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Abstract

Antarctic sea ice plays a major role in the earth system by greatly influencing the high lati

tude exchanges of heat, moisture and momentum between the ocean and atmosphere, as well as 

profoundly effecting the salt budget of the ocean, and thus the production of Antarctic Bottom 

Water, one of the driving mechanisms of worldwide oceanic circulation. With such considerable 

and far reaching impact, it is important to document its climatology, understand its variability 

and quantify its influence.

Climatologies and trends of the Southern Ocean sea ice pack are presented using the most re

cent satellite observations available from the Defense Meteorological Program’s (DMSP) Special 

Sensor Microwave Imager (SSM/I). The analysis of these data show that Antarctic sea ice is 

highly variable in both time and space. Statistically significant increases in the sea ice extent, 

open water and ice areas have been determined from the SSM/I data for the 9 year period 1987 

to 1996, a result which differs from the Scanning Multichannel Microwave Radiometer (SMMR) 

observations (1978-1987). The increasing trend in the SSM/I observations can be attributed to 

the large increases in sea ice observed in 1994-1995, as confirmed by an analysis of data from 

the ERS-1 satellite. The mean season length during these years has remained relatively un

changed. Regional trends, both in the sea ice concentration and in season length, showed vast 

spatial inhomogeneity. SSM/I data displayed increasing season length in the central Weddell 

Sea, Bellingshausen Sea and Balleny Islands regions, with decreasing length in the Amundsen 

Sea, eastern Ross Sea and in the coastal areas off Wilkes Land. Similar trends are observed in 

the seasonal sea ice concentration. In most cases, these trends are opposite to those observed 

in the SMMR data, which may be linked to the shift observed in the Amundsen Sea low after 

1990. Comparisons with historical data would suggest that no large scale anomalous change has 

occurred in the Antarctic sea ice limits over the course of human observation. Furthermore, the 

degree of variability suggests great care is needed in interpreting large scale changes in sea ice 

conditions, and hence atmospheric or oceanic change, from locally observed anomalies.

Case studies of the effect of individual cyclones upon the sea ice concentration show small but

definite modification of the ice conditions. To further diagnose aspects of the thermodynamic and

dynamic forcing upon the Antarctic pack, detailed analysis of the sea ice concentration variability



has been conducted using spectral techniques, and the spectra have been compared to those of 

the European Centre for Medium Range Weather Forecasts (ECMWF) temperature and wind 

data. In all cases, and with the seasonal cycle removed, the sea ice concentration shows a bias 

towards longer timescales of variability than either the wind stress or surface air temperature. 

This “red shift” in its frequency spectrum is strongest with the wind stress, and weakest with the 

temperature. For longer period waves, this may be due to the formation of new ice by surface 

cooling or the moderation of melting by the cold surface water, whereas for shorter period waves, 

where wind stress dominates temperature and ice concentration respectively, time is required for 

winds to draw in warmer or cooler air, as well as to overcome the ice masses inertia and keel 

friction to open or close leads. Strong intraseasonal variability of the sea ice concentration is 

observed in the 20-25 day period, reflecting similar timescales of the temperature variability, as 

well as that of the energetic eddies of the Antarctic circumpolar current. Examination of the 

latitudinal variation of the sea ice concentration, temperature and wind stress spectra showed 

not only the importance of the north-south temperature gradient in influencing the variability, 

but also the seasonal changes in the semi annual oscillation of the circumpolar trough. Regional 

spectra showed clear differences between location, and reflected the influences of the atmosphere 

and ocean upon the sea ice pack. This is clearly shown in the Weddell Polynya region and off 

East Antarctica, with high variability in the synoptic timescales, and in the western Ross Sea 

where changes occur in timescales of greater than 20 days.

In order to determine if satellite derived, real time sea ice concentration and distribution would 

be of benefit to operational numerical weather prediction (NWP) schemes, the effect of sea ice 

concentration change upon the atmosphere in synoptic timescales was examined using a general 

circulation model in conjunction with the Australian Bureau of Meteorology’s GASP analyses. 

Experiments were conducted with a typical July sea ice concentration and distribution, as well 

as slab concentrations of 0, 10, 25, 50, 80 and 100%. Results from 5-day numerical weather 

forecasts show that the central pressure, structure and tracks of individual cyclones are sensitive 

to the ‘switch on’ of different sea ice conditions. Composites of all forecasts made with each 

concentration showed considerable, and mostly statistically significant, anomalies in the surface 

temperatures and turbulent heat fluxes over the sea ice. The magnitudes of these changes varied 

monotonically with the area of open water. The largest changes were simulated closest to the
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coast for all concentrations except for the typical July sea ice run, which displayed maxima over 

the outer pack. Significant westerly anomalies were induced over the ice in all cases, as were 

reductions in mean sea level pressure. The July sea ice runs displayed a distribution of the mean 

sea level pressure anomaly different from all others, with maxima occurring in the central to 

outer pack. All other forecasts displayed maxima at the coast. The results suggest that sea ice 

concentration does induce anomalies in the atmospheric parameters in timescales of less than 

five days. Further, the use of a realistic distribution of sea ice concentration produces results 

distinct from the constant concentration forecasts. Hence it is suggested that real time Antarctic 

sea ice data may be of considerable benefit to numerical weather prediction models.
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Chapter 1

Introduction

1.1 Introductory Remarks

The existence of the Antarctic sea ice pack had only been surmised until December 1772, when 

it was first observed by the crew of the Resolution, lead by Captain James Cook. It was a further 

200 years before satellite observations enabled the pack to be viewed in its entirety, thus allowing 

examination of the Antarctic sea ice pack as a whole. Hence only slowly is a picture emerging of 

a highly complex and variable environment whose influence extends well beyond the Antarctic 

circle.

The sea ice cover in the Southern Ocean encompasses over 19 million square kilometres at its an

nual peak, effectively doubling the area of Antarctica, yet less than 4 million square kilometres at 

its yearly minimum. During this massive annual cycle it causes changes in the ocean circulation, 

atmospheric state, biological processes and ecological behaviors, and via both the atmosphere 

and ocean, has teleconnections to the southern reaches of at least three other continents.

