 The physical effect of islands and their continental shelves on ice 
advance 

The South Orkney Islands (60°30' - 60°50'S, 44°15' - 46°15'W) and the South Sandwich 
Islands (56°18' - 59°28'S, 26°14' - 28°1 l'W) have a highly pronounced effect on the drift of 
ice in the NW Weddell Sea. The former are in direct line with the vast plume of sea ice 
growing/being advected NE from the tip of the Peninsula. Their complex bathymetry (figure 
5.57), with the 500m shelf extending far to the south, sets up a complicated pattern of surface 
currents and upwellings which have a significant effect on the behaviour of the encroaching ice 
cover. The northern boundary of the pack is deflected southwards when it enters the oceanic 
sphere of influence of the South Orkneys on day 99, and loops round to the south of the islands 
to follow the continental shelf boundary and form the tongue. This is accompanied by a front of 
ice advance further south along the eastern margin of the central pack, effectively filling in the 
the large area inbetween the tongue and the strip of pack hugging the coast (figure 6.22). The 
38.5°W transect cuts a section parallel to this front (figure 6.23). Large changes in ice 
concentration centred on latitude 65°S are related to the E/NE advance of the eastern ice edge. 
The embayment to the south of South Orkney remains relatively open until day 111. These 
events occur at a time when buoy motion in the interior pack is predominantly northwards 
(figure 5.5 to 5.8). 
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Figure 6.22: SMMR image of ice concentration, days 129 to 131 combined, 1980. 
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Figure 6.23: Ice concentrations along the 38.5°W transect, days 101 - 21. 

The contours of the sea bed at the latitudes of 60 - 65°S run strongly from west to east, 
channeling the surface currents and ice to the south in the vicinity of the South Sandwich Islands 
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(figure 5.57). The latter consist of 11 islands, forming an arcuate chain 390km long. Being 
volcanic, they rise very steeply from the sea bed and have no significant continental shelf. As a 
result, sea ice can encroach to their shores with little opposition from local current effects. 
However, the blocking effect of this feature alone is important, as its meridional configuration 
and the deep South Sandwich Trench obstruct the W-E progress of the ice. Throughout the 
seasonal growth and decay of the Weddell pack, the important influence of all three island 
groups (including South Georgia) is seen in the behaviour of the ice cover, even well away from 
their immediate vicinity. 

From day 99 to 121, the growing ice tongue at the northeastem tip of the pack extends NE 
from 62°S, 37°W to 58°S, 27°W, at a time when the ice edge position to the west follows the 
trend of the South Scotia Ridge and the Orkney Deep (figure 6.24). It grows directly towards 
the South Sandwich Islands as if uncannily homing in on the latter, which it reaches on day 
127. It is driven by the relentless ACC and channeled by the trend of the bathymetry. The ice 
resides around the southern extremity of the islands until day 137, when it suddenly surges 
northwards to engulf them by day 139 (figure 6.26). By the latter, the ice in this sector extends 
deep into the open ocean like a promentory, with a large embayment of open water to its SE 
over the Weddell Abyssal Plain. By day 163, this equilateral triangular-shaped bulge, with sides 
of the order of 540km, has attained a latitude of 55°S (at 27°W). The continued presence of this 
feature confirms the significance of the meridional Sandwich Island chain as a highly effective 
trap for ice driven eastwards from the tip of the Peninsula. 

Figure 6.24: SMMR image of ice concentration, days 133 to 135 combined, 1980. 
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6.4.6 Meridional and zonal waves of ice advance 

By day 125, the wave of ice growth/advection ta.lees place not only meridionally but also 
zonally, with rapid advances on two fronts i.e. eastwards from the NE of the existing pack and 
northwm·ds from the coast in the vicinity of 10°W. The expansion of the latter is extremely rapid 
in the period of days 129 - 37, and proceeds northwards in a series of parallel fronts extending 
from approximately 25°W to 0° (figures 6.26 and 6.27). Between days 129 and 171, it 

advances from 67°S to reach the latitude attained by the ice edge in the west of the bulge, namely 
about 58°S, filling in the entire eastern Weddell Basin in the process. Ice advance can now 
proceed predominantly E, across and beyond the 0° meridian, which it crosses on day 137 
(figures 6.26). The concentration gradient along 48°W and across the MIZ is again fairly steep 
i.e. 0.239%km-1; the gradients along transects 38.5°W and 43.5°W are 0.324 and 0.248%km-1 

respectively, indicating a consolidation of the MIZ ice cover. Thus, the width of the radiometric 
MIZ is at this time greater in the west than the east. 

60° S 

--
Figure 6.25: SMMR image of ice concentration, days 135 to 137 combined, 1980. 

From days 125 - 37, the ice edge recedes along 48°W by a net di.stance of 11.066km 
poleward; the distances of recession at 38.5°W and 43.5°W are 44.37km and 77.47km 
respectively (figure 6.27). Major changes in the extent of the pack are now occurring along the 
eastern rather than northern margins. Apart from minor fluctuations, few changes are noted in 

the structure of the pack in the vicinity of the buoys, as denoted by the three longitudinal 
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transects covering days 125 to 137 (figures 6.28 to 6.30). Conversely, the buoys to the south 
advance northwards by 63 - 73km (corresponding to v components of 0.061 - 0.071ms-1), but 
only 38.3 - 46.7km eastwards (u components of 0.037 - 0.045ms-1). Their DKPs at this stage 
enter a quiet period, which lasts from days 132 - 200 (figure 5.24 to 5.27). This is consistent 
with theoretical expectations: the high amplitude oscillations in the DKP records from the launch 
of the buoys until day 132 indicate that the ice cover is largely unconsolidated at this early stage 
in the growth season, and is largely in a state of free drift. The rapid "quietening" in the DKPs 
corresponds with a consolidation of the ice cover. Although the buoy concentrations have 
already attained values of greater than 95% by day 100 (figure 5.45), high concentrations 
inferred from Antarctic PMW data may be dissimilar to high compactness. 

Figure 6.26: SMMR image, days 137 and 139 combined. 

The progress of the greater than 90% core (figure 6.31 and 6.33), however, reveals a 
dramatic development. It expands almost exclusively in a series C?f waves of advance with a N-S 
trend from days 119 - 27. From day 131 to 139, the trend of the advancing eastern margin is 
more from NW to SE. The most pronounced fluctuations are noted in the north west as the pack 
enters the ACC. 

This evidence suggests that similar processes occur in different sectors to drive ice advance 
in early-mid autumn, but that their relative importance differs significantly from sector to sector. 
A N-S elongation of the existing perennial core occurs until day 119 (mid autumn), when ice in 
the west has reached the latitudes of the ACC; the eastern margin of the greater than 90% core is 
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Figure 6.27: Ice edge northward advance rates, at 3 day intervals, along the 48°W, 43.5°W and 
38.5°W meridians, days 100 - 150. 
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Figure 6.28: Ice concentrations along the 38.5°W transect, days 125 - 37. 
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Figure 6.29: Ice concentrations along the 43.5°W transect, days 125 - 37. 
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Figure 6.30: Ice concentrations along the 48°W transect, days 125 - 37. 
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largely restricted to that region to the west of 40°W. After day 119, and under freezing 
conditions (with air temperatures largely in the range of -l5°C to -30°C [figure 5.15]), rapid 
zonal advances occur to the east of 40°W. The buoy array, drifting in the 41 - 49°W sector, 
remains curiously unaffected by this dramatic eastward advance, which takes place in spite of 
the prevailing westward flow of the ocean surface currents at these high latitudes. Their drift 
velocities retain a predominant v component (figures 5.33, 5.35, 5.36 and 5.38), strongly 
reflecting the overwhelming influence of unrelenting western boundary currents in the western 
Weddell Sea. 

Figure 6.31: Boundaries of the greater than 90% ice concentration extent, days 119 - 31. Buoy 
positions are marked for day 123. 

Figure 6.32: Boundaries of the greater than 60% ice concentration extent, days 119 - 31. Buoy 
positions are marked for day 123. 
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Figure 6.33: Boundaries of the greater than 90% ice concentration extent, days 133 - 39. Buoy 
positions are marked for day 135. An interesting feature is the sudden appearance of 
isolated islands of lower ice concentrations within the pack on day 135. Analysis of the 
DKP results in chapter 5 revealed that these reductions are concomitant with large 
divergence of the buoy array, which has a pronounced effect on the concentrations 
measured at the buoys. 

Figure 6.34: Boundaries of the greater than 60% ice concentration extent, days 133 - 39. Buoy 
positions are marked for day 135. An outgrowth towards the South Sandwich Islands (A) is 
accompanied by a recession in the boundary to the east. 
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Figure 6.35: Northward ice edge advance rates, at 3 day intervals, along the 48°W, 43.5°W and 
38.5°W meridians, days 150 - 217. 

It follows that advection of existing consolidated floes is an important factor in pushing the 
ice edge to ever higher latitudes to the west of 40°W; growth of new ice occurs in leads within 
the pack as it expands and diverges. Periodic convergences compress and consolidate 
(strengthen) the ice cover. Addition to the ice edge by pancake formation is also likely to be an 
important factor. To the east of 40°W, however, the formation of vast, unconstrained pancake 
fields radiating directly out from the ice edge appears to be more dominant in accounting for the 
rapid eastward and northeastward autumnal expanse of the ice cover than advection of older 
floes from the south/south west. Observations made during the 1986 WWSP in the vicinity of 
the Greenwich meridian support this argument (Casarini and Massom, 1987). Further evidence 
will be presented to support this hypothesis. The relative importance of the u and v components 
of the ice velocity east and west respectively of 40°W, and south of the ACC, is reflected in the 
considerable time lag before the leading edge of ice advance attains latitudes (i.e. 58°S) to the 
east of the South Sandwich Islands which are similar to those to the west i.e. day 171 v day 
119. The buoy drift is largely meridional; the advance of the eastern ice edge is predominantly 
zonal, with a meridional component. 

From March to May (i.e. the autumn), only a few small regions within the internal pack 
show any signs of decrease in concentration. This is still within.the period of active growth both 
within regions of existing ice cover and at the ice edge. Ice concentration values seldom fall 
below 85% outside the MIZ and coastal regions. 

6.4. 7 Early winter 

On days 157 to 165, the 48°W transect cuts directly through the high concentration (greater 
than 102%) core adjacent to the Peninsula, and represented by peak A in the graph (figure 
6.38). . 

188 



110 

90 38·5°W 
~o 0" 
z 70 
0 

I-
<( 
0:: 
I-

50 z 
w 
u 
z 
0 
u 30 
w 
u 

10 

-10~~__.___..__._~~~~~~~~~~~~~~~~~~~~ 
80 75 70 65 60 55 50 

LATITUDE SOUTH, o 

Figure 6.36: Ice concentrations computed along the 38.5°W transect, days 157 - 65. 
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Figure 6.37 : Ice concentrations computed along the 43.5°W transect, days 157 - 65. 
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Figure 6.38: Ice concentrations computed along the 48°W transect, days 157 - 65. 
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Figure 6.39: Boundaries of the greater than 90% ice concentration extent, days 161 - 73. Buoy 
positions are marked for day 165. No "islands" of lower concentration are present within 
the pack. 
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Figure 6.39 reveals that, in early winter, outward expansion is prevalent everywhere, but to 
the north, north east and south west in particular. The bulge A marks the response of the 
advancing ice edge to the South Sandwich Islands. The ice in the north western sector has 
advanced comparatively little since day 139 (Figure 6.33). Note that the core is attached to the 
coast in only one location. 
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Figure 6.40: Boundaries of the greater than 60% ice concentration extent, days 161 - 73. Buoy 
positions are. marked for day 165. The boundary to the east of the South Sandwich bulge 
(A) has made substantial northward progress. The surviving buoys have still not migrated 
eastwards across the 40°W meridian. No "islands" of lower concentration are present 
within the pack. 

The concentration _gradient (0.139%km-1) is shallower than before. The gradients at 
38.5°W (figure 6.36) and 43.5°W (figure 6.37) are 0.309%km-1 and 0.248%km-1 respectively. 
The MIZ is thus significantly wider in the west than the east. The ice edge advances by 
132.80km equatorward at 48°W (at a mean daily rate of 14.688kmd-1 and a mean speed of 
O.l 70ms-1), but recedes by 33.20km and 22.13km at 38.5°W and 43.5°W (Figure 6.36). From 
day 157 - 65, the buoys advance northwards by 24.90 - 50.50km, at a mean daily rate of 2.8 -
5.6kmd-1 and a v velocity component of 0.032 - 0.065ms-1. 

Figure 6.39 reveals that, in early winter, outward expansion is prevalent everywhere, but to 
the north, north east and south west in particular. The bulge A marks the resppnse of the 
advancing ice edge to the South Sandwich Islands. The ice in the north western sector has 
advanced comparatively little since day 139 (Figure 6.33). Note that the core is attached to the 
coast in only one location. 
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6.4.8 Temporary recessions in the position of the ice edge 

Figure 6.41, from Cavalieri and Parkinson (1981), has been used as a basis to explain the 
response of Weddell Sea ice extent to changing synoptic fields i.e. meridional shifts in the 
Antarctic circumpolar trough. Figure 6.41a illustrates the retreat of the ice edge in response to 
northerly winds associated with a cyclone centred in the NW Weddell Sea (winds blow 
clockwise around a cyclone and anticlockwise around an anticyclone in the southern 
hemisphere). In Figure 6.41b, the Weddell Sea ice edge advances rapidly, forced by the 
southerly winds generated to the west of the intense low at roughly 0°E, 70°S. From these 
figures, the correlation between zonal wind and ice edge position seems deceptively clear, but 
the actual physics are not. For example, does a northerly wind blowing from over a warm ocean 
melt the ice and a cold southerly wind blowing across the ice freeze it? Alternatively, it is not 
clear whether a northerly wind forces the ice edge poleward by compacting the MIZ, or whether 
a southerly wind distends it. Moreover, the presence of quasi-stationary cyclone is assumed. 