In recent years, the study of Antarctic sea ice has has attracted considerable interest due to its role 

in global climate, and hence in global climatic change ( Mitchell and Senior (1989), Simmonds 

and Budd (1991)). By understanding the variability of the pack and its timescales of interaction 

with both the atmosphere and the ocean, it is possible to accurately include, test and compare
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the impact of sea ice in global climate models. Furthermore, it has been suggested that observed 

trends in sea ice coverage may be a litmus of any enhanced greenhouse warming, as observed in 

current climate models (Manabe et al. (1992)).

Arguably the greatest advance in sea ice research in modem times has been the introduction 

of passive microwave sensors aboard polar orbiting satellites. By using microwave, rather than 

visible or infrared wavelengths to observe the ice, the effects of clouds and darkness (large prob

lems for daily high latitude observation when it is considered that darkness may remain for many 

months, and clouds for the remainder), were removed. Furthermore, the large differences in the 

microwave emissivity of sea ice and open ocean provide a clear delineation of the areas con

taining sea ice and those that are simply water. By further incorporating different microwave 

wavelengths and polarizations into each observation it has become possible to determine the sea 

ice concentration, and even basic sea ice type, at a location.

The first microwave sensor flown on a polar orbiting satellite was the Electrically Scanning Mi

crowave Radiometer (ESMR) (Wilheit et al. (1972), Campbell (1973), Gloersen et al. (1973)), 

which operated on board the Nimbus-5 platform from 1973-1976 (Gloersen et al. 1974(a,b)). 

After 1976, the multi frequency, dual polarized sensor Scanning Multichannel Microwave Ra

diometer (SMMR) flew on board the Nimbus-7 satellite, observing the ice from 1978-1987 

(Cavalieri et al. (1984)), which was followed by the Special Sensor Microwave/Imager (SSM/I) 

on the F-08, F-ll and F-13 platforms from 1987 to the present (Morris (1992)). Despite the 

determination of the sea ice concentration and distribution being dependant upon the algorithms 

used (Bums (1993), Comiso et al. (1997)), the remote sensing of the sea ice has allowed large 

scale observation of the variability and trends of the Southern Ocean sea ice pack (e.g., Glo

ersen and Campbell (1988,1991), Parkinson (1994), Johannessen (1995), Bjprgo et al. (1997), 

Cavalieri et al. (1997)).

The question of whether the sea ice extent is showing changes at present (possibly associated 

with global warming) is one of considerable interest, and a strong justification for the study of 

the high southern latitudes. At present, studies such as those above have shown small, statistically 

insignificant, trends in the sea ice parameters in the Southern Ocean. The limiting factor to these 

studies is the statistical brevity of the time series (Barry et al. (1993a)) and hence it is important
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that works continually update the analyses as new data becomes available. Moreover, the satellite 

observations have demonstrated the large spatial variability of the pack (e.g., Gloersen et al. 

(1992), Parkinson (1994)), and that individual regions may show large fluctuations in their sea 

ice cover (Jacobs and Comiso (1993), Parkinson (1995)).

Furthermore, fluxes of heat, moisture and momentum over ice (Allison et al. (1982), Worby 

and Allison (1991)) and leads and polynyas (Kottmeier and Engelbart (1992)) differ by not just 

orders of magnitude, but sometimes in their sign. Such large variations in the turbulent fluxes 

over the vast areas of Antarctic sea ice have been recognised as important elements in the global 

climate system. This has meant that a considerable amount of effort has gone into the appropriate 

representation of sea ice in global climate models. Such models have been used to determine the 

effect upon the atmosphere when changes in sea ice cover have been imposed (Mitchell and Hills 

(1986), Mitchell and Senior (1989), Simmonds and Budd (1991), Simmonds and Wu (1993)). 

The findings of these studies have suggested that long term decreases in the sea ice cover cause an 

increase in the uptake of the turbulent heat fluxes over the sea ice, thereby dramatically altering 

the temperatures in the troposphere. This induces change not only in the westerly wind shear, but 

results in a climatological reduction in the surface pressure over the sea ice, most likely through 

an increase in the number of cyclones. By reducing the surface pressure at high latitudes, the 

necessary mass balance means that a small pressure increase is spread both to the north and south 

of the pack.

Observational studies have also examined the links between the sea ice and cyclones (e.g., 

Carleton (1985), Carleton and Fitch (1993), Godfred-Spenning and Simmonds (1995)) and hemi

spheric scale phenomena such as El Nino (e.g., Carleton (1988,1989), Gloersen (1995), Sim

monds and Jacka (1995)). These studies have shown that cyclogenesis may be linked to the 

baroclinicity in the region of the sea ice edge, however strong connections only appear to occur 

in certain regions, such as the Ross and Bellingshausen Seas. Likewise, tentative regional con

nections between El Nino events and the sea ice cover, with the ice changes both leading and 

lagging those of the El Nino, were observed. Again, a large problem is the relatively short period 

of satellite observations.
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These studies point clearly at the important role Southern Hemisphere sea ice plays in the current 

and future climate both of the Antarctic and further afield, as well as demonstrating the usefulness 

of the sea ice pack as a litmus to high latitude change. Furthermore, the results shown would 

suggest that there is large scope for further research as the accuracy and length of the satellite 

record is improved, and as sea ice schemes are incorporated into climate, forecast and analysis 

models.

1.2 Aims of this thesis

The primary aim of this thesis is to utilize modem passive microwave observations of the Antarc

tic sea ice to improve our knowledge of the sea ice itself, and its interactions with the overlying 

atmosphere. This will be attempted in three core sections, the aims of which are outlined below.

Firstly, it is important to establish a climatology of the Southern Ocean sea ice pack. This would 

incorporate the determination of mean monthly and seasonal sea ice distributions, the annual 

cycles of sea ice area, concentration, open water area and total extent, as well as the length of 

the annual and seasonal sea ice season. By examining any trends in these variables it may be 

possible to detect changes occurring in the sea ice at high latitudes which which may, in turn, 

reflect larger scale climatic change. Primarily this climatology would establish a clear basis for 

interpreting future results, both for this thesis and for future research.