-·-·-·- 1st 
------ 4 th 
-- 12th 

I 

\ 

Figure 6.41a: The retreat of the Weddell Sea ice edge, January 1st - 12th, 1974, corresponding 
to the mean sea level pressure field. From Cavalieri and Parkinson, 1981. 
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APRIL 28 MAY 26 
MAY 10 OE 45E 

Figure 6.41b: The advance of the Weddell Sea ice edge from April 28 until May 26, 1974, 
combined with the average sea level pressure field for the 29 day period. From Cavalieri 
and Parkinson, 1981. 

The shift in ice edge position results from a combination of both thermodynamic and 
dynamic effects. Andreas (1987) observed that a northerly wind carries warm, moist air, 
whereas a southerly wind transports cool, drier air (although the surface air temperature and 
relative humidity show a dependence on distance from the ice edge). Andreas and Makshtas 
(1985) further noted the importance of geostrophic wind strength and direction in determining 
total turbulent heat loss over Antarctic sea ice. Winds thus play a thermodynamic as well as a 
dynamic role. 

Days 167 to 183 witness significant recessions in ice edge location along all three transects 
(132.80km, 88.53km and 110.67km at 48°W, 43.5°W and 38.5°W respectively) (figures 6.42 
to 6.44). The southward shift of the ice edge during this 17 day period is reflected in both the 
buoy concentration an_d drift data. The former undergoes an upward trend (figure 5.48), 
inferring either convergence (compaction) or refreezing of leads. At the same time, 0003 
advances northwards by 32.30km, while 0035 and 1405 actually reverse to drift poleward by 
20.60km and 16.20km respectively with v velocity components of -0.14ms-1 and -0.0 lms-l. 
The convergence in the ice cover shows up as a minor event (figure 5.24), as the buoys at this 
time move almost in unison. The DKP time series are thus relatively inactive, with the notable 
exception of isolated high amplitude reversals in the vorticity, shear and stretch deformation 
records centred on day 170 (figures 5.25 to 5.27). These appear to reflect the anomalous 
behaviour of 0035 in response to the passage of a low pressure centre of depth 965mb (figure 
5.17). The ice velocity field typically alternates between diverging and converging motions over 
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periods of 3 to 6 days, producing continual changes in the amount of open water, ice production 
and ridging/rafting activity. It appears that these short-term variations in strain are more 
important to the thermodynamics than the longer term averages (Maykut, 1985). Similar cycles 
are noted in the behaviour of the ice edge (figures 6.27 and 6.35). 
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Figure 6.42: Ice concentrations computed along the 48°W transect, days 167 - 83, 1980. 
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Figure 6.43: Ice concentrations computed along the 43.5°W transect, days 167 - 83, 1980. 
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Figure 6.44: Ice concentrations computed along the 38.5°W transect, days 167 - 83, 1980. 

The u velocity component of 0035 reverses from 0.35ms·l on day 169 to -0.30ms·l on the 
following day (figure 5.14). This event is contained in the large eastward departure of the 3 
surviving buoys, covering days 161 - 99, and examined in detail in section 5.6.2.11. That few 
perturbations are present in the DKP time series at this time is due to the fact that the buoys 
move almost in harmony. The strong W-E component is accompanied by no significant 
compaction (concentration increase) poleward. This suggests that the edge recession 950km 
further to the north is due not to a change in wind direction but rather active destruction by wave 
action or melt by bands breaking off from the main pack to drift into the open ocean and meet 
their doom; such features remain largely unresolved by the SMMR. The gradient from 
concentrations of greater than 90% to open ocean at 48°W is 0.186%km, even shallower than 
before i.e. the MIZ is now wider. The gradients at 38.5°W and 43.5°W are 0.373 and 
0.166%km·1 respectively. The stable but expanding core is still present, represented by peak A 
in figure 6.42. 

6.4.9 Reductions in coastal ice concentrations 

Conversely, the area of lower concentration (less than 90%) ice around the coastal perimeter 
of the Weddell Sea (from 0° to the tip of the Peninsula) is greatly reduced by day 165, probably 
reflecting the eastward shift of the western pack en masse (figure 6.45). Anomalously, a large 
strip of reduced concentration reappears to skirt the entire coastline of the Weddell embayment 
on day 191, extending as a wedge from the extreme SW comer to half way up the eastern coast 
of the Peninsula until day 249. The imagery for day 213 (figure 6.46) illustrates the areal 
importance of not only this southerly feature, but also of linear areas of reduced (less than 65%) 
concentration running hard against the Antarctic coastline (e.g. 5 - 20°W, 55 - 60°W). These 
regions could be areas of high ice production and bottom water production. Their appearance 
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corresponds with a distinct convergence event (figure 5.24), which, together with the other 
DKP results, would suggest an eastward motion of the ice, compressing the pack to the east in 
the vicinity of the buoys to increase the concentration. This event also shows in the shear 
deformation (figure 5.26), vorticity (figure 5.25) and stretch deformation (figure 5.27) records, 
and appears to be driven by a strong storm; the pressure records of 1405 and 0035 fall to about 
960mb at this time (figures 5.18 and 5.17) . 
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Figure 6.45: SMMR image, days 165 and 167 combined, 1980 . 
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Figure 6.46: SMMR image, days 213 and 215 combined, 1980. 
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By day 203, the greater than 90% core has advanced eastwards to well beyond 0°W (figure 
6.47) at a time when the buoys are still proceeding largely northwards (figures 5.5 to 5.8). The 
northern pack boundary from 40°W to 0°W fluctuates about a mean location of roughly 60°S, 
with major perturbations occurring in the vicinity of the South Sandwich Islands (marked A). 
The vast area of reduced concentration ice to the south west is apparent. The large enclave of 
lower concentration ice in the extreme east is discussed in detail by Comiso and Gordon (1987). 

--203 
_____ :.. 207 --t---5505 

Figure 6.47: Boundaries of the greater than 90% ice concentration extent, days 203 - 15, 1980. 
Buoy positions are marked for day 207. 

Fjgure 6.48: Boundaries of the greater than 60% ice concentration extent, days 203 - 15. Buoy 
positions are marked for day 223. The enclave of reduced concentration ice marked S 
contains the South Orkney Islands. 
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Figure 6.49: Ice edge location computed along the 45.5°W, 40.5°W and 36°W meridians at 2 
day intervals, days 217 - 249, 1980. 
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Figure 6.50: The distance travelled by the ice edge along longitudes 45.5°, 40.5° and 36°W on 
days 221 to 249, 1980. 

Figures 6.49 and 6.50 show that, later in the year (late winter) and further to the east, the ice 
edge extends substantially further to the north. The lower concentration coastal strips show up 
well on the W-E transect across latitude 70°S for days 207 - 23 (figure 6.51) and 227 - 47 
(figure 6.54). The 15 - 20% reduction in concentration (marked A) occurs adjacent to the E 
coast of the Peninsula; an even greater drop of 40 - 50% can be seen west of point B, where the 
70°S line of latitude intersects the Antarctic coast at 0°W. The concentrations across the transects 
are consistently substantially lower than on the earlier E-W transects; nowhere do they rise 
above 100%. 

198 

'I 

11· 

:I 
I 

1

11 



100 

;_ 80 
0 
f-
4: A 
0:: 
f- 60 z 
lJJ 
u 
z 
0 
u L. O 

lJJ 
u 

20 

70 ·1.78°S. 60 ·15L.°W TO 69 ·99 2° S , 0°W 

--207 
--- 211 
··· ··· ···· 2 15 
-·- ·-· 219 

. - ··-··- 2 2 3 

0 .__.____.__ _ _.__,.______,_ _ _._ _ _.___..1. _ __.____...__~---'-~ 
85 90 100 110 120 130 1'.0 

J COORDI NATE 

60 50 L.0 30 20 10 0 
LONGITUDE. 0 W 

Figure 6.51: Ice concentrations computed along the E-W transect along latitude (approximately) 
70°S, days 207 - 23, 1980. 
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Figure 6.52: Ice concentrations computed along the E-W transect along latitude (approximately) 
70°S, days 227 - 47, 1980. Note that the concentrations are consistently lower (less than 
100%) than earlier in the season (see figures 6.14 and 6.15). 

A marked convergence and positive stretch deformation event centred on day 227 (figures 
5.24 and 5.27), implies an east-west elongation of the 3 buoy array, which by this time has a 
strong eastward (u) velocity component to its drift (at a latitude of 63 - 64°S). It is accompanied 
by a large temperature increase (from -27°C on day 223 to almost zero from days 232 to 237), 
before plummeting to -25°C by day 243 (figure 5.15). The increase appears to alter the 
emissivity of the surface, which manifests itself as a significant decrease in the area covered by 
concentrations of greater than 102% (figures 6.53 and 6.54). The greater than 90% core 
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responds to the sudden decrease by surging northwards; the drop in temperature either causes an increase in concentration or affects the emissivity of the existing ice and its snow cover. The overall air temperature increase forms part of a steady upward trend from about day 210 until the end of the record, marking the gradual transition from late winter to the onset of early spring conditions. Rather surprisingly, it appears to have little immediate effect on ice concentrations at the buoys; minor decreases (in the range of 5 - 9%), with a frequency of about 3 to 5 days, soon recover (figure ~.55). 

Figure 6.53: SMMR image, days 225 and 227 combined, 1980. 

Figure 6.54: SMMR image, days 231 and 233 combined, 1980. 
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The effect of the mid-ocean islands on an otherwise unconstrained, expanding sea ice cover 
is further illustrated in figure 6.55. The 45.5°W transect for clays 221 - 49 cuts directly through 
South Orkney Island (at point S). The northward drifting high concentration (greater than 90%) 
ice is prevented from continuing further north by the physical barrier of the island, and is 

cleflectecl by the complex and extensive continental shelf bathymetry associated with it (figure 
6.58). Consequently, the ice concentration in the lee of the island is 15 - 30% less than to the 

immediate south. This effect is superbly illustr:ited in the satellite image of clay 237 (figure 
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Figure 6.55: Ice concentrations computed along the 45.5°W transect, clays 221 - 41. The 
shadow effect of South Orkney Island (marked S) is clearly reflected. 

Figure 6.56: SMMR image, days 237 and 239 combined, 1980. 
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Figure 6.57: Boundaries of the greater than 60% ice concentration extent, days 219 - 31. Buoy 
positions are marked for day 223. The enclave of reduced concentration ice marked S 
contains the South Orkney Islands. 
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Figure 6.58: Boundaries of the greater than 90% ice concentration extent, days 219 - 31. Buoy 
positions are marked for day 223. The enclave of reduced concentration ice marked S 
contains the South Orkney Islands. Note that, by day 227, "islands" of reduced concentration 
appear within the pack. They coincide with a) a large degree of activity in the DKPs of the 3 
buoy array, and b) with a large increase in air temperature recorded at 0035 and 1405. 
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It can be seen from Figure 6.58 that the buoys are beginning to catch up the ice edge that had 
earlier accelerated ahead of them; they are now c.700km to the south. The ice edge at these 
longitudes is thus advancing less rapidly northwards than the buoys at this time; the ice is 
approaching its maximum latitudinal extent. Consequently, in August-September, the low 
latitude location of the ice edge is maintained by a constant source of ice advecting from the 
south to be destroyed at the hostile ice-open ocean interface. Processes of destruction are 
beginning to attain a similar significance to those of construction both at and within the ice edge. 

By day 225, the concentration gradients across the outer transects have become far 
shallower, being 0.136, 0.115 and 0.106%km-1 at 45.5°W, 40.5°W and 36°W respectively 
(figure 6.55, 6.59 and 6.60). This behaviour does not correspond with a recession of the high 
concentration inner core, although a temporary 5 - 10% decrease occurs on days 225 - 9 before 
it rapidly returns to its original value of 95 - 105% (figure 6.60). The reduction is accompanied 
by a divergence and shear deformation event in the buoy array, related to the entry of the buoys 
into the ACC at different times (figures 5.24 and 5.26). The outer edge of the MIZ, largely 
consisting of unconsolidated small pancakes, is still showing signs of expanse (beginning at 
these longitudes on roughly day 195), albeit less rapid. The net edge advance from day 221 to 
249 is 55.33km, 22.13km and 11.067km along 45.5°W, 40.5°W and 36°W respectively, 
corresponding to mean rates of 0.023, 0.009 and 0.005ms-1. 
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Figure 6.59: Ice concentrations computed along the 40.5°W transect, days 221 - 41 , 1980. 
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Figure 6.60: Ice concentrations computed along the 36°W transect, days 221 - 41, 1980. 

In this 29 day period, 1405 advances 195.4km equatorward with a v component of 
0.078ms-1, corresponding to a mean daily northward drift of 6.74kmd-l . This again supports 
the view that, by late winter, ice formed in the southern/central pack is beginning to rapidly 
approach the ice edge to replace ice that is being destroyed under conditions which are 
increasingly hostile to active growth. By advancing to latitudes beyond South Orkney (c.60°S), 
the ice comes increasingly under the influence of vigorous and often destructive oceanic (wave 
and swell) and storm effects. Winds from the south force the pack to advance rapidly both by 
advection and new ice growth. The MIZ then tends to be compressed by a change in wind 
direction a few days later associated with a passing storm. This is clearly seen in figure 6.50 as 
cyclical events with a periodicity of 3 - 5 days, forcing the ice edge location to rapidly fluctuate 
northwards and southwards in a series of pulsating, mesoscale bulges and indentations which 
are superimposed on the seasonal shift in the ice-ocean boundary. The highest amplitude 
fluctuations occur at the start of the growth season from days 51 - 100 (early autumn) (figure 
6.27); the ocean surface is rapidly freezing, and the ice cover is still largely unconsolidated. 

These results tie in well with the findings of Cavalieri and Parkinson (1981); they found that 
the advance and retreat of the ice edge on both seasonal and synoptic time scales are largely 
influenced by the position and movement of atmospheric pressure systems. A close relationship 
appears to exist between the positions of intense cyclone centres and regions of rapid ice 
formation , probably as a result of both the advection of cold air from southerly latitudes and 
equatorward ice transport. Depending on the orientation of these large weather systems, rapid 
ice growth may take place in one longitudinal sector while ice depletion occurs in an adjacent 
region. The Weddell Sea ice cover is particularly sensitive to seasonal variations of atmospheric 
circulation patterns in general and to variations in the location and intensity of the circumpolar 
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trough in particular. Complex bathymetric changes play a significant role in determining ice edge 
configuration at these lower latitudes, a factor which has been consistently underestimated 

Figure 6.61: Boundaries of the greater than 90% ice concentration extent, days 235 - 47. Buoy 
positions are marked for day 239. The arrow marks the South Sandwich Islands. 