Secondly, this thesis aims to establish an understanding of the dominant timescales of variability 

of the sea ice concentration, and how these relate to the timescales of change in the main dynamic 

and thermodynamic atmospheric forcings of the pack. Hence some comment may be made 

as to the relative importance of the driving mechanisms of Antarctic sea ice, both regionally, 

latitudinally, and generally. Such knowledge not only adds to the basic understanding of the 

pack, but also provides another measure of the interannual sea ice change, as well as a further 

yardstick for the testing of sea ice model accuracy.
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Finally, having viewed how the atmosphere drives the ice, this study will examine how the ice 

may influence the atmosphere on timescales that may be of use to numerical prognosis and anal

ysis schemes. This incorporates forcing a general circulation model with satellite observations, 

as well as constant concentration slabs, of sea ice concentration. From this, the value of real time 

sea ice observations to numerical weather prediction schemes may be assessed, particularly at 

high southern latitudes where increased air traffic will require higher accuracy forecasts.

These examinations will add to the greater understanding of the Southern Hemisphere ice/atmosphere 

interactions, and thereby aid future research into the vast sea ice region of the Southern Ocean.
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Chapter 2

Literature Review

2.1 Sea Ice Properties and Types

Antarctic (and Arctic) sea ice is frozen sea water. Sea ice formation and growth is an extremely 

complex and intricate process, as is evident from the many and varied ice types, thicknesses and 

concentrations in a typical ice pack. The following is but a brief description of the true nature of 

the ice sheet evolution.

The properties of sea ice are inevitably due to its atomic structure. Frozen H20 is an open, low 

density solid (Weeks and Ackley (1986)) that may have many polymorphs. The most common 

consists of an oxygen atom at the centre of a tetrahedron of four other oxygen atoms, resulting 

in a crystal structure possessing hexagonal symmetry (Hobbs (1974)). This results in the oxygen 

atoms being concentrated along a series of parallel planes, called the ‘basal’ planes. The direction 

perpendicular to this is often referred to as the c-axis.

The regular assembly of oxygen atoms is held in place by a series of hydrogen bonds, these bonds 

obeying the Bernal-Fowler rules: two hydrogens near each oxygen atom, and only one hydrogen 

atom on or near the line between two oxygen atoms (Weeks and Ackley (1986)). The hydrogen 

bonds have particular effect upon the electrical and thermodynamic properties of the ice, whilst
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Figure 2.1 : Temperature of the density maximum tmax and of the freezing point t9 for sea water 
of different salinities. From Weeks and Ackley (1986)

the oxygen bonds effect the way in which ice fractures and grows. This simplified atomic view 

of ice may aid in the understanding of its behaviour on a larger scale.

Although sea ice formation and growth is initiated by the cold overlying air, the speed at which 

it initially forms is essentially governed by the rate of heat and solute dissipation through the 

sea water (Weeks and Ackley (1986)). This factor is the primary difference between fresh and 

salt water ice formation. In fresh water, the temperature of maximum density occurs at 3.98°C 

(Emiliani (1987)), with lower temperatures resulting in a density decrease. Hence once the entire 

freshwater column is cooled (by advection from the overlying air) to less than 3.98°C it ceases 

to overturn and becomes stably stratified, allowing the surface layers to cool to the freezing point 

(0°C ) and freeze. Sea ice formation, however, is far more complex due to the presence of brine; 

a solution of NaCl, MgCl2 and NA2S04 with freezing temperatures as low as 230K (Zwally et 

al. (1983a)).

At salinities greater than 24.7°/00, the freezing point occurs at temperatures greater than the 

temperature of maximum density (Barry et al. (1993b)) (Fig. 2.1). Hence it would appear, due to 

the convective mixing caused by the unstable vertical density distribution, as though the entire 

column must be cooled to freezing before ice could form. However, at the surface, mechanical 

agitation (from the overlying wind and from keel stirring induced by ice motion (Lemke and
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Figure 2.2: Temperature and Salinity vs Pressure (depth) at latitude 66.9°S, 156.4°E, April (Au
tumn) 1995 (1 decibar % 1 metre). The CTD cast was performed within the sea ice by the author 
on the WLEX95 (Collier (1995)) experiment. The upper ten metres (10 decibars) are used to 
bring the CTD to equilibrium, and should be ignored.

Manley (1984))) and brine convection (as a result of ice freezing) result in the surface being well 

mixed down to about 50m (Barry et al. (1993b)), as shown in Figure 2.2.

This surface mixed layer is very cool and also of low salinity (due, primarily, to the previous 

season’s sea ice melt and secondary processes such as precipitation at the surface), resulting 

in the layer being of low density. Below this, salinity increases with depth, with a very rapid 

increase occurring around 200 metres, called the hai odine (see Figure 2.2). These large and 

rapid changes in the salinity creates equally large density gradients. As a result, and particularly 

because of the very low salinity surface water (the upper 50m, as shown in Figure 2.2), decreases 

in temperature of the surface mixed layer do not produce large enough increases in density for the 

surface water to penetrate very deeply. The limited overturning that does occur also transports 

sensible heat away from the lower sections of the layer to the surface, hence increasing the rate 

of cooling of the upper ocean.

Only once the entire surface mixed layer has reached the freezing point may ice crystals form, 

and even then some supercooling is required (possibly only a few tenths of a degree (Untersteiner 

(1986)), as well as condensation nuclei. Once freezing begins, ice crystals, spicules and platelets
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form, creating frazil ice. (All ice classifications described in this section are defined by World 

Meteorological Organization (1970), unless otherwise noted.) These crystals will float to the 

surface, as the solid phase for H20 is less dense than its liquid.