Figure 6.62: Boundaries of the greater than 60% ice concentration extent, days 235 - 47. Buoy 
positions are marked for day 239. Once again, the most prominent perturbations occur in 
the vicinity of the South Sandwich Islands. 
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6.5 Meridional buoy advance versus ice edge advance 

The meridional advance of the buoy array and the ice edge are compared within the 
framework of the five distinct drift regimes identified in section 5.6.3 from the buoy data. It 
should be remembered that the ice edge tends to fluctuate in response to the dynamic nature of 
the processes operating at the ice-ocean interface; it may be advancing in one sector while 
receding in an adjacent one. Moreover, the meridional analyses do not take into account the rapid 
eastward growth of the pack to the east of the array. Nevertheless, the results provide valuable 
insight into the relative importance, both spatial and temporal, of internal pack ice production, 
advection and growth of ice within the MIZ/at the ice-ocean boundary. 

i) Poleward of approximately 70 - 70.5 °S (days 61 - 110). 

On day 61, the centroid of the 3 buoy (i.e. 0003, 0035 and 1405) array is at 40.6°W, 
71.9°S; at the same longitude, the ice edge is at 67°S. The array is thus 520km to the south of 
the ice-water boundary identified on the SMMR imagery. By day 110, the centroid has advanced 
to 44.2°W, 70.4°S, and the ice edge to 61 °S (at the same longitude). The distance between the 
centroid and the ice edge has thus increased to approximately 1,020km. Over the 50 day period, 
the ice edge has advanced northwards by 660km (at a rate of 13.2kmd-1 or 0.153ms-1 ), 
compared to only 160km by the buoy centroid (3.2kmd-1, 0.037ms-1). Consequently, at this 
early stage in the growth season, the ice edge is thus accelerating away from the buoys. This is 
further evidence that the dramatic northward ice edge advance in autumn is largely by the growth 
of vast pancake ice fields at the edge. Ice production is taking place within the pack, but at a 
slower rate, depending on the rate of wind-induced divergence. 

ii) 70 - 70.5°S to 69 - 68°S (days 111 -120). 

On day 111, the centroid of the 3 buoy array is located at 44.3°W, 70.3°S; the ice edge at the 
same longitude is at 61 °S. The latter is thus 1,030km to the north of the buoys. By day 120, the 
centroid has advanced to 44.6°W, 68.9°S, and the ice edge to 60°S (at the same longitude). The 
distance between the centroid and the ice edge has thus decreased to approximately 985km. Over 
the 10 day period, the ice edge and buoys advance meridionally at almost equal rates, the former 
by 160km (16kmd-1, 0.185ms-1) and the latter by 150km (15kmd-1, 0.174ms-1). 

iii) 69 - 68°S to 63 - 64°S (days 121 - 214). 

On day 121, the centroid of the 3 buoy array is located at 44.4°W, 68.9°S; the ice edge at the 
same longitude is at 60°S. The latter is thus 985km to the north of the buoys. By day 214, the 
centroid has advanced to 42.0°W, 63.9°S, and the ice edge to 55°S. The distance between the 
centroid and the ice edge is still 985km. Remarkably, therefore, the ice edge and buoys advance 
meridionally at exactly the same rates rates (by 550km, or 5.91kmd-1 and 0.068ms-l) over the 
93 day period, and at a significantly lower rate than in the preceding 60 days. Processes of ice 
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advection are thus roughly in balance with those of new pancake ice formation at the ice edge 
and within the MIZ. Rapid eastward expansion of the pack is also taking place at this time, to the 
east of the buoy array. 

iv) 63 - 64°S to 62°S (days 215 -242). 

On day 215, the centroid of the 3 buoy array has moved to 42.0°W, 63.8°S; the ice edge at 
the same longitude is located at 55.0°S. The buoys at this point are thus 970km poleward of the 
ice edge. By day 242 (when 0035 fails) , the centroid has advanced 220km (8 .148kmd-1, 
0.094ms-1) northwards to 38.0°W, 6l.8°S, while the ice edge has remained at 55°S (at 
38.0°W). The distance between the centroid and the ice edge has thus decreased to 750km. By 
this stage, therefore, the ice edge is approximately in steady state, with destruction of ice 
approximately equalling both supply from the south and production of new ice at the edge itself 
(or within the MIZ). Even though the buoy array has now entered the ACC and has a strong u 
component to its velocity, it is beginning to "catch up" with the ice edge. 

v) equatorward of 62°S (days 257 -331). 

Comparison of the buoy and ice edge advance over this period reveals that a startling 
transition is taking place. On day 257, 1405 is at 35.0°W, 62.2°S; the ice edge at the same 
longitude is located at 52.5°S. The trend of the preceding sectors has thus reversed, with the 
buoy once again a large distance (i.e. 1,075km) to the south of the ice edge at a time when it is 
still drifting predominantly E. The reason for the large separation is seen clearly in the SMMR 
imagery (figure 5.64); 1405 is at the same longitude as the vast promentory of ice bulging 
equatorwards into the open ocean in the vicinity of the South Sandwich Islands. By day 331, 
1405 has attained a latitude of 59.8°S further to the east at 21 °W, while the ice edge is at 58°S. 
The buoy is thus now within 200km of the ice-ocean boundary when it finally stops 
transmitting. This 74 day period marks a significant turning point; 1405 advances 265km 
meridionally (3.581kmd-1, 0.041ms-1), while the ice edge in the central Weddell Sea recedes 
poleward by 610km (8.243kmd-1, 0.095ms-1 ). Rapid destruction both at the ice-ocean 
boundary and within the MIZ is now greatly outweighing the production of new ice at and close 
to the ice edge. The adv:ection of older ice from the south is continuing to maintain the supply to 
the edge, but at a rate not great enough to maintain its low latitude location. 

6.6 Processes affectin g MIZ composi tion and configuration 

Ice edge positional changes result both from ice formation/melt and from advection. 
Consequently, convergence and divergence are important controlling factors, together with 
the1modynamic responses to radiative heating or cooling and to sensible heat transport. 
Generally, the areas of ice growth tend to be located to the west of cyclonic centres, with the 

:, 
most rapid growth associated with the most intense centre (Cavalieri and Parkinson, 1981). This 
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would appear to suggest that the extension of the ice edge to lower latitudes results primarily 
from the advection of colder polar air and/or the direct advection of the ice field northwards by 
the strong southerly winds. Open water areas created by the latter would freeze over rapidly due 
to the low air temperatures. 

The outer part of the MIZ is characterised by large horizontal gradients in the properties of the 
ice, ocean, and atmosphere. Advection of air across the ice edge can produce large changes in 
turbulent heat transfer, surface stress, cloudiness and the radiative fluxes. Comparable changes 
occur in the mechanical properties of ice, surface roughness and solar input to the ocean. In the 
MIZ, concentrations are complex and can vary rapidly. The ice cover structure is the result of a 
number of processes, but particularly dynamic interaction with the ocean. Floe size distribution 
is mainly determined by wave action through wave-induced melting (e.g. Wadhams et al., 
1979), the wave radiation pressure (which compacts the ice field) and the flexural break-up of 
floes (e.g. Wadhams and Squire, 1980). Very rapid changes in sea ice distribution are possible 
in the MIZ due to ablation and to ice advection as a response to changes in atmospheric 
circulation. In the past, analysis of such rapid events have been hampered by the lack of accurate 
data on suitable spatial and temporal scales. 

It was explained in chapter 5 that mesoscale eddies are common at the ice-ocean boundary at 
low latitudes, leading to mass and energy exchange across this interface on a scale of tens of 
kms. The different thermal and surface roughness characteristics of open ocean and sea ice affect 
the planetary boundary layer, leading to localised wind speed changes, ocean upwelling and 
cyclone steering. The ice edge in winter usually lies close to the position of quasi-permanent 
polar fronts. Oceanic fronts commonly occur at the ice edge, and ice floes ablate rapidly as they 
cross this band of rapid temperature change. Warm cored eddies resulting from instabilities in a 
front can result in a significant loss of ice into the open ocean (Wadhams and Squire, 1983). 
During leg 2 of the WWSP in early September, the ice edge at 6°E occurred at roughly 55 -
50°S, coinciding approximately with a transition in water mass characteristics from Weddell 
interior to warmer circumpolar water (Huber et al., 1987). 

1980 was an unusually heavy ice year. Limbert et al. (1989) argue that high discharge rates 
may be related to the mean annual temperature in the South Orkney Islands. The mean monthly 
temperatures recorded at Signy Island in 1980 are indeed substantially different to those of 1979 
and 1981, with a mean-annual temperature of -5.7°C as opposed to -3.7°C and -3.6°C (these 
figures are taken from the tables presented by Jones and Limbert, 1987). On the large scale of 
the central Weddell Sea, however, the relationship is highly complex; air temperature cannot 
realistically be treated separately from wind and current effects. The ice edge at 36°W reaches 
the vicinity of South Georgia (at roughly 55°S) on day 227 (figure 6.60); concurrently, the ice 
edge to the east bulges out into the open ocean by a further 2° of latitude, apparently forced not 
only by anomalously low temperatures but also by the complex oceanic and atmospheric effects 
set up in the lee of this large island and in the vicinity of the South Sandwich arc (figure 6.53). 
The roughly N-S trend of the 3,000 and 4,000m depth contours may play a large role in 
channeling the ice equatorward once it reaches these anomalously low latitudes at approximately 
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32°W (figure 5.57). The bulge pulsates back and forth towards the SE tip of the island; the 
southern coast is not reached until day 265 (figure 6.63). The role South Georgia and its 
continental shelf plays in the location of the ice edge at maximum sea ice extent is underlined by 
the fact that is never fully enveloped by ice (with the possible exception of day 267). 

Figure 6.63: SMMR image, days 267 and 269 combined, 1980. 

Meanwhile, the core advances very rapidly across 60°S in the vicinity of South Orkney on 
day 241, pulsating back and forth over the next 50 days. The concentration of the ice cover in 
the vicinity of the island remains at least 5 - 10% lower than that of the surrounding pack; 
similar effects are noted around the South Sandwich Islands. 

6.7 Phases and fronts of ice edge advance 

Figure 6.64 illustrates the timing of the ice edge progression northwards past the latitudes 
60°S and 55°S at 5° longitudinal intervals. The edge reaches 60°S earliest in the sector 50°W -
30°W, and latest in the extreme west. The ice edge crosses the 55th parallel first at 30°W; 5° to 
the west, it is not reached until 34 days later (when 55°S is also attained at 0°). Conversely, the 
edge does not cross this latitude at 10°W until day 275. Temporally, therefore, the zonal and 
meridional behaviour of the ice edge is far more iITegular at lower latitudes. Conditions here are 
less conducive to active ice production and more conducive to ice destruction. 
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Figure 6.64: The days on which the advancing ice edge crosses (A) the 60°S line of latitude, and 
(B) the 55°S line of latitude as they intersect with longitudes from 60°W to 20°E. 

Conversely, figure 6.65 presents the eastward advance of the eastern ice edge along the line 
of 65°S; once again, the timings are monitored at 5° longitudinal intervals. The progression takes 
place almost linearly, but with possibly two distinct phases: 1) the period from day 99 to 133 
encapsulates the advance from 40°W to 5°W; and 2) the wave of advance from 5°W to 20°E 
takes from day 133 to 169. The region to the west of 40°W is permanently covered with ice at 
this longitude. 
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Figure 6.65: The days upon which the eastern ice edge, advancing eastwards along the 65°S line 
of latitude, crosses lines of longitude (at 5° intervals from 40°W to 20°E). 
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The distinctive features of the rapid Weddell ice advance in 1980 can thus be classified as 
follows: 

1) the early season advance at high latitudes which proceeds north-easterly and covers the 
Weddell Sea embayment by mid-May (day 143 on the SMMR imagery); 

2) penetration of the ice edge to the northern latitudes (58°S to 55°S) by a broad northern 
advance in mid-winter (July-September); 

3) an east to north-east advance into the eastern latitudes from latitude 55°S into lower latitudes 
(c.53°S) during late winter and spring (September-December). 

These results are largely in agreement with those of Ackley (1979), although the timings 
are different. He has investigated the advance of the Weddell Sea ice edge "front" by using ice 
extent charts compiled by U.S. Navy Fleet Weather Facility, based partly on ESMR data. The 
advance phase is characterised by two distinctive east-moving components. The first appears in 
the April-July period (days 100 - 200) as the ice edge front passes successively from longitude 
40°W to 20°W to 10°E. A second wave or front takes place during late winter/spring (August
December, or days 215 - 330). Here, the northernmost point of the ice edge progressively 
moves from 20°W (August, days 213 - 43) to 10°E (October, days 274 - 305). Similarly, 
Streten (1983) reports that the ice at lower latitudes grows northwards slowly at 50°W near the 
tip of the Peninsula. At 30°W in the central basin, the growth is fairly uniform and rapid, 
advancing northwards at about 16.5kmd-l from day 55 to day 175 (Streten, 1983). At 10°W, 
the sea typically remains open until late in the season, when growth progresses slowly 
northwards. 

Pulses of ice advance and retreat can be seen in the SMMR data. Although the pack is in its 
decay phase from October onwards, the Weddell pack continues to advance as an eastward wave 
from October (10°E longitude) to November (20°E) to December (30°E). This is accompanied 
by a simultaneous southward retreat of the ice edge in the western part of the region (Ackley, 
1979). Retreat continues in a predominantly southward direction in eastern parts of the region 
and south-west in the west, until minimum extent is attained in March. The present study differs 
in that it is more detailed temporally, being based on 3-day data; other studies largely use 
monthly averages. 