In water agitated by waves a soupy layer, termed grease ice, will form. The mixing of the wave 

action introduces more nuclei into the surface layer as well as overcoming the natural buoyancy 

of the ice. Hence ice crystals may be stirred throughout a depth of several metres (Martin and 

Kauffman (1981)). Other types of wave influenced ‘new ice’ include ‘slush’ (a mixture formed 

from snow and water) and ‘shuga’ (formed from grease or slush ice; a mixture of small spongy 

pieces of ice). In calmer conditions the new ice takes the form of nilas, an elastic sheet of ice, 

0.01 to 0.1m thick. Initially very thin, the nilas thickens by accretion to the base and by “finger 

rafting”, a process whereby one sheet of nilas rides above and below another like interlocking 

fingers. This is a direct result of the elasticity of the ice, and the ease with which the thin layer 

may be sliced. As the nilas increases in thickness the crystal structure reduces the elasticity of 

the sheet until eventually the ice may no longer flex with the wave action, but rather will fracture 

and separate into small floes called pancake ice. These take the form of circular floes, 0.3 to 

3 metres in diameter with raised edges along their rims, a result of the floes colliding with one 

another as they are moved by the wind and wave action.

As more nilas forms between the pancakes they slowly conglomerate, forming consolidated pan

cakes. These have the appearance of many pancakes glued together, and may be 4 to 10 meters 

in diameter. Thickness is typically around 0.1 to 0.15m. Continued joining of the floes cou

pled with the formation of new ice between the floes results in the development of a solid sheet. 

This is referred to as young ice, and is relatively salty because of the brine trapped between the 

crystals (between approximately 4 and 16°/00 ) (Parkinson et al. (1987)).

There are two main classifications for this young ice, primarily associated with the thickness 

and albedo of the sheet. These are grey ice and grey-white ice. Grey ice is generally 0.1-0.15m 

thick and is less elastic than nilas, often breaking on a swell and rafting under pressure, whereas 

grey-white ice (typically 0.15-0.3m thick) is more likely to ridge.
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The processes described above have been referred to as the ‘pancake cycle’ (Lange et al. (1989)), 

and result in a high proportion of frazil ice within the newly formed ice cover. The pancake cycle 

effectively stops once thicknesses of 0.4-0.7m have been reached.

Once the ice has reached a thickness of 0.3 metres it is termed first-year ice, a name it holds 

until it has either melted or survived a Summer melt season. Total thickness may reach 2 metres. 

There are a number of terms for this first-year ice, all primarily associated with their thickness. 

The main three categories are thin first-year ice/white ice (0.3-0.7m thick), medium first-year 

(0.7-1.2m) and thick first-year (greater than 1.2m).

Since the sea ice first appeared as a sheet on the sea surface, it’s (non-deformational) growth 

may be approximated by S teff an’s Law, which relates the sea ice thickness, h(t), to the number 

of days of sub freezing temperatures:

(2.1)

where

where k is the thermal conductivity of the ice, p is the density of ice, Li is the latent heat of 

fusion of water, and Ts is the surface temperature of the ice. The term -0 is referred to as the 

cooling degree days, as the integration is performed for the time (in days) after t - 0 that Ts is 

below the freezing point.

Increases in the sea ice thickness may occur via a number of processes, and it is worthwhile to 

examine these in some detail.

Frazil ice crystals may continue to form below the ice and freeze to the base of the sheet, though 

in a more solid cover this may only occur in regions of supercooled water, such as in the vicinity 

of glacier tongues. Rafting may take place, where one sheet slides on top of another, or ridging
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may occur, where two sheets collide and force the ice together and upwards forming a ridge. 

Allison and Worby (1994) found that East Antarctic sea ice’s primary mechanism for thickening 

beyond 0.2-0.4 metres is these deformation processes. Similar results were also observed for 

the Bellingshausen and Amundsen Seas (Worby et al. (1996)). The other two main forms of ice 

thickening are congelation freezing and snow accumulation.

Congelation freezing results in what is often referred to as columnar ice. Once a sheet has been 

established there is no longer any mechanical agitation of the ocean by wind and waves. Hence, 

rather than frazil ice freezing to the underside of the sheet, the crystals at the base of the ice that 

have their c-axis in the horizontal plane will grow preferentially over those orientated differently. 

The end result is columns of individual crystals, which in the fast ice (ice that is attached to the 

coast) may reach over a metre in length and several centimeters in diameter (Worby, personal 

communication, 1995). In the pack ice off East Antarctica, however, Allison and Worby (1994) 

found congelation freezing rarely exceeds 0.4 metres.

Thickening by snow accumulation, and hence the formation of snow ice, is a process that has 

only recently gained the attention it deserves, as it has been surmised that an enhanced green

house climate may result in an increase in high latitude snowfall, thereby increasing the amount 

of snow ice within the pack (Lange (1991), Eicken et al. (1995)). Sea ice has a density of 

about 900kg/m3, snow a density of approximately 300kg/m3 and water 1000kg/m3. Following 

Archemides Principle, the ice will only displace an equivalent mass of water. Hence a 1 metre 

thick floe will require only 30cm of snow on top to submerge the sea ice, and infuse sea water 

into the snow layer which will freeze. In other words, the ratio of sea ice to snow will rarely be 

less than 3:1 before before the snow layer will start to soak and freeze at its base. As a result, 

there will always be this upper limit to snow depth on sea ice. As shown by Fichefet (1997), the 

process of snow ice formation is crucial in moderating the snow accumulation in the Weddell, 

Bellingshausen, Amundsen and Ross Seas. Lytle and Ackley (1996) also showed that such snow 

ice growth in the Weddell Sea provides a strong salt flux to the upper ocean, even through sea 

ice of around one metre thick. Snow ice may also have a large impact upon radar imaging of 

the pack (Drinkwater and Lytle (1997)) as the freezing of the slush which forms when the floe 

is soaked may reduce the reflection coefficient by an order of magnitude. Jeffries et al. (1997)
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suggest the thermodynamic development of the ice cover itself is moderated by the formation of 

snow ice on the floe surface.

Snow cover may also lead to the formation of superimposed ice (Jeffries et al. (1994)). As 

the upper snow layer melts (by contact with warm air), meltwater percolates through the snow 

cover onto the ice below and refreezes. Deep snow cover would appear to be a requirement, as 

this would provide the insulation to keep temperatures at the snow/ice interface below freezing. 

Superimposed “upward growing” ice below a deep snow cover has recently been observed in 

the Antarctic (Kawamura et al. (1997)and Jeffries et al. (1997)), and appears to only be formed 

during the austral Summer.

The sea ice that survives the Summer melt is officially recognised as ‘second year’ ice, though 

common usage now tends to group this ice type with ‘multi-year’ ice: ice that has survived for 

more than one season. Multi-year ice is clearly distinguished by its uneven surface, its thickness 

and its low salinity (less than l°/00 in the freeboard, and 2-4°/00 below the waterline (Parkinson 

et al. (1987)). The irregular surface of such ice is a direct result of differential melting during the 

Summer season, when meltponds are formed on the surface. Thickness is typically 3-5 metres 

(measured in the Arctic by Barry et al. (1993b)), though it may be thinner on occasion. As stated 

earlier, the principal method of achieving such thickness is through deformation processes rather 

than direct basal freezing. Of interest with multiyear ice is its very low salinity. As the ice ages 

brine drainage mechanisms remove the salt from the sea ice, the two main processes being brine 

pocket migration and gravity drainage.

Brine pocket migration is governed by the temperature gradient in the ice; a result of the temper

ature difference between the surface (exposed to the cold overlying air) and the base (in seawater 

of approximately -1.8°C ) (Jones (1973)). As a result of this gradient, a brine pocket will have 

a cold, saline upper portion and a warmer, less saline, base. Salt will diffuse from the high con

centration top to the low concentration base of the pocket. As the upper portion of the pockets 

become ‘fresher’, its freezing point increases (see Fig. 2.1) hence the upper portion will freeze, 

and correspondingly, ice at the pocket base will dissolve (Weeks and Ackley (1986)). From this 

process a pocket (typically only 4-80/im, but may but may be up to 1mm in diameter) will very
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slowly migrate down through the ice. This process is most effective in Winter when the surface 

temperatures are low. In general, this results in a slow salt release.

The second and dominant process for sea ice salinity reduction is gravity drainage. As the ice 

thickens it will increase its surface height above sea level in order to satisfy hydrostatic equilib

rium, which in turn will produce a pressure head in the brine system (Eide and Martin (1975). 

This is also assisted by the temperature gradient within the ice. The density of the brine in the 

ice is determined by the temperature distribution, with the denser brine occurring with colder 

temperatures. When there is an increase in temperature with depth (as discussed above), an un

stable vertical density distribution will be induced within the brine ‘channels’ (Weeks and Ackley 

(1986)). This results in a convective overturning of the brine, in the process releasing salt from 

the base of the ice.

The end result of these processes is sea ice that rarely contains as much salt as the sea water from 

which it was formed, with older ice tending to be the freshest (though the induction of sea water 

when rafting takes place will often affect the ice’s salinity profile).

A great deal of the ice formation discussed above takes place close to the Antarctic coast, in 

large regions of open water/low sea ice concentration called coastal or latent heat polynyas. 

The term “latent heat polynya” stems from the heat liberated as the ice forms. This latent heat 

of formation limits the rate of ice production, thereby allowing the wind forcing to push the 

ice from the polynya before it can establish any form of solid sheet (Anderson (1993)). These 

polynyas effectively act as ice “factories” (Barry et al. (1993b)), and most probably form at 

times of maximum wind strength off the continent. Murphy and Simmonds (1993) suggest this 

maximum will occur when the sloped-inversion-forced katabatic winds and the synoptic pressure 

distribution-forced geostrophic winds are interrelated. The polynyas are then maintained by the 

katabatics that surge off the continent and across the sea ice, aided by the temperature inversion 

that exists over the ice. (An inversion will suppress the strong vertical motions that will occur 

above open water which would have dispersed and weakened the laminar flow of the katabatic.) 

The katabatics physically push the existing ice northwards, maintaining the open water at the 

coast or at the edge of the shore fast ice. This exposed water then encounters the very cold air 

associated with the katabatics (as this air originated in the high elevation continental interior)
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inducing further frazil ice formation. This whole process forms a positive feedback loop, as 

described in Kellogg (1975), in that the growth of the sea ice expands the total area covered 

by ice and snow. This, in turn, increases the cooling of the surface air and hence promotes the 

generation of katabatic winds. As stated above, this increases the outflow of cold air off the 

continent which further enhances the growth of the sea ice. Pettré et al. (1993) suggest that 

this enhancement of the katabatic winds takes the form of an increase in events, rather than an 

increase in the strength.

Further ice formation takes place in the leads and polynyas within the pack itself. Leads are 

linear cracks in the sea ice cover caused by the movement of the ice, and may contain open water 

or thin ice. These may vary in width from tens of metres to kilometres, with significant leads 

having some correlation with the large scale wind fields (Miles and Barry (1989)). As is the case 

for coastal polynyas, leads are regions of rapid frazil ice growth (Allison and Worby (1994)), 

which in turn will induce nilas formation. Deformation processes will thicken this ice, as well as 

adding to the thickness of the surrounding pack.

Open ocean, or sensible heat polynyas are large expanses of open water/low ice concentration 

with areal extents of up to 350,000km2 Gordon and Comiso (1988)). (A polynya of this type was 

observed in the Weddell Sea, recurring each Winter between 1974 and 1976.) Their formation 

is not completely understood, however it was suggested by Comiso and Gordon (1987,1996) 

that deep convection introduces warmer deep water (measured in the Weddell Sea at greater 

than 0.2°C and 34.67% by Seabrooke et al. (1971)) into the surface layer, thereby inhibiting 

ice growth. The term ‘sensible heat’ polynyas reflects the fact that they are maintained by this 

oceanic heat. Comiso and Gordon suggest that these polynyas are induced by doming of the 

pycnocline, which brings warmer, saltier deep water to the surface. This water will cool and 

eventually descend, maintaining the convection and preventing ice growth at the surface. The 

doming of the pycnocline may be caused by direct wind effects ‘stirring’ the marginally stable 

ocean (McPhee et al. (1996)) or by Ekman upwelling associated with the larger scale wind field. 