6.8 Maximum ice extent 

The pack reaches its maximum meridional extent at widely different times at different 
locations. In the northeastern Weddell Sea at 30°W - 20°E and in the vicinity of the South 
Sandwich Islands, the ice reaches its maximum extent from approximately days 223 - 279 (late 
August-early October i.e. late winter-early to mid spring), the ice edge fluctuating across a mean 
latitude of approximately 55°S in 1980. This agrees well with the observation of Rayner and 
Howarth (1979) that maximum extent is reached between days 258 and 263 (mid-September). 
Zwally et al. (1983) compare averaged ice edge positions from ESMR data w~th the 271.2K 
freezing isotherm derived from the climatological surface air temperatures. During the winter, 
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the location of the latter remains fairly constant in the vicinity of 55°S, and is everywhere north 
of the ice edge. This suggests that any melt at the winter ice edge is due mainly to oceanic 
heating/solar radiation or by departures from the mean atmospheric temperatures. The location of 
the austral winter ice edge may also correspond to the position of the Oceanic Polar Front 
(Clifford, 1983). 

The correspondingly high latitude ice edge in the Bellingshausen Sea underlines the 
overwhelming influence of the Antarctic Peninsula on the oceanic and atmospheric circulation of 
the Weddell Sea region. The eastward advection of sea ice by the Weddell Gyre causes a 
considerable phase shift of the seasonal meridional migration of the pack ice between the 
western and eastern Weddell Sea. At 20 and 30°W, the maximum ice extent is reached in 
September, at 10°W in October, at 0° in September, and at 20°E in October/November. These 
findings are consistent with those of Ropelewski (1983), although the timings are different in 
1980. He suggests that after a winter (July-August) maximum, the sea ice begins to break up 
and is transported northwards by the winds to form the September-October maximum. It is 
argued here that active growth at the edge must not be underestimated. 

The seasonal growth/decay cycle is driven both directly and indirectly by the annual cycle of 
solar insolation and the resultant cycles of air and ocean temperatures. Due to the thermal inertia 
of ice and the importance of indirect processes involving the ocean and atmosphere, the 
maximum ice extent on average lags the minimum solar insolation by about three months. After 
the spring equinox, Ekman divergence creates low albedo open water regions within the pack. 
These are the site of greatest atmosphere to ocean heat flux, increase the heat absorption by the 
ocean, and rapid melting follows. The seasonal ice cycle, however, varies significantly from 
one region to another (and from one year to another). The characteristics of the Weddell Sea 
cycle provide insight on interactive physical driving processes such as the relative influence on 
ice extent of ocean heat fluxes, solar radiation, winds, air temperatures and ocean surface 
currents. 

At this time, the opposing processes of destruction (by melting induced by the local heat 
balance and mechanical wave effects) and ice growth at, or advection to, the ice edge have 
reached some form of overall steady state, whereby they are roughly balanced to maintain a 
certain degree of stability in the mean location of the ice edge, and to perpetuate its stay at these 
lower latitudes. Localised departures from this mean behaviour do occur, however, driven 
largely by transient atmospheric effects (to which the unprotected ice edge is particularly 
susceptible) and localised oceanic effects, including wave/swell action and localised current 
effects; these lead to enhanced growth and decay in adjacent sectors. A sudden change in wind 
direction at the ice edge can lead to a rapid and drastic change in the ice concentration. 

Streten and Pike (1980), by comparing the circumpolar pressure field and the zonal average 
position of the ice edge, revealed that: 1) the weakest west wind appears when the ice edge is 
situated between 62°S and 65°S; 2) there is a linear dependence and positive correlation between 
west wind strength and ice extent, when the ice edge is at its northernmost range (61 - 62°S). 
Stronger westerlies produce a greater ice extent; 3) south of 65°S, the ice retreat is accompanied 
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by an increasing west wind component; 4) the variability of the west wind grows with 
increasing ice extent, as well as with the variability of ice extent. This appears to be due not only 
to presence of pressure minima but also to the complex oceanic and meteorological conditions 
that occur east of the Peninsula (Schwerdtfeger, 1979). Along with the strong northward 
advection of ice in this region, these factors result in a more equatorward location of the OPF 
north and east of the Peninsula. 

6.9 Open water distribution within the pack, and its significance both in terms 
of ice formation and ablation 

The Weddell pack has long been known to contain substantial areas of open water during all 
seasons (Priestley, 1913; Carsey, 1980; Zwally et al., 1983; Zwally et al., 1985). Their size, 
distribution and duration are highly variable as the ice grows, deforms and melts in response to 
oceanic, atmospheric and radiative forcings. It was not until the advent of satellite borne PMW 
remote sensing, however, that consistently accurate estimates could be made, and that it was 
realized that open water is distributed extensively throughout the pack in larger proportions than 
had been hitherto thought. With the notable exception of the widely reported but poorly 
understood Weddell polynya, the size of individual open water areas within both the pack 
interior and the MIZs is normally significantly smaller than the 30km spatial resolution of the 
passive microwave imager. For this reason, open water is interpreted in the data as reduced ice 
concentration. 

Early research using VIS and IR/TIR imagery established the relationship between synoptic 
scale wind systems and the formation of open water areas. Knapp (1969), by analyzing early 
Nimbus photography, discovered a distinct relationship between the size and configuration of 
coastal polynyas and the position and intensities of synoptic storm systems. Katabatic winds are 
strong enough locally to create and maintain coastal polynyas, even in winter. Their low air 
temperature, which can reach -40°C, favours heavy sea ice production in the resultant open 
water (Weller, 1981). The exact nature of this relationship is less well understood. 

PMW techniques are neither limited by cloud nor the need to resolve individual leads. 
SMMR results may fall short of the precision for the ultimate in heat budget estimates, but such 
estimates are a vast imp~ovement over any other existing technique. The sea ice concentration 
values derived from the SMMR data are much greater in spatial and temporal detail than 
meteorological data in the SSIZ. The temporal variability of open water is observed on daily to 
seasonal time scales. Although 3-day averages are found to be adequate to resolve most of the 
major changes in ice concentration (and thus open water), the daily averages show more 
temporal detail and larger fluctuations between maxima and minima. 

The energy balance in the Weddell SSIZ remains a major uncertainty in our understanding of 
atmospheric thermal forcing in the sea ice covers of the southern hemisphere. Early estimates of 
the annual heat loss over southern sea ice assumed that the ice formed a continuous cover 
(Fletcher, 1969); in reality, open leads are always present. By using satellite data of ice extent 
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and concentration, Weller (1980) concluded that the energy losses of the Southern Ocean might 
be greater than those estimated by Fletcher (1969) by a factor of six. Even a thin ice cover 
reduces the sensible and latent heat fluxes drastically. Maykut (1978) reports that an ice cover of 
5cm thickness reduces the sensible heat flux by 40% and the latent heat flux by 70%. For high 
total ice concentrations, especially during the cold season, good estimates of the heat and 
momentum exchange require very accurate estimates of open water fraction. 

The rate at which the ice cover diverges to expose the underlying ocean is thus a critical 
factor. The maintenance of open water over a given area of the ocean under freezing conditions 
requires the export of ice to balance the area covered by new ice. The fraction of ice exported 
and the exchange of water between the shelf and deep ocean are major factors in determining the 
average salinity of the shelf waters, in addition to the amount of ice formed (Zwally et al., 
1985). Large variations in the amount of thin ice and open water can occur on time scales of 
hours to days, producing corresponding changes in the regional heat and mass balance which 
are independent of the incident energy fluxes. The short term nature of the openings and 
closings (changes in concentration) suggest that the events are principally wind-driven. 
Increases in concentration in the outer part of the pack and slightly higher than normal rates of 
expansion of the ice edge are indications of a synoptic-scale wind-driven effect. For obvious 
safety reasons, most data have been collected from thick, relatively stable sea ice, and in the 
Arctic. 

However, the distribution and amount of open water present within the Antarctic pack at any 
one time have never been clearly determined, and widely disparate estimates have been put 
forward. Kukla (1977) estimates that open water constitutes only 3 - 5% in relation to the total 
area covered by sea ice south of 70°S during winter, with lesser ice concentrations near the ice 
edge. Analysing ESMR data, Zwally et al. (1983) suggest that the mean ice concentration in the 
Southern Ocean ranges from about 60 to 80% in summer and winter, respectively. They report 
that the summer ESMR values are in good agreement with the U.S. Navy-NOAA sea ice maps 
(although the latter are probably largely based on the PMW data during cloudy/dark periods) 
(Godin and Barnett, 1979); the winter maps show less than 5% open water in winter compared 
to 20% derived from ESMR data. 

Other studies suggest that much of the central pack has concentrations in the range of 88 -
100%, with reduced concentrations near to the coast. Kohnen and Schwarz (1981) question 
these higher estimates, which have been based largely on satellite PMW interpretation. This 
thesis questions their doubts. Indeed, overall ice concentrations seldom lower than 90% were 
observed throughout the entire WWSP cruise of 1986, from the ice edge to the coast in the 
vicinity of the Greenwich meridian (Casarini and Massom, 1987). The transects, both 
meridional and zonal, examined in detail earlier reveal that ice concentrations seldom fall below 
90%, outside coastal and MIZ locations, throughout the autumn and winter. WWSP 
observations also suggest that low concentrations are only localised within the MIZ of the 
advancing pack. 
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The accuracy with which open water fraction can be determined from space depends upon 
the degree to which all the factors affecting it can be unambiguously distinguished. Great care 
must be taken in interpreting multi-spectral PMW data collected over the SSIZ of the Weddell 
Sea; it has already been stressed, for example, that the vast pancake fields forming the huge 
advance, although generally forming a continuous cover, may be "interpreted" by the SMMR as 
a lower concentration cover. This has important implications, as heat transfer from water to air is 
significantly reduced by pancake ice. 

The amount of open water is observed to be generally in phase with the amount of ice 
coverage during the growth period. A sharp peak occurs in the open water maxima at the time 
that the pack is undergoing its maximum rate of areal decrease, when no refreezing occurs to 
replace the ice that is advected out to warmer seas to be destroyed. Peaks in open water amount 
occur at times of maximum ice extent during the late austral winter and spring. Looking at the 
time series of PMW data from 1978 - 1987, Gloersen and Campbell (1988) report that the 
maximum open water (18%) for Antarctica occurred in the austral spring. This is followed by 
extremely rapid declines in open water amount until both it and the total ice extent are almost in 
phase again at the minimum. In the Antarctic, oscillations in maximum open water with periods 
of 60 - 80 days appear in most years (Gloersen and Campbell, 1988). 1980 is no exception. 

The open water fraction increases linearly for about 9 months from February to November 
before decreasing sharply. There is, however, considerable monthly variation from the mean 
(Zwally, 1984). As would be expected, the total open water area within the pack increases 
during the growth season as the total ice extent expands. The amount of open water is also 
related to the mean ice concentration. The area of open water then continues to increase for one 
to two months after the time of maximum ice extent, a feature which is also shown by the faster 
decrease in the actual ice area than in the ice extent soon after their maxima (Zwally, 1984). This 
continued increase during the early stages of the decay season is consistent with a rapid early 
decrease in areas of highly concentrated ice and a corresponding decrease in mean concentration 
(Zwally et al., 1983a). It is important to note that a highly compact ice cover is maintained in the 
western Weddell Sea by divergent forces. 

6.10 Decay of the Weddell Sea ice cover 

By day 269 (late September), there are already signs of breakup in one of the areas first 
engulfed by the rapid initial advance of ice from the tip of the Peninsula the previous autumn i.e. 
the South Orkneys (figure 6.66). At this location, an area of lesser ice concentration ( 40 - 60%) 
eats its way southwards from the MIZ into the high concentration core. Along the ice edge 
proper, an outgrowth of ice is often accompanied by a poleward indentation in adjacent 
longitudes, leading to the highly complex shape of the ice edge, thereby suggesting that ice is 
still being supplied from the south. Mesoscale oceanic eddies and meanders propagating from 
west to east along the oceanic boundary marking the southern limit of the ACC undoubtedly 
play a role in sculpting the ice edge. 
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Figure 6.66: SMMR image of ice concentration, days 269 and 271 combined, 1980. 

The first signs of the ablation of the internal pack from within occur on day 299 (late
October i.e. mid-spring) with the appearance of a lens of lesser (by 5%) concentration ice, 
centred on 67°S, 40°W and present for 3 days only (figure 6.67). This is well within (by 20 
days) the transition to temperatures above freezing point seen in the record of 1405 (figure 
5.15). Similarly, a small area appeared in the southern Weddell Sea on day 275 (at 74°S, 
38°W), and remained in the same position until day 299; this could be related to a localised 
change in snow cover properties related to thaw-freeze cycles. Brightness temperatures in the 
Weddell Sea region are obseived to have considerable latitudinal variability, and it is not known 
what is primarily responsible for this. Long period brightness temperature variations are due 
either to small linear changes in ice concentration and/or to variations in the physical temperature 
of the radiating portion of the ice. These variations commonly have periods of 2 - 4 weeks, and 

' as such are probably forced by the passage of large scale weather systems, which they may lag. 
Sudden jumps in brightness temperature (and thus emissivity and concentration) mark the onset 
of melt in the region or the passage of particularly violent storms/wave events. 

Classically, the MIZ has been viewed as a region of both ice formation and, depending on 
the stage in the growth season, destruction. Its development in ·the Weddell Sea appears to be 
cyclic, with 3 - 5 day periods of divergence alternating with similar periods of convergence (e.g. 
figure 6.27). When the prevailing wind is northerly, carrying warm air from the open ocean 
over the ice, the melting can be catastrophic. Storms tend to generate significant swell, which 
can have a drastic effect on floe fracture, rafting and ridging, and hence floe size distribution, to 
considerable distances into the MIZ. The ice edge tends to retreat under these conditions. 
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Figure 6.67: SMMR image, days 299 and 301 combined, 1980. 

Figure 6.68: SMMR image, days 311 and 313 combined, 1980. 

By September, the ice edge is no longer rapidly advancing; a transition period has been 
entered. The edge "hovers" at this time, and suffers a series of periodic breakups. When 
southerly winds occur late in the season, the MIZ diverges and advances. The fractured floes at 
the extreme ice edge are dragged out as bands of wet pancakes into the open ocean, where they 
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melt rapidly. An extremely good example of this type of disintegration occurs on days 307 - 15 

at 57.5°S, 39°W; a large tongue of low concentration (30 - 40%) ice has been channelled 

perpendicular to the E-W trend of the ice edge to extend about 220km into the open ocean (figure 

6.68). The outer 110km of the streamer gets cut off from the main pack on day 313, to be 

destroyed in the hostile open sea_by day 315 (figure 6.69). This single event alone involves the 

destruction of an estimated 3,500km2 of ice (assuming that the mean concentration was 35% ). 

Breakups are interspersed with calmer periods, when new pancake and nilas growth can occur 

in leads and polynyas between the bands in a manner observed earlier (Casarini and Massom, 

1987). 

A few events of a similar magnitude greatly change the character of the MIZ ice cover and its 

ice edge configuration. Carsey et al. (1986) have used Shuttle Imaging Radar-B (SIR-B) SAR 

imagery from October 1984 to investigate the Weddell-Scotia Sea MIZ. They discovered ice 

edge bands near the South Sandwich Islands, with dimensions of about 0.5 x 10km and 

composed of fragments of wet ice, similar to those encountered at the Bering Sea ice margin 

(Martin et al., 1983). Thus, the removal and melt of ice by the formation of bands, blown away 

from the main pack by off-ice winds, may contribute significantly to the overall ablation of the 

southern pack in the MIZ, particularly late in the season. Other processes such as wave radiation 

pressure (Wadhams, 1983) or the reduction in water drag caused by melting (McPhee, 1983) act 

to form and accelerate the bands. The atmospheric boundary layer model of Overland et al. 

(1983) confirmed that changes in the drag coefficient across the MIZ can lead to regions of 

convergence and divergence in the wind field during off-ice winds. Winds accelerate at the ice 

edge as a result of reduced friction and baroclinic forcing. 

Figure 6.69: SMMR image of ice concentration, days 313 and 315 combined, 1980. 
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The concentration gradients are 0.106, 0.099 and 0.149%km-1 along the 45.5°, 40.5° and 

36°W transects respectively, signifying that the MIZ is now wider than it was during the period 

of maximum growth. The state of the pack remains relatively stable until day 313, when the 

lower concentration lens reappears in an elongated form centred on 43°W, 68°S (figure 6.69). 

Over the subsequent period, this lens expands in all directions, eating into the heart of the inner 

pack and joining up with the MIZ by day 323 (figure 6.70). By day 329, the high concentration 

inner pack is disintegrating rapidly everywhere apart from in the southern and western Weddell 

Sea (figure 6.71). One notable feature is the well developed spatial coherence in concentration 

changes near the ice edge over large distances, suggesting that the radiometric signature of the 

surface can be reliably monitored with the SMMR. 

Reductions in concentration occur at the same time along the southern coastal strip from 

20°E to 15°W on days 303 - 15 (compare figures 6.72 and 6.69). This major event is discussed 

in detail by Comiso and Gordon (1987). It can be seen from the sequence of images from day 

311 to day 331 (when the satellite and buoy records end) that the large-scale reduction in 

concentration event centred on 5°E is highly significant as a means of accelerating the 

disintegration of the Weddell pack further to the west (figures 6.68 to 6.71, and 6.73 to 6.75). 

Ablation proceeds on all fronts apart from the west, where the compact lens adjacent to the 

Peninsula, first encountered on day 51 in these data, remains remarkably coherent to provide the 

springboard for the next year's ice growth. From October onwards, therefore, decay takes place 

not only at the ice edge but also throughout the inner pack, with the notable exception of the 

southern and western Weddell Sea. The SMMR imagery during this phase is characterised by 

significantly larger (i.e. 10 - 20%) fluctuations in ice concentration than occurred throughout the 

late autumn-winter. 

Figure 6.70: SMMR image of ice concentration, days 323 and 325 combined, 1980. 

219 



--- ----

Figure 6.7l: SMMR image of ice concentration, days 329 and 331 combined, 1980. 

- - - .-

Figure 6.72: SMMR ice concentration map, days 303 and 305 combined, 1980; 

The strong seasonal decay in summer of areal extent (from 8 - 10 x 1Q6 to 2 - 3 x 1Q6km2) 

starts in regions with high concentrations (greater than 85%) in mid-October and in regions of 
low concentrations (greater than 15%) in November. This phase shift of 1 to 1.5 months is 
thought to be linked to the formation and maintenance of polynyas and extensive lead systems 
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Figure 6.73: SMMR image of ice concentration, days 325 and 327 combined, 1980. 

Figure 6.74: SMMR image of ice concentration, days 327 and 329 combined, 1980. 
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Figure 6.75: SMMR image of ice concentration, days 331 and 333 combined, 1980. 

due to the divergent wind field in areas with a concentration of greater than 85% (Gordon, 
1981). The decay of the latter is more spectacular. Decay processes accelerate from mid
November (day 315) onwards, with sea ice virtually disappearing over the deep Weddell Sea; 
the initial stages of this phase can be seen in the final images of this study period (figures 6.68 
to 6.75). Melt/thaw, following a warm period, is evident in November from the dramatic 
increase in the scattering of points above the line AB (figure 4.3), and has been commented on 
previously by Comiso and Sullivan (1986). Enhanced scattering of points lower than the 100% 
line indicates the presence of leads within areas represented by these points. The onset of decay 
or breakup of the ice cover in December manifests itself in a similar manner, with an even 
greater scattering of points; the gradual breakup of the ice cover is also mirrored by the data 
points getting consistently closer to the ocean cluster CE. An increase in ~cattering of points 
above the 100% line also indic;ates an increase in atmospheric water vapour and/or precipitation. 

Radiational heating from within leads islikely to be a very important process, in addition to 
ablation of the lower and upper surfaces of the ice. During summer, an open lead absorbs 
greater than 90% of the incident shortwave radiation, mainly in the upper 2m of water (Maykut, 
1985). This energy is mainly used to melt the ice; only a small proportion is accumulated directly 
in the water column. Lateral melting is an especially efficient process for a number of reasons. 
Primarily, the uppermost 1 - 2m of the water column, in calm conditions, are warmer than the 
underlying water. Moreover, turbulence and wind-wave motion increase the melt rate (although 
wind mixing tends to negate the effect of solar radiation absorption). Finally, a floe generally 
contains weak layers into which water can penetrate, destroying the structure from within. 
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Lateral melting of floe edges is thus a widespread process, causing a decrease in 
concentration and an increase in open water area. This represents a positive feedback process 
which affects both the rate of retreat of the ice edge and the overall heat and mass balance of the 
pack (Langleben, 1972). As the ice cover breaks up from within, the probability that heat 
absorbed in leads will be lost to the atmosphere or underlying ocean decreases, and the amount 
of heat transferred to floe edges increases. Lateral melting is especially effective when there is a 
high floe number density and a large length of floe edge per unit area exists; as the ice edge is 
approached, the diameter of the floes decreases, and the floe perimeter increases by a large 
factor. In summer, this increases the contribution made by lateral melting to the overall melt rate. 
Simple model experiments by Perovich (1983) show that, for a given ice concentration, the rate 
of lateral decay depends directly on the number of leads present i.e. on the total floe perimeter. 
Ice concentration alone is therefore inadequate to characterize the state of the summer ice cover. 

Heat from the deep ocean must also play a role in the seasonal decay, although its overall 
significance has never been fully investigated in the field. Gordon (1981), based on theoretical 
considerations, argues that deep ocean convection, which transports warmer water from below 
the pycnocline to the surface, plays an equally important role alongside the ocean-atmosphere 
heat exchange. In areas with an ice concentration of greater than 15% in mid-October, the 
atmosphere-ocean heat flux serves mainly to increase the ice temperature. He postulates that the 
massive reduction in ice extent between mid-November and mid-January requires a heat flux of 
64Wm-2 for an ice cover of mean thickness 1.25m to disintegrate. He estimates that up to 50% 
of the heat flux necessary to melt the ice could be derived from the water below the pycnocline. 
Based on field measurements collected during the Somov expedition, Maykut (1985) felt that 
uncertainty in this estimate, however, appears to be large. 

The evidence presented in this thesis suggests that Gordon (1981) may be overestimating the 
importance of deep ocean heat in forcing what is a dramatic recession of the S SIZ. Indeed, 
Hibler and Ackley (1983) were able to match the ice cycle of the Weddell Sea in their model with 
a heat flux as low as 2Wm-2 (as opposed to the 30Wm-2 contended by Gordon), but with a 
strong dependence on ice advection. The processes described by Gordon may be locally highly 
significant (e.g. in the vicinity of Maud Rise, where a high degree of melting/reduction in 
concentration occurs deep within the pack from approximately day 300 onwards, a feature 
which is marked MR on figure 6.72 [Comiso and Gordon, 1987]). Heat stored beneath the ice 
undoubtedly contributes to oceanic heat flux and vertical ice melt. However, the present results 
strongly support the following hypothesis. Ice formation processes. dominate ice destruction 
processes from autumn until summer. The supply of ice from the south (by dynamics/advection) 
and the formation of new ice at the ice-ocean interface (by thermodynamics and dynamics) either 
overwhelm (early in the season) or are later in equilibrium with the destructive processes 
constantly at work both around the highly dynamic oceanic perimeter of the pack and within its 
interior. Together, they both force the ice edge to an anomalously low latitude (particularly in 
1980) and maintain the ice edge there for over two months. 
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To underestimate the importance of ice dynamics would be tantamount to missing the crucial 

point: that the Antarctic Peninsula has a profound, and overbearing, influence on the sea ice 

cover of the Weddell Sea; its physical presence sets up a backcloth of extraordinary oceanic and 

meteorological conditions which combine to force the ice to far lower latitudes in the Weddell 

sector than would otherwise be attained. Its continued presence in these latitudes is precariously 

in the balance, highly dependent on both new sea ice formation at the ice edge and the 

continuous advection of ice from the high latitude embayment. When the former all but ceases 

late in the season, the latter must continue if the ice edge is to remain at such low latitudes. In 

effect, it prolongs the season of maximum ice extent until overwhelmed by high insolation at and 

shortly after the summer solstice (Ackley, 1981a). Simultaneously, the supply of ice from the 

south to replace the ice being destroyed both mechanically and thermodynamically at the edge 

and within the MIZ decreases dramatically. The processes of destruction, kept at bay earlier 

during the growth season, now have the upper hand, both within the pack and all along its 

considerable outer perimeter. Ice edge retreat then proceeds rapidly. 

With the exception of the high concentration core region, the inner pack is no longer supplied 

with ice to replace that drifting N/NE. Leads opening under divergent conditions are no longer 

highly productive ice factories, merely open water regions where lateral melting is concentrated 

under the 24 hour solar insolation. The absorption of solar radiation by the mixed layer, both 

inside and outside the ice margin, may be the most important thermodynamic factor involved in 

the recession of the ice edge. Superimposed on this large-scale seasonal backcloth are more local 

and shorter processes. The melt rate depends on the temperature and cloudiness of the air mass 

moving over the ice; generally low pressure systems are associated with heavy cloud cover. 

Gloersen and Campbell (1988) report that the ice surface in the Arctic is frequently wet under 

cloudy and dry under clear skies. Larger melt rates are associated with high sun angle. Melt rate 

at this time is also affected by the presence of a snow cover; the latter acts as an effective 

radiative and thermal blanket, as the thermal conductivity of snow is typically only 1/6 that of sea 

ice (Allison, 1986). Ultimately, however, the SSIZ ice, whether covered with snow cover or 

not, is ultimately overwhelmed by processes of ablation, and rots from within. 

Eicken et al. (1987), during the third leg of WWSP, observed irregular melting and breakup 

of the ice cover from the coast to the ice edge at the beginning of December. Floe sizes tended to 

decrease, and open water areas increase. Within 60km of the coast, the formation of grease ice 

and nilas was seen only during an outbreak of colder, clear weather. Freezing was due to long

wave radiation losses and surf ace cooling during hours when the sun was low. Otherwise, even 

though air temperatures remained below freezing, the continuous incident solar radiation 

contributed greatly to the weakening and decay of the pack. 

Lateral eddy heat flux may be also be an important process of destruction. At the ice edge, 

ablation processes may be more controlled by the stripping away of ice into the open ocean and 

by mixing with solar-heated water than by thermal and radiational surface melting. Continuous 

mechanical action by wind, waves and swell assists in the disintegration process. High, 

localized seas and swell are generated every few days in regions where surface winds with 
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speeds of greater than 15ms-1 have occurred. A time delay of 1 day is observed between the 

measurement of high wind speed and the formation of a high-amplitude swell (Guymer and Le 

Marshall, 1981). Once again, the intensity of Southern Ocean storms has been poorly 

monitored. In 1978, the Seasat radar altimeter obtained extensive measurements of surface wind 

and wave fields in the open ocean beyond the ice edge (Swift et al., 1985). Similar data have not 

been collected from space within the ice edge. 

Swell events associated with intense storms seaward of the ice edge are strong enough to be 

of significance not only to the edge itself but also to the interior pack. For example, a single 

event of extreme swell penetration, sufficient to cause ice breakup deep within the pack, was 

observed some 600km from the ice edge, when a swell of 18 - 19s period and 1.5m peak-to

through height passed through for several hours (Casarini _and Massom, 1987). This event was 

violent enough to breakup the ice cover, resulting from the additional stresses imposed by the 

waves causing structural failure. In a few hours, the previously continuous ice cover was split 

into small floes, with few having diameters greater than 50m. Active ridging and rafting 

occurred during this event, resulting in ice thicknesses of greater than 2m with an average 

thickness of 80cm. Also observed was a change in wavelength for waves of nearly constant 

period, suggesting that the ice field broke up sufficiently to change the dispersion relationship 

(Liu and Mollo-Christensen, 1988). Ackley et al. (1982) also observed that noticeable swell 

propagation occurred at great distances from the ice edge during the Somov cruise. One feature 

contributing to this mechanism is the long wavelength (greater than 200m) and high amplitude (5 

- 7m) of swell incident on the ice edge, characteristic of the long-fetch, high wind regime of the 

southern ocean. Similar events during the drift of the Endurance (e.g. on March 30th, 1916) far 

to the west have been reported by Wordie (1921). 