Bottom topography (such as Mauds Rise in the Weddell Sea ) and salt rejection by freezing ice 

may also contribute to the initial pycnocline rise. To terminate this overturning, fresh surface 

water is needed to produce a stable surface layer. As precipitation does not supply enough water
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to produce this low salinity ‘cap’ to the convection (Martinson et al. (1981)), the only other 

source is melting sea ice. It is therefore assumed that wind fields drive ice surrounding the 

polynya into the polynya itself, where it will melt producing fresh surface water (Clarke and 

Ackley (1984)). Eventually this prevents the convection reaching the surface, and hence sea ice 

forms over the entire region.

The final property of sea ice relevant to this thesis is the radiometric nature of the ice, as it is 

this which allow its condition to be remotely sensed from satellites. Perhaps the most important 

radiometric property is the microwave emissivity of the ice, which in turn is dependent upon the 

brightness temperature. Brightness temperature (Ts) is a measure of the intensity of microwave 

radiation thermally emitted by an object, and at microwave wavelengths (1mm to lm) is pro

portional to its physical temperature, T. The ratio of the brightness temperature to the physical 

temperature is refered to as the emissivity (e) of an object. This is true for isothermal (and not 

necessarily black) bodies, but as stated earlier, sea ice temperature will vary with depth, getting 

warmer towards the base. Hence an effective physical temperature (< T >) is used which is 

essentially a weighted (by the radiative transfer properties) average of the physical temperature 

over depth (Zwally (1977)).

The equation then writes simply:

E = T„/ < T > (2.2)

The microwave emissivity of sea ice types and open water differs enough to enable remote sens

ing of the sea ice pack (Gloersen et al. (1973)). Three principal types of sea ice may be discerned: 

new ice, first-year ice and multi-year ice (Zwally et al. (1983a)), as well as open water. Tucker et 

al. (1992) states that ice emissivity is a function of the effective surface reflectance and of surface 

and volume scattering. Reflectivity essentially depends upon the distribution of brine, air (which 

may also be trapped within the ice, or may fill spaces previously filled with brine) and solid salt. 

Scattering depends upon the surface roughness and inhomogeneities within the ice, and upon the 

bulk dielectric constant. Salinity also greatly effects the dielectric constant, and hence the optical 

depth, or opacity, of the ice (Gloersen and Larabee (1981)). As a result, for first-year ice with
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Figure 2.3: Schematic of the radiometric and physical properties of the principal types of sea ice. 
From Zwally et al. (1983a)

its relatively high salinity, microwave radiation is emitted from near the ice surface where as low 

salinity multi-year ice tends to emit from close to the sea level and is modified by scattering in 

the freeboard. Snow cover has a large optical depth, and hence has little effect upon microwave 

transmission. As a result, new ice has an emissivity, at wavelengths of 1.55cm and for nadir 

viewing, ranging between 0.45 (for very thin ice) and 0.92. first-year ice has an emissivity of 

approximately 0.92, and multiyear ice around 0.84. By contrast, open water has an emissivity 

of 0.44. (Zwally et al. (1983a)) These large differences in the value of e make differentiating 

between ice and open water relatively clear.

The measurement of sea ice concentration, however, involves observations of the ocean surface 

and ice simultaneously. If the field of view of the satellite incorporates both sea ice and open 

water (with emissivities e* and e0, and physical temperatures < Tj > and < T0 >, respectively), 

then the brightness temperature TB will approximately be the linear combination of the two 

brightness temperatures. Hence, allowing C to be the areal ratio of sea ice to open water, TB can 

be represented by:
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Tb — (1 — C)e0 < T0 > -\-Cei < T{ > (2.3)

Hence the sea ice concentration can be calculated as a function of the brightness temperature 

(Gloersen et al. 1974(a,b))

C =
Tb — £p < T0 >

£i < Ti > —e0 <T0 >
(2.4)

This expression, however, does not take into account the attenuation by the atmosphere, and in 

particular water vapour, of the brightness temperature. At differing microwave wavelengths and 

polarized components the ice will have differing emissivities (Gloersen et al. (1992)), which can 

again be related back to the physical properties of the ice as described above. Some studies, such 

as those of Steffen and Schweiger (1991) and Gloersen et al. (1992), have utilised this fact to 

provide more accurate passive microwave based data than ever before. As a result of this, much 

new research on the properties and variability of the Antarctic sea ice pack has been attempted 

(Barry et al. (1993a)), and will be examined in the following section.

2.2 Sea Ice Variability

As stated, sea ice is not simply a continuous frozen cover over the ocean, but rather a collection 

of many different ice types, thicknesses and concentrations. In the Antarctic, this cover varies 

from a typical minimum of 4x 106km2 in late February, to a maximum of around 19x 106km2 

in September (Parkinson (1994)), and is rarely static. Of interest to this study is the spatial and 

temporal variability of the sea ice cover, which in turn may be related back to the overlying 

atmospheric state and oceanic conditions beneath.

Broad scale sea ice variability studies have only recently been made possible through the intro

duction of accurate and reliable satellite data. Budd (1975) used satellite photographs to observe 

vast spatial variation in the year to year, 30-day mean sea ice boundaries for 1967-1969. He
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noted variations of up to 5° of latitude at a number of points around the coast for the Octobers of 

1967 and 68, and observed that these differences persisted for many months. Kukla and Gavin 

(1981), using the weekly Joint Ice Center data, observed a 2.5 x 106 km2 decrease between 1973 

and 1980 in the extent of the Antarctic pack ice in summer, although they state that “projection 

of long-term trends is not possible from then 8-year-long data set”, and associate the change with 

a short term oscillation in the sea ice field.

With the launch and use of passive microwave sensors, such as the Electrically Scanning Mi

crowave Radiometer (ESMR) in 1972, the Scanning Multichannel Microwave Radiometer (SMMR) 

in 1978 and the Special Sensor Microwave Imager (SSM/I) in 1987 (Hollinger and Lo (1983), 

Barry et al. (1993a)), the continuous observation of sea ice, and hence the meaningful study of its 

variability, became possible. One of the earliest papers to address this topic was that of Zwally 

et al. (1983b). Like Budd (1975), they noted the large regional variability in sea ice extent (de

fined as the total sea ice/open water area bounded by the 15% isopleth), with sea ice coverage 

decreasing in some areas from year to year, whilst it simultaneously increased in other regions. 