It is important to recall that, during the melt phase, increases in ice concentration inferred 

from the PMW data may in fact reflect increases in emissivity caused by melting of the snow 

cover; consequently, the retrievals may be subject to errors of up to 20%. Fortunately, this effect 

may be restricted to certain localised coastal and outer locations. At this time, other observed 

increases may be real in certain regions e.g. the extreme SW corner of the Weddell Sea, where 

outbreaks of cold continental, katabatic and/or barrier winds may perpetuate ice growth while 

mass destruction is occurring elsewhere. These harsh conditions perpetuate the roughly 0.8 x 

106km2 lens of perennial (MY) ice hard against the Peninsula. Foster (1972) reports on direct 

observation of ice freeze-up events in the Weddell Sea in latitude 75 - 77°S near the ice shelf 

front in mid-summer, probably related to cold air blowing o,ff the continent. Further 

observations (Ackley, 1979b) further north imply that freezing is almost continuous in the 

interior pack during summer. 

Barrier winds, which are strongest from February to May, force the sea ice to pile up to form 

large pressure ridges in the northwestern Weddell Sea (Schwerdtfeger, 1979b). The strong 

deformation in the region is reflected in its mean ice thickness of 3m (compared to 1 - 1.5m 

elsewhere). This figure is locally exceeded by pressure ridges, which can be 10m deep. The 

heavy nature of the ice cover may be an important factor, combined with the harsh environment 
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adjacent to the Peninsula, in preventing substantial melt of the core compared to the surrounding 

ice cover. Ablation via solar radiational heating of open water is thought to be negligible within 

the western, perennial ice cover due not only to the harsh atmospheric conditions but also to its 

compact nature. Strong convergence rapidly eliminates any leads that are present, and the major 

process accounting for the rapid "rotting" of the pack from within elsewhere (e.g. figure 6.74) 

assumes only minor proportions in the west. 

6.11 Long term variability in ice edge location and the overall composition of 

the pack 

To gain further insight into long-term ice edge variability, monthly difference maps can be 

generated. Monthly averages are created from 3-day average maps with appropriate weighting to 

account for missing averages. The retreat in the ice margin from one season to the next (dark 

blue tone), over the entire southern ocean, is clearly indicated in figure 6.76. In this case, the 

map in effect shows the average concentration for September 1980 minus that for June. It is 

immediately obvious that changes at the ice edge are not uniform over different longitudes and 

one period to another. There are further indications that even during the decay season, some 

areas in the pack show increases in ice concentration. This anomalous behaviour is probably due 

to differential wind and surface current-induced ice advection. 

The large-scale behaviour of sea ice in the Weddell Sea sector in 1980 is presented in a 

sequence of ice concentration contour maps (minus March). These 3-level maps are derived 

from monthly averaged data, and produced on a Hewlett Packard image analysis system at 

NASA GSFC (figure 6.77). False colour monthly averaged concentration maps are also 

presented for March, September and December 1980 (figures 6.78 to 6.80). 

Figure 6.76: The difference in average monthly ice concentration, September minus June, 1980. 
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Figure 6.77: three-level contour maps of average monthly ice concentrations (minus March), 
1980. --15% boundary, ........ , 50% boundary, and .............. 85% boundary. 
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Figure 6.78: Mean monthly ice concentration for March, 1980. 

Figure 6.79: Mean monthly ice concentration for September, 1980. 
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Figure 6.80: Mean monthly ice concentration for December, 1980. 

The overall advance, from day 55 to 209, of the pack in the sector containing the buoys is 
presented along meridian 43.5°W in figure 6.81 and 38.5°W in figure 6.82. The transects were 
drawn using methods described in section 6.3. The outstanding feature of both transects is the 
astonishing amount of growth and expansion that takes place between days 95 and 115, both at 
the coast and at the pack-open boundary. Concentration gradients and the mean northward 
displacement speed of the ice edge (represented here by the 50% concentration line) are also 
presented for each of the time segments. 

6.12 The behaviour of the compact core 

One of the most enduring features of the highly variable Weddell Sea ice cover is the high 
concentration (in the range of 102 to greater than 108%) core, present throughout in the extreme 
west but particularly prominent during the phase of maximum growth. On day 51, it forms a 
circular feature approximately 530km in diameter and centred on 72.5°S, 50°W in the SW 
Weddell Sea, hovering over the continental shelf break and with its western margin pressed hard 
against the Peninsula. It remains remarkably uniform both in terms of composition and area, 
suggesting that the ice cover is compact and deformed due to conv'ergent stresses. Its centre of 
&rravity moves slowly northwards to attain a position of 71 °S, 50°W by day 85. From day 87, it 
acquires a southward-stretching limb, running parallel to the Peninsula, and a sub-core (of 
concentrations greater than 106%) reappears in its centre. This feature is very persistent, 
expanding and contracting as it drifts slowly northwards parallel to the Peninsula. First 
encountered at 72.5°S, 52°W on day 51, it does not finally disappear until day 227 at 62.5°S, 
45°W. 
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This remarkable feature maintains its high level of coherence to such an extent that it can 
almost be treated as a fifth buoy in the study of the outflow of ice in the centraVwestem Weddell 
Sea. It drifts almost without deviation equatorwards along the 50°W meridian, parallel to the 
trend of the bathymetry (the 3,000m depth contour). Its net mean drift rate has been estimated to 
be 0.837ms-1 by dividing the distance measured linearly between the initial location of its centre 
of gravity on day 51 to its final position on day 227. This rather high figure must be treated with 
care, as the total distance travelled daily has not been taken into account. 
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Figure 6.81: The growth of sea ice along the 43.5°W meridian over periods of approximately 20 
days from day 55 to 209, 1980. Note that the periods are of unequal length. 

Mean northward 
Days Concentration gradient, %km-1 Days displacement speed, ms-1 

55 0.17 55 - 75 0.064 
75 0.12 75 -95 no change 
95 0. 12 95 - 115 0.282 

115 0. 18 115 - 135 0.026 
135 0.23 135 - 167 0.080 
167 0.28 167 - 209 0.072 
209 0.22 

Table 6.1: Concentration gradients and mean daily displacements of the ice edge from figure 
6:81. 
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Figure 6.82: The growth of sea ice along the 38.5°W meridian over periods of approximately 20 
days from day 55 to 209, 1980. Note that the periods are of unequal length. Negative values 
in the speeds below represent southward movement, positive northward. 

Mean northward 
Days Concentration gradient, %km-1 Days displacement speed, ms-1 

55 0.19 55 - 75 0.089 
75 0.23 75 - 95 -0.090 
95 0.16 95 - 115 0.448 

115 0.12 115 - 135 0.019 
135 0.23 135 - 167 0.100 
167 0.46 167 - 179 -0.160 
179 0.36 179 - 209 0.128 
209 0.17 

Table 6.2: Concentration gradients and mean daily displacements of the ice edge from figure 
6.82. 
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6.13 The major findings, their relevance and limitations in the analysis 

The major findings in this chapter, which have important implications regarding both the 
dynamics and thermodynamics of the Weddell Sea pack, can be summarised as follows: 
1) The discovery that the outer few hundred kilometres of the pack comprises a high 

concentration pancake ice skin rather than a reduced concentration cover of thicker ice species 
has important implications for the modelling of Antarctic sea ice growth and energy 
exchange. 

2) Small changes in the temperature and wind regimes induce large changes in the ice cover. 
3) The large-scale behaviour of the sea ice lags the the cycle of air temperature at the sea surface: 

minimum temperatures occur in mid to late July, whereas maximum ice extent is not attained 
until mid August to early October. 

4) Bathymetric trends play an important role in the drift of the internal pack and the ice edge 
configuration. Mid-ocean islands and their complex continental shelves both block and 
deflect the advancing ice. 

5) Barrier winds have a profound effect on the temperature field, ice production rate and ice 
drift in the western Weddell Sea. The importance of the Antarctic Peninsula cannot be over
emphasised. 

6) The highly consolidated perennial core remains remarkably stable in terms of radiometric 
signature, location and ice concentration. The core is the focal point from which ice growth 
and advection radiate early in the season. 

7) The northward migration of the core underlines the importance of barrier winds in the export 
of ice in the western Weddell Sea to lower latitudes. The data suggest that the core may not in 
fact be multi year, but rather a complex mixture of heavily deformed first and second year ice. 
The residence time of much of the ice cover within the Weddell Sea appears to be less than 
one year. 

8) A broad division can be made between the sectors to the east and west of 35 - 40°W. To the 
west, rapid early advance is activated by a huge temperature drop (on day 94), and occurs 
largely by the addition of pancake ice onto the ice edge rather than by the advection of ice 
formed earlier to the south. The latter adopts a more important role towards and after 
maximum extent, continually supplying ice to maintain the ice edge at its low latitude. The 
buoy drift is almost exclusively meridional to the south of the Antarctic Circumpolar Current. 
Ice growth to the east is zonal with a meridional component, with advance taking place in a 
series of parallel waves. The immense eastward advance of ice fo the south of 70°S and east 
of 40°W is largely against the westward trend of the prevailing ocean currents, suggesting 
mainly thermodynamic rather than dynamic advance of the ice edge. 

9) The relative importance of the u and v components of the ice velocity to the east and west, 
respectively, of 35 to 40°W is reflected in the time lag before the leading edge of ice advance 
attains latitudes to the east of the South Sandwich Islands similar to those to the west i.e. day 
171 versus day 119. 
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10) During ice advance, open water is extensive throughout the pack, but in lower proportions 

overall (i.e. approximately 10% outside the coastal perimeter zone) than previously 

estimated. 

11) Ice edge advance in one sector is often accompanied by recession in an adjacent sector. 

Mesoscale eddies and meanders play a significant role in sculpting the shape of the edge and 

stripping away bands of ice for destruction in the open ocean. Ice edge advance and retreat at 

any given location is cyclic, with periods of 3 - 5 days, corresponding to the passage of 

individual weather systems. 

12) Three distinct seasonal phases are identified in the large-scale behaviour of the ice cover: a 

period of rapid advance (days 51 to 220), a quasi-equilibrium phase (days 220 to 299), and a 

phase of rapid recession (day 300 onwards). 

13) Retreat takes place predominantly westwards during the decay phase. The first signs of 

ablation within the pack interior occur on day 299. 

14) The present findings suggest that deep ocean heat entrained into the ocean surface layers is 

not the main mechanism forcing the rapid seasonal recession of the pack. Dynamic processes 

and the absorption of shortwave radiation in leads may be more important overall. 

The following limitations in analysis have emerged: 

1) Ice concentration increases derived from the passive microwave data and observed at the 

buoys may not in fact be due solely to convergence/new ice production, but rather to sudden 

air temperature increases, causing snow melt and raising the effective emissivity of the 

surface. 

2) Detailed analyses are limited by the nature of the data themselves. The accuracy of sea ice 

concentration retrievals from passive microwave data diminishes in the marginal ice zones 

i.e. where pancake ice growth predominates. The SMMR misinterprets pancake ice and nilas 

as reduced concentration older ice. 

3) The satellite data are of a poor spatial resolution, integrated over large pixels, whereas buoys 

provide spot measurements. 

4) The buoys would have provided more powerful results had they been equipped with current 

meters. 

5) Contemporary surface, oceanographic and meteorological measurements do not exist for 

validation. Interpretations are based largely on a priori experience. 
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CHAPTER 7 

CONCLUSIONS 

7.1 The unique nature of the Weddell Sea and its ice cover 

The application of passive microwave and satellite-tracked buoy data, both individually and 
then combined, is a powerful tool in the study of the synoptic and seasonal behaviour of the 
Weddell Sea pack as it advances equatorwards from its high latitude enclave. The results 
emphasise the complexity of the ice cover behaviour in this region compared to other Antarctic 
sectors, where the pack typically advances northwards and decays southwards. The immense 
significance of the Antarctic Peninsula as both a meridional physical obstacle and a climatic 
divide, largely underestimated or even ignored in previous studies, has constantly emerged. Any 
attempt to understand and model air-sea-ice interactions in the Weddell Sea must treat the region 
as a special case rather than just another sector of the circumpolar Southern Ocean 

Meridional transects drawn through the SMMR-derived ice concentration maps have isolated 
a number of interesting features, including the existence of a high concentration core in the west 
and the cyclical nature of ice edge advance. Ice edge positions and the internal structure of the 
pack, detennined from these data, are reliable and consistent. 

Comparison of daily ice edge and buoy advance data reveals that the relative importance of 
advection and pancake ice growth as mechanisms of ice edge advance display a high degree of 
spatial and temporal variability. The highly compact core of perennial ice, roughly 720km across 
and hugging the coast of the Peninsula, is the focal point from which ice growth and advection 
radiate early in the season. A broad division can be made between the sectors to the east and 
west of 35° - 40°W. To the west, rapid advance is activated in early-mid autumn by a huge 
temperature drop, and occurs largely by the production of pancake ice onto the existing ice edge 
rather than by production within the interior pack. The vast scale of the pancake ice growth has 
been seriously underestimated in the past. 

The individual pancakes consolidate in a few days to form an almost continuous cover, 
which in undeformed regions seldom attains a thickness greater than about lm. Ice ridges and 
hummocks are widespread thr~mghout the pack, although mean ridge amplitudes are generally 
small ; a major exception occurs in the NW of the region, where the pack is highly deformed. 
The kinematic data, reflecting the differential motion of the buoys forming the array, quieten 
after an initial period of high activity, indicating a consolidation of the existing ice cover and a 
damping of free drift. 

This thermodynamic advance of the ice edge leaves the slower drifting buoys far behind to the 
south. Once the ice edge reaches lower latitudes (approximately 62°S) soon afterwards, it comes 
strongly under the influence of the Antarctic Circumpolar Current (ACC). From this point 
onwards, the buoys accelerate in their meridional drift at a time when ice edge advance 
stabilises, until they too enter the ACC and adopt a largely eastward drift. Western boundary 
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currents affect northward drift over the entire sector from the Antarctic Peninsula to 35°W. 
Advection of existing ice from the south thus adopts a more important role later in the season. 
Growth of new ice both in leads created within the pack as it expands and at the edge now 
predominates, with the former adopting an increasingly important role as the season progresses. 

To the east of 35°W, however, the formation of vast, unconstrained pancake fields radiating 
out from the eastern ice edge appears to more important in accounting for the rapid eastward and 
northeastward expanse than advection of older floes from the S and SW. The relative 
importance of the u and v components of the ice velocity to the east and west, respectively, of 
35° - 40°W is reflected in the time lag before the leading edge of ice advance attains latitudes to 
the east of the South Sandwich Islands similar to those to the west i.e. day 171 versus day 119. 
The buoy drift in the west (to the south of the ACC) is almost exclusively meridional; retreat 
takes place predominantly westwards during the decay phase. Ice growth to the east is zonal 
with a meridional component, with advance taking place in parallel waves. Maximum extent is 
thus reached at widely differing times along different meridians. 

The influence of the eastward flowing ACC/west wind drift to the north of 64°S is great. 
North of 64°S, the presence of eddies suggests that the buoys may be in a state of largely free 
drift, with a less consolidated pack and a higher degree of divergence. The closer to the 
Peninsula a parcel of ice is, the further north it must travel before entering the WWD. 

During the expansion in ice extent, open water is extensive throughout the pack, but in lower 
proportions overall (i.e. approximately 10% outside the coastal perimeter zone) than previously 
estimated. Concentrations are high even within the marginal ice zone. Although increases and 
decreases in ice extent and concentration dominate in winter and summer respectively, 
significant departures from the mean do occur. 

The results presented show that the Weddell Sea ice cover is not exclusively divergent in its 
mean behaviour, and agree with Ackley (1979b) that the regions to the south and west may be 
sites of net Ekman convergence. To the west of 35°W, periodic east-west departures from the 
mean northward drift field, and complete reversals in drift, are linked to periodic meridional 
shifts in the Antarctic circumpolar trough and the passage of low pressure centres. Although 
they are mainly short-lived events, major exceptions occur. The interior pack to the west is 
observed on a number of occasions to shift en masse, over scales of hundreds of kilometres, 
from W to E away from the Peninsula, thereby opening up leads and shore leads in which 
heavy ice formation can take place. Twenty days later, the pack swings back from E to W, 
setting up convergence against the Peninsula to compress the newly formed ice and increase the 
ice concentration. Remarkably, the buoys return to almost the exact location from which they 
originally departed eastwards before continuing northwards. It is thought that such periodic 
alternations between divergent and convergent conditions are fundamental to the maintenance of 
the highly compact and heavily deformed perennial ice core. 

At some distance from the coast and at time scales of greater than 1 day, sea ice moves largely 
in response to the synoptic surface wind field , ocean currents and the effects of internal 
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horizontal ice stresses. The latter attain significant proportions in the west, where the core 
effectively impedes westward progress. Ice typically alternates between diverging and 
converging motions over periods of days, producing continual changes in the amount of open 
water, ice production and ridging/rafting activity. High frequency and amplitude departures, 
small individually but significant when integrated, are superimposed upon mean seasonal and 
large scale motions, driven by the synoptic meteorological conditions and the Weddell Gyre. 
The latter has often been described as being sluggish; from the sparse data set available, it has 
been believed that characteristic velocities are only about O.Olms-1 in the interior and 0.05ms-1 
in the western boundary currents (WMO, 1985). Mean daily drift rates from within the central
western Weddell pack, presented in this thesis are everywhere significantly higher; very high 
figures (up to 0.8ms-1) have been recorded on a number of occasions, and early in the growth 
season in particular. 

Ice forced against the coast converges, strengthens and eventually becomes strong enough to 
resist further deformation. Should on-shore winds persist, a zone of quasi-motionless ice can 
widen to several hundred kilometres (Pritchard, 1977); these periods show up in the drift data 
as oscillations of 4 - 5 day duration. On the other hand, it may be that increased ice interaction 
near the Peninsula causes the ice to turn northward with a greater velocity than was simulated by 
the model of Hibler and Ackley (1983). Present observations suggest that both situations 
alternate in predominance. 

The reservoir of "multi-year" ice surviving along the east coast of the Peninsula, its E margin 
overlying the continental shelf break, remains radiometrically stable at SMMR frequencies, and 
contains a core of consistently high concentration ice. These features imply that it has a compact 
nature which is maintained both by the particularly harsh climatic conditions prevalent adjacent 
to the Peninsula and a high degree of convergence. Its migration northwards, monitored on the 
passive microwave data, underlines the importance of barrier winds in the northward export of 
ice in the western Weddell Sea to higher latitudes. The data suggest that the core appears not to 
be stationary. Consequently, the perennial ice core may not in fact be multi-year at all, but rather 
a complex mixture of heavily deformed, consolidated first year and second year ice. 

Further to the east and in the vicinity of the buoys, the passage of individual atmospheric 
disturbances assume a key ~ole both in driving the ice equatorward and forming new ice. The 
temperature and pressure data do not support the concept of a quasi-stationary low pressure 
centre over the central-eastern Weddell Sea as the main mechanism forcing the buoys 
predominantly northwards to the west. Alternatively, the evidence' supports the view that the 
frequent passage of cyclones and barrier winds are both important mechanisms. The broad 
agreement between rises in pressure and falls in temperature indicate that stable air masses of 
continental origin are at work. Outbreaks of cold continental air alternate with incursions of 
warm (relatively) air from the open ocean equatorward of the ice edge. Anomalously warm 
conditions were recorded as far as 1,300km in from the edge. 

Bathymetric steering plays a role in determining Antarctic ice drift that has been consistently 
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underestimated in the past. The three island groups that come into contact with the pack towards 
its maximum extent (the South Orkneys, South Georgia and the South Sandwich Islands) have a 
significant localised effect. Their complex bathymetries either deflect or impede the progress of 
the ice. The South Sandwich chain act as an ice trap, and their. presence is felt in the ice cover far 
beyond their immediate locale. 

On the strength of the DKP results, periods of free drift related to a mean divergence of the 
ice velocity field, when the internal ice stress is negligible, appear to alternate with periods of 
convergence, resulting in an increase of ice interaction processes. The latter are more common 
towards the Peninsula. A remarkable coherence is noted in the response of the buoys (ice) to the 
passage of an intense storm. Even though they are hundreds of kilometres apart, the area of ice 
that they enclose moves almost as a rigid block. Only when they enter the ACC (at different 
times) does the array elongate and rigid block motion break down. 

Five distinct latitudinal and/or temporally distinct meridional drift regimes are identified in the 
buoy data: 

1) poleward of 70 to 70.5°S (days 49 to 110); 
2) 70 to 70.5°S to 69 to 68°S (days 111 to 120); 
3) 69 to 68°S to 63 to 64°S (days 121 to 214) 
4) 63 to 64°S to 62°S; and (days 215 to 256) 
5) equatorward of 62°S (days 257 to 331). 

The ice edge region is exposed to violent southern storms, and is both an ice birthplace and 
graveyard. It is not surprising, therefore, that the most rapid changes are observed within the 
marginal ice zone and at the ice-ocean boundary itself. The marginal ice zone identified on the 
SMMR data is consistently wider in the NW than in the NE. Growth/advance in one sector is 
typically accompanied by destruction/recession in an adjacent one. Peak ice edge velocities (up 
to approximately 0.19ms-1) occur at different times along different transects. At maximum 
extent, the ice edge fluctuates across a mean latitude of approximately 55°S in 1980. Sudden 
changes in wind direction can lead to rapid changes in ice concentration at the ice edge. Apart 
from dramatic concentration reductions around the coastal perimeter of the Weddell embayment, 
concentrations elsewhere seldom fall below 90%. 

Signs of decay appear on_ day 269 in one of the regions first engulfed by the plume of ice 
growth early in the season i.e. the South Orkney Islands. Mesoscale eddies and meanders, 
which propagate from west to east along the oceanic boundary marking the southern limit of the 
ACC, play a role in sculpting the highly complex shape of the ice edge at maximum extent. Ice 
edge development is cyclic, with 3 - 5 day periods of divergence alternating with similar periods 
of convergence. At the ice-ocean boundary, ablation processes include the stripping away of 
bands from the ice edge and mechanical destruction by waves/swell. The first signs of ablation 
within the interior pack occur on day 299. 

The evidence presented in this thesis suggests that Gordon (1981) may be overestimating the 
importance of deep ocean heat in forcing what is a dramatic circumpolar recession of the SSIZ. 
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Heat stored beneath the ice undoubtedly contributes to oceanic heat flux and vertical ice melt. 
However, the present results are more in line with the conclusions of Hibler and Ackley (1983). 
The supply of ice from the south (by dynamics/advection) and the formation of new ice at the 
ice-ocean interface (by thermodynamics and dynamics) either overwhelm (early in the season) 
or are later in a state of quasi-equilibrium with the destructive processes constantly at work both 
around the highly dynamic oceanic perimeter of the pack and within its interior. Together, they 
both force the ice edge to an anomalously low latitude (particularly in 1980) and maintain the ice 
edge there for over two months. 

To underestimate the importance of ice dynamics would be tantamount to missing the crucial 
point: that the Antarctic Peninsula has a profound, and overbearing, influence on the sea ice 
cover of the Weddell Sea. Its monumental physical presence sets up a backcloth of 
extraordinary oceanic and meteorological conditions which combine to force the ice to far lower 
latitudes in the Weddell sector than would otherwise be attained. The continued presence of ice 
in these latitudes is precariously in the balance, highly dependent on both new sea ice formation 
at the ice edge and the continuous advection of ice from the high latitude embayment. When the 
former all but ceases late in the season, the latter must continue if the ice edge is to remain at 
such low latitudes. In effect, it prolongs the season of maximum ice extent until overwhelmed 
by high insolation at and shortly after the summer solstice (Ackley, 1981a). Simultaneously, the 
supply of ice from the south to replace the ice being destroyed both mechanically and 
thermodynamically at the edge and within the MIZ decreases dramatically. The processes of 
destruction, kept at bay earlier during the growth season, now have the upper hand, both within 
the pack and all along its considerable outer perimeter. Ice edge retreat then proceeds rapidly. 

With the exception of the high concentration core region, the inner pack is no longer supplied 
with sufficient ice to replace that drifting north and northeastwards. Leads opening under 
divergent conditions are no longer highly productive ice factories, merely open water regions 
where lateral melting is concentrated under the 24 hour solar insolation. The absorption of short 
wave radiation by the mixed layer, both inside and outside the ice margin, may be the most 
important thermodynamic factor involved in the recession of the ice edge. Superimposed on this 
large-scale seasonal backcloth are more local and shorter processes. The melt rate depends on 
the temperature and cloudiness of the air mass moving over the ice; generally low pressure 
systems are associated with heavy cloud cover. Gloersen and Campbell (1988) report that the 
ice surface in the Arctic is frequently wet under cloudy and dry under clear skies. Larger melt 
rates are associated with high sun angle. Melt rate at this time is also affected by the presence of 
a snow cover; the latter acts as an effective radiative and thermal blanket, as the thermal 
conductivity of snow is typically only 1/6 that of sea ice (Allison, 1986). Ultimately, however, 
the seasonal sea ice zone ice, whether covered with snow cover or not, is ultimately 
overwhelmed by processes of ablation, and rots from within. 

In summary, three distinct seasonal phases can be distinguished in the large-scale behaviour 
of the Weddell sea ice cover: 
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1) Rapid equatorward and E advance of the ice edge from the surviving core in the extreme 
west. From approximately day 51 to day 220, equatorward advection of ice formed in the 
south and rapid pancake ice growth both in leads within the pack and onto the existing ice 
edge far outweigh the ability of the ocean and atmosphere to destroy the ice cover faster than it 
is formed. 

2) A quasi-equilibrium (steady-state) phase, lasting from approximately days 220 to 299, 
whereby the opposing forces of ice advection/formation and destruction balance each other to 
maintain the position of the ice edge as a whole. The length of this period depends largely on 
the continued supply of ice from its origin in the south to replace that being destroyed. 

3) The phase of rapid recession in sea ice extent, from approximately 300 onwards. During this 
period, ice cannot be supplied ice fast enough to maintain the position of the ice edge at low 
latitudes i.e. destructive/ablation processes begin to overtake and then far outweigh the 
growth of new ice at the edge itself and the advection of older floes from the south. 
Disintegration takes place both at the outer edge and within the pack itself; areas of open 
water enlarge to honeycomb the pack, reducing its overall concentration and thus its ability to 
resist further destruction. Although dominant, ablation processes are, however, by no means 
exclusive throughout the pack. In certain locations, and particularly towards the coast in the 
south, extremely cold winds may blow from the continent to have a significant effect on near
shore ice production at a time when ablation is widespread elsewhere (particularly within the 
MIZ). 

7.2 Future needs and recommendations 

In 1980, data collection and target tracking from polar orbiting spacecraft was in its infancy. 
The NIMBUS RAMS system broke the ground for future technological developments, including 
the operational ARGOS system flown on the operational NOAA satellites. The experience of the 
1979 and 1980 CRREL buoys laid the foundations for subsequent successful programmes. In 
1986, two NERC funded ARGOS buoys were deployed as part of the Winter Weddell Sea 
Project, and 8 buoys were deployed by Heinrich Roeber of the German Meteorological Institute 
in the Maud Rise region. Together, these programmes convince that it is essential to maintain a 
buoy programme in the Weddell-Enderby Basin. 