Zwally et al. (1983b) looked for trends in their 9 years of data (1973 to 1981). They observed 

no statistically significant change in Antarctic sea ice in this short time period. However they did 

note a decline in sea ice cover in a number of the sea ice ‘sectors’ surrounding the continent, in 

particular the Ross and Pacific sectors. This was offset, however, by an increase in the Weddell 

Sea sector. By incorporating some visible and infrared data obtained by satellite before 1973, 

they suggest that there may be strong cyclical components of the sea ice temporal variability, 

with a possible period of ten years. This, they suggest, may be masking any long term trends in 

sea ice areal extent.

Gloersen and Campbell (1988) performed a similar study utilising SMMR data from 1978 to 

1987, and examined the sea ice area (defined as the area covered by sea ice only, and does 

not include any open water) in addition to the sea ice extent. Linear regression analysis was 

performed on the curves produced by the sea ice area data. This indicated some decreasing 

trend, however, the goodness of fit parameter, R2, suggests that this was insignificant. They also 

noted the variations in the phases of oscillations in the pack areas, as can be seen in the multi- 

peaked Figure 2.4. Their study of the Antarctic sea ice extent showed these peaks to be smoothed
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Figure 2.4: Antarctic sea ice area and its trend from October 26, 1978 to August 20, 1987. From 
Gloersen et al. (1992), revised from Gloersen and Campbell (1988).

considerably by the leads and polynyas in the pack. Linear regression analysis of the maximum 

and minimum of the sea ice extent also showed a poorly defined negative trend which was again 

not statistically significant.

Due to its importance in the high latitude energy balance, their study also focused upon the vari

ability of the open water areas within the pack itself. Here the authors found a significant trend, 

with the maximum of the Antarctic open water area decreasing by between 5 and 10% over the 

9 years, but they suggest that these values may be affected by instrument drift. It was also sug

gested by Carleton (1992) that these results may be due to the absence of the Weddell polynya 

in the early 1980s. Though not of direct relevance to this thesis, Gloersen and Campbell (1988) 

also observed a ‘remarkably uniform’ average decrease in the total global ice extent maximum 

of 6% for the 15 year period 1973 to 1987, that includes the ESMR data. Again, this should be 

tempered by the findings of Wu and Simmonds (1993), who showed that the ESMR data from 

Nimbus-5 for the period 1973-1976 produced a climatology significantly different from the De

fence Meteorological Satellite Program (DMSP) dataset for the period 1987-1989. Furthermore, 

due to the lack of an overlap period, differences in sensor type, sensor drift and algorithms used, 

it is doubtful the ESMR and SMMR can be directly compared, nor the datasets combined.

Gloersen and Campbell (1991) updated their earlier work by examining the sea ice extent trends 

using the entire annual cycles, rather than just the maximum and minimum, for all years between 

1978 and 1987. Their work was aided by corrections to the instrument drift and variations with
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elliptical angle. Their analysis utilised a band-limited regression technique, where the data were 

smoothed with a multiband filter and the analysis performed on the filtered data. High frequency 

fluctuations and the annual cycle were effectively removed. A single sided t-test was then used 

to determine the statistical significance of the trend. The results showed that for the Antarctic sea 

ice extent the standard deviation of the trend was greater than the trend itself, effectively making 

the trend statistically insignificant for the years 1978 to 1987. Likewise, they found the area of 

Antarctic leads and polynyas had also undergone no significant change in the 9 year period.

Gloersen et al. (1992) further extended this study to individual sea ice sectors, and found regional 

differences. Annual averages of the sea ice extent were calculated for a number of Antarctic 

sectors, and the trends in these averages was determined. The Weddell Sea and Western Pacific 

sectors showed decreasing average sea ice extent, whilst an increasing trend was observed in the 

Ross, Amundsen and Bellinghausen Seas, and the Indian Ocean sectors. As for Gloersen and 

Campbell (1991), there was no statistically significant overall trend in the average sea ice extent.

Likewise, Johannessen et al. (1995) found no significant trends in the extent of the SSM/I Antarc

tic data between 1987 and 1994, with a slope of only 0.004 xlO6 km2year-1. Rather than using 

a multiband filter to remove the high frequency variability as done by Gloersen and Campbell 

(1991), they simply computed the anomaly from the monthly mean. It is arguable whether this 

introduces some uncertainty into their results.

A new technique for examining Antarctic sea ice variability was introduced by Parkinson (1994) 

who considered the length of the sea ice season. This summarises the length of the sea ice season 

for an individual location for an entire year, enabling a study of the spatial variability of the pack. 

Furthermore, it gives an accurate measure of how long the ice has insulated the ocean from the 

atmosphere, and hence for how long the fluxes of heat, momentum and mass have been retarded. 

Parkinson found that this variable also confirmed that little change has occurred in the Antarctic 

sea ice cover over the SMMR observation period. It is interesting to note, however, that the 

ice season at individual points differed by more than 50 days from the previous year, further 

indicating the variable nature of the pack. Apart from the expected decrease in season length 

with a decrease in latitude, specific findings of this study included the tendency for shorter ice 

seasons in the Weddell Sea from southwest to northeast, north of the Ross Ice Shelf anomalously
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short ice seasons occur in contrast to perennial coverage at comparable latitudes, and the frequent 

existence of coastal polynyas in the southern Amundsen sea.

In all these studies, a reason for caution is the shortness of the data record. Barry et al. (1993a) 

suggest that it would take a 20 to 30 year time series to confirm any long term trends in the 

sea ice cover, and hence to be able to make any assumptions about links with climate change. 

One of the few datasets of this length is presented in Simmonds and Jacka (1995). Based on US 

Navy-NO A A Joint Ice Centre weekly maps, this dataset gives the monthly latitude of the sea ice 

edge taken at every 10° latitude from 1973 to 1992 (20 years). Jacka (1983) presented the first 

10 years of this dataset. Comparisons by Simmonds and Jacka (1995) showed the second decade 

of the dataset had a mean annually averaged sea ice edge only 0.036° of latitude further south. 

This rate of reduction in sea ice extent was less than the regression slope of 0.19° latitude per 

decade calculated by Jacka and Budd (1991) for the years 1973-1989.