In 1989, as part of the UK contribution to the World Ocean Circulation Experiment 
(WOCE), the Scott Polar Research Institute is deploying 7 more ARGOS buoys, all equipped 
with 1 Orn current meters and pressure and wind sensors; four will form a mesoscale array in the 
eastern Weddell Sea, while the others will generate a basin-wide array. A second wave of 
buoys, to be launched on the demise of the first buoys, will not only maintain the WOCE 
contribution but will also validate ice motion results derived from the ERS-1 synthetic aperture 
radar (SAR) data. In addition, the buoys will be of immense importance to the Fine Resolution 
Antarctic Project (FRAM) project currently underway. Under the aegis of the European Space 
Agency Programme for International Polar Oceans Research (PIPOR) (ESA, 1985), sea ice 
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motion in the Weddell Sea will be analysed using pattern matching techniques on successive 
SAR images from the ERS-1 satellite (to be launched in 1990 at the earliest). This approach will 
potentially allow much improved kinematic analyses. SAR will never completely replace the 
relatively cheap and simple buoys as a means of tracking ice parcels; the former cannot yield 
meteorological data over ice. 

As yet, therefore, the launch of buoys will remain sporadic, subject to the efforts of 
individual research institutions with only limited international coooperation. Strong arguments 
exist for the establishment of a co-ordinated buoy array network in the Weddell Sea, as its 
operation would greatly aid in the interpretation of data from present and future multispectral 
microwave space borne sensors. The linking of an ice-covered Southern Ocean buoy 
programme with that of the Arctic is highly desirable. This strategy, whereby data from the 
earliest array (Ackley, 1979a) will be assimilated with subsequent data, will enable interannual 
comparisons of ice motion, temperature and driving forces. Eventually, the total data set would 
be of sufficient size to allow statistical studies of ice kinematics to be carried out in a manner 
similar to that with the Arctic Data Buoy Program (Thorndike et al., 1983). Here, means and 
standard deviations of ice velocity vectors are used to assess mean divergence, ice production, 
and the mean trajectories and lifetimes of individual floes in response to more accurately defined 
meteorological fields. 

It is indicative of the paucity of reliable data from the extreme western Weddell Sea that the 
drift tracks of the Endurance and Deutsch/and still hold a place in the vanguard of modern 
analyses of the behaviour of the pack there. This inpenetrable region is crying out for a 
concerted research attack with the launch of more buoys, preferably in close arrays (with buoys 
no more than 200km apart). Particular attention should also be paid to a quasi-stagn_ant region of 
the central Weddell Gyre, centred on 65° - 70°S, 20°W and apparent in the composite drift track 
diagram (figure 5.3). Ideally, the buoys should contain both anemometers and current meters. 

The cluster analysis method has proved itself to be a powerful technique, yielding consistent 
rettievals of Weddell Sea ice concentration extent on the mesoscale. It allows for the possible 
future use of three or more channels in the extraction of ice concentration. Comiso (1985) has 
argued that the use of three or more channels simultaneously could improve the ability to 
characterize the nature of the ice cover in greater detail. However, he points out that the 
disttibution of consolidated ice in combined frequency and polarization three dimensional plots 
is not as linear and well defined as in the 37GHz polarization plots. However, the use of a 
combination of three or more channels to determine ice concentration is subject to greater 
uncertainties due to the larger scatter of data points. 

The usefulness of PMW sensing would be greatly enhanced by a more detailed breakdown in 
the classification of Antarctic ice types, particularly regarding the identification of young ice 
(with thicknesses of 10cm to 30cm), new ice (thickness ~10cm) and a distinction between first, 
second and multi-year ice. As SMMR data are averaged over areas of 30 x 30km, the question 
of nonlinear effects in using averaged radiances of ice type mixtures and open water inevitably 
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arises, particularly when distinguishing between different ice types (Gloersen and Campbell, 
1988). Current algorithms tend to assume that the footprint is filled by a combination of only 
three surface types, namely open water, first year and multi-year ice, and two in the case of the 
Weddell Sea (i.e. open water and first year ice). Ambiguities in the interpretation of SMMR data 
occur due to a possible non-linearity in the mixing of the various ice types within the IFOV. 
Comiso (1986) finds that several clusters are coplanar when plotted in multi-dimensional space, 
thereby indicating that unambiguous extraction of many ice types and sub-types may not be 
possible using SMMR data. 

Research is continuing in an attempt to derive further species of sea ice from multi-spectral 
PMW data, but this is likely to remain problematical for some time to come. Sensitivity studies 
using radiative transfer modelling should be undertaken to establish which ice signatures can be 
consistently identified, independent of time and location, from PMW data. This study largely 
avoids this contentious area of ambiguity by exclusively using concentration values rather than 
ice types derived from the brightness temperature data. A number of interesting challenges 
remain before sea ice classifications using PMW data can be carried out in the Antarctic. 

Global algorithms must persist in order to yield ice extent and its seasonal/annual variations 
on a consistent basis. The results presented here, however, indicate that present algorithms need 
to be tuned on a regional basis to cope with the very special conditions encountered in the 
Antarctic and in the Weddell Sea in particular. An algorithm that operates well in the interior 
pack may yield unrepresentative results over the more dynamic and complex, and thus 
radiometrically less stable, MIZ. Moreover, it has already been emphasized that, due to the 
subtle and not so subtle differences in the sea ice regimes of the Arctic and Antarctic, an 
algorithm that works well for one polar region is unlikely to be suitable for use in the other. 

An exciting line of research is offered by the development of sophisticated MW scattering 
models (e.g. Winebrenner and Tsang, 1988). Physically-based scattering models are potentially 
a valuable tool in MW remote sensing in that they provide insight and some quantitative 
understanding in cases where purely empirical characterizations are either impractical or 
impossible. Future studies of the EM properties and behaviour of sea ice should include more 
detailed investigations of microstructure i.e. the slope, orientation and distribution of pores and 
channels, and the volume of b_rine and gas present. However, the classification of sea ice in 
terms of specific (unique) emissivities remains a daunting task, and is the subject of intensive 
research both in the field and under rigorously controlled laboratory conditions. 

The number of variables required by radiative transfer models and the lack of their accurate 
measurement in the field renders any strict comparison between theory and experiment less than 
satisfactory. Sensitivity studies should continue with radiative transfer models to determine 
which ice signatures can be consistently identified, independent of location and time, from the 
data set. Because the MW frequencies employed "penetrate" the surface by only a few 
wavelengths (i.e. a matter of ems), an improved knowledge of the surface and near-surface 
properties is of paramount importance for the interpretation of MW data. New techniques can 
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then be developed for retrieving ice parameters from satellite MW data. An improved knowledge 
of the surface small-scale geometric shape, layering, density and wetness of the ice, its snow 
cover and the snow/ice interface, which is seldom well defined, is therefore essential before 
backscatter and/or emission modelling can confidently proceed. To this end, research is taking 
place both in the field and with ice grown under rigorously controlled conditions e.g. the tank at 
the US Army Cold Regions Research and Engineering Laboratory in Hanover, New Hampshire 
(Grenfell and Comiso, 1986). 

The emissivity of the ice cover is unpredictable within the MIZ. It is believed that the SMMR 
largely "misinterprets" the vast fields of growing pancake fields forming the MIZ as a low 
concentration ice cover, even though it forms a continuous cover. This is a serious ambiguity in 
that it has been shown that the generation of vast fields of pancake ice is a major mechanism 
controlling the dramatic advance of the Weddell Sea pack into low latitudes. Observed 
variabilities in target emissivities may, however, be used to some advantage in future studies 
(beyond the scope of this thesis). Due largely to snow cover variations, Arctic multi-year ice 
shows larger polarization at 37GHz than first year ice in late spring and at the same time of day, 
thereby offering a potential means of classifying sea ice under melt conditions (Garrity, 1988). 
Significantly, a stratified snow cover on first year ice causes a decrease in brightness 
temperature and an increase in polarization. The Defense Meteorological Satellite Program 
[DMSP] Special Sensor Microwave Imager [SSM-I]) has, since 1987, put on the mantle 
relinquished by the demise of SMMR the previous year, and includes 85GHz channels for the 
first time in space. It is proposed that such high frequencies offer the potential for distinguishing 
Weddell Sea second year/multi-year from first year ice by their different snow cover properties. 
The rationale behind this is that the snow cover on new/first year ice is generally thinner and 
more saline than that overlying multi-year ice, and radiation at the higher frequency is highly 
sensitive to snow cover variations and near-surface properties. Preliminary results indeed look 
promising (Cavalieri, 1988). 

The use of 87GHz in combination with a lower frequency channel shows strong potential for 
more detailed characterisation of the ice cover. This includes the identification of various new ice 
types and the quantification of varying snow covers and roughness. Although it must be 
weighed against an increase_ in atmospheric contribution, the improved resolution offered by 
higher frequency channels will allow a more accurate delineation of polynya extent and ice edge 
configuration. Future sensors are potentially exciting in this respect. The Advanced Microwave 
Sounding Unit sensor, to be flown on the NOAA "Next" series of -satellites in the early-mid 
1990s, will operate at a range of frequencies never before used in the study of sea ice from 
space, including 166GHz. 

Although stimulating challenges remain, the retrieval of sea ice concentration ·and extent from 
multi-frequency passive microwave data has reached a level of reliability and consistency 
whereby considerable confidence can be placed in the results. Second generation passive 
microwave instruments have laid the groundwork for improvements in third generation 
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techniques. This thesis has identified the region of perennial ice cover adjacent to the east coast 
of the Antarctic Peninsula as a critical focal point in need of a co-ordinated research attack. 
Intensive studies (ideally in the form of an ice camp) to monitor the behaviour of the sea ice 
there, and monitor its radiometric signature, will repay with interest. Having the ability to detect 
and monitor the perennial ice would greatly aid our understanding of the residence time and 
overall mass balance of the Weddell Sea ice cover. 
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APPENDIX 

I Days 61-81 Days 101-39 Davs 155-79 Davs 203-49 
Mean,% 96.720 98.533 100.521 99.142 
Minimum 71.216 91.968 96.000 89.712 
Maximum 102.672 101.840 104.064 103.184 
Range 31.456 9.872 8.064 13.472 
Standard deviation 8.638 2.311 2.524 2.963 
Standanl error 2.604 0.545 0.841 0.618 
Variance 74.613 5.343 6.371 8.778 

Table A.1: Statistics of daily ice concentration data, in %, derived from the SMMR data at the 
position of buoy 0003 on alternate days i.e. days 61, 63 etc. 

Days 61-81 Days 101-39 Davs 155-79 Davs 203-49 
Mean,% 88.948 97.019 94.667 96.086 
Minimum 85.280 89.456 90.672 93.200 
Maximum 92.272 102.56 97.200 101.280 
Range 6.992 13.104 6.528 8.080 
Standard deviation 2.420 3.725 2.519 2.328 
St.:wdard error 0.730 0.648 0.952 0.582 
Vari.wee 5.854 13.873 6.348 5.418 

Table A.2: Statistics of daily ice concentration data, in %, derived from the SMMR data at the 

position of buoy 0035 on alternate days i.e. days 61, 63 etc. 

Days 61-81 Days 101-39 Davs 155-79 Davs 203-49 
Mean,% 68.883 95.191 96.891 99.022 
Minimum 38.048 91.392 92.128 93.248 
Maximum 93.120 99.232 99.376 104.064 
Range 55.072 7.840 7.248 10.816 
Standard deviation 17.946 2.103 0.832 2.637 
St.:wdard error 5.4ll 0.482 6.232 0.590 
Variance 322.075 4.422 2.576 6 .952 

Table A.3 : Statistics of daily ice concentration data, in%, derived from the SMMR data at the 
position of buoy 1405 on alternate days i.e. days 61, 63 etc. 

Davs 61-81 Days 101-33 
Mean,% 98.903 97.760 
Minimum 95.440 94.496 
Maximum 103.472 101.312 
Range 8.032 6.816 
Standard deviation 2.510 1.871 
Standard error 0.757 0.454 
Variance 6.299 6.816 

Table A.4: Statistics of daily ice concentration data, in %, derived from the SMMR data at the 
position of buoy 0621 on alternate days i.e. days 61 , 63 etc. 
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Days 61-81 Pays 101-33 Days 155-79 Days 203-49 

Mean,% 84.941 96.828 97.575 98.397 
Minimum 7L723 93.861 95.349 94.648 

Maximum 94.133 99.909 99.584 102.725 
Range 22.410 6.048 4.235 8.077 
Standard deviation 7.490 1.960 1.374 2.200 
Standard error 2.258 0.438 0.458 0.449 
Variance 56.101 3.840 1.887 4.840 

Table A.5: Statistics of daily ice concentration data, in%, derived from the SMMR data at the 

positions of the three buoys (0003, 0035 and 1405), and averaged on alternate days i.e. 

days 61, 63 etc. 

Days 61-81 Days 101-33 

Mean% 88.364 97.224 
Minimum 78.364 94.085 
Maximum 94.724 99.580 
Range 16.360 5.495 
Standard deviation 5.662 1.607 
Standard error 1.707 0.390 
Variance 32.055 2.584 

Table A.6: Statistics of daily ice concentration data, in %, derived from the SMMR data at the 

positions of the four buoys, and averaged on alternate days i.e. days 61, 63 etc . 

Divergence Vorticity , . Shear deformation Stretch deformation 

Mean -0.460 .024 -0.103 0.088 
Minimum -3.745 -4.681 -4.479 -3.633 
Maximum 4.179 4.681 5.257 2.771 
Range 7.923 10.528 9.736 6.404 
Standard deviation 1.064 1.249 1.254 1.013 
Standard error 0.079 0.093 0.090 0.075 
Variance 1.132 1.560 1.572 1.027 

Table A.7: Statistics of the DKP results for the three buoy array (0003, 0035 and 1405), to IQ-6, 

days 61 to 241, 1980. 

Divergence Vorticity Shear deformation Stretch deformation 
Mean -0.070 -0.127 -7.870E-3 0.215 
Minimum -3.101 -2.951 -4.161 -3.394 
Maximum 3.445 2.480 2.713 2.242 
Range 6.546 5.431 6.874 5.636 
Standard deviation 1.040 0.883 0.956 0.953 
Standard error 0.123 0.104 0.113 0.112 
Variance 1.082 0.780 0.914 0.908 

Table A.8: Statistics of the DKP results for the four buoy array, to 10-6, days 61 to 132, 1980. 
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