More recently, studies have attempted to overcome the shortness in the data record by combining 

the SMMR and SSM/I to give a time series from 1978 to the present. As Zabel and Jezek (1994) 

and Johannessen et al. (1995) suggest, simply joining the two series is not appropriate due to 

differences in the sensor drift, and differences in the sensors themselves. The first such attempt to 

combine the series was made by Maslanik et al. (1996) for the Arctic, which involved simply re

masking the land points to cover 50km of the adjacent ocean. This reduced the SMMR Arctic sea 

ice extent from 12% greater than the SSM/I, to 4.5% for individual days, and 2.5% for monthly 

means. It is debatable, however, whether this technique is applicable to the Antarctic, where land 

points are not a constraining factor in much of the sea ice extent. Indeed, Table 4.1 of this thesis 

shows that for the Antarctic, the SMMR actually shows lower sea ice extent than the SSM/I. A 

more complex approach was taken by Bjprgo et al. (1997), who developed a new technique for 

determining the ice concentrations using the Norwegian Remote Sensing Experiment (NOR- 

SEX) algorithm (Svendsen et al. (1983)). Bjprgo et al. (1997) corrected for instrument drift that 

they claimed had not been removed from the SMMR brightness temperatures, and then SMMR 

radiances were further “corrected” to match those of the SSM/I. The NORSEX algorithm was 

then used to calculate the sea ice concentration at each pixel. Results for the Antarctic showed
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statistically insignificant trends in both the sea ice extent and area, of -0.008 x 106km2year-1 and 

-0.003 x 106km2year-1 respectively.

Longitudinal variations of the sea ice edge were examined by Cavalieri and Parkinson (1981) and 

Cahalan and Chiu (1986). The former showed that large scale features dominated, with zonal 

harmonics (i.e., wave numbers encirling the glode) 1-6 explaining around 90% of the variance 

of the longitudinal sea ice extent variations. However, they did not remove the seasonal cycle 

in their analysis. Cahalan and Chiu (1986) tackled this problem, and that of the geographical 

bias, by taking the difference between successive 3-day averages. From these data they found 

the first 6 harmonics also dominated, though they only explained 50% of the zonal variance. 

They suggest that this is consistent with forcing by the surface wind stress. This correlates well 

with Carleton and Fitch (1993), who noted that, in general, greater ice extent tends to occur on 

the western side of cyclonic maximum, associated with strong, cold southerly winds. East of 

such maximum, ice either retreats or its advance stopped, as the northerly winds and warm air 

advection dominate.

More recently, White and Peterson (1996) examined the time-longitude variability of the sea ice 

extent using data spanning the SMMR and SSM/I periods, however they did not account for the 

differences between the sensors, as discussed above. Their study, using data from 1979 to 1991, 

examined the sea ice extent at 5° intervals by using monthly anomalies that had been band passed 

to remove all data outside a 3-7 year window. From these data, and that of sea surface tempera

tures, sea-level pressures and meridional wind stresses, they observed an Antarctic circumpolar 

wave (ACW) propagating around the continent with a wavenumber two pattern every 8-10 years, 

suggesting that variability at a particular location would have a 4-5 year cycle. The sea ice extent, 

however, showed only a weak signal. This, coupled with the fact that no account was taken of 

sensor differences for the sea ice data, suggests their results should be treated cautiously. Fur

thermore, their suppression of so much variability by using a narrow band pass filter could leave 

the work open to the suggestion that the remaining data had no choice but to fall in a 4-5 year 

cycle during periods of time.
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2.3 Weather and Fluxes over the sea ice region

2.3.1 Turbulent Heat Fluxes

By effectively separating the ocean from the atmosphere for such a vast area it would be expected 

that the sea ice cover will modify the equator-pole energy gradient, which is the driving force be

hind the hemispheric circulation. Of vital importance to a study such as this is an understanding 

of the surface heat balance and flux exchange.

To gain an appreciation for the nature of the energy budget, and particularly the turbulent heat 

fluxes, it is worthwhile examining the energy balance over the sea ice region. Worby and Allison 

(1991) describe the surface energy budget as

Fig — (1 — Q!)(l — Io)Fr — Fu — Fs — Fe — Fc — 0 (2.5)

where Fr is the incoming solar radiation at the top of the boundary layer, a the surface albedo, 

I0 the fraction of short wave energy penetrating the ice, Fu the incoming long wave energy, Fio 

the emitted long wave energy, Fs the turbulent sensible heat flux, Fe the turbulent latent heat flux 

and Fc the conductive heat flux. A positive value indicates the flux is away from the surface.

Worby and Allison (1991) used the Maykut (1978) single layer derivations of sensible and latent 

heat flux, however the physically more realistic approach is to consider the turbulent heat fluxes 

via the Monin-Obukhov similarity theory. Louis (1979) and Tiedtke et al. (1979) derived the 

following representations of the surface fluxes:

Fs — ~cp<5p-ÿ~lul(0s — &)

a
Fe = -pCw-jj|u| [qsat{Ts) - q]

(2.6)

(2.7)
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where p is the density of the air, Co is the drag coefficient, u is the wind vector, cv the spe

cific heat of air at a constant p, D is a constant, Cw is the “wetness” of the surface, T is the 

temperature, 9 is the potential temperature and q the water vapour mixing ratio. The subscript s 

denotes atmospheric variables at the surface, and unsigned atmospheric variables are located at a 

designated level in the atmosphere. A more detailed examination of these equations is performed 

in Section 3.2.

The conductive heat flux (Worby and Allison (1991)) is expressed in terms of salinity dependent 

thermal conductivity;
kp + iPS0) 
(Ts - 273)

{(Tb - Ts)/H} (2.8)

Emitted long wave energy;

Fig — (2.9)

and incoming longwave;

Fh = 1.38eacrT4 (2.10)

where kQ the conductivity of pure ice, e the long wave emissivity of the surface, Ls the latent 

heat of sublimation, Tb the temperature at the base of the ice, (3 a constant (0.117 Wm2kg-1), 

S0 the salinity of the ice in parts per thousand, H is the sea ice thickness and ea is an effective 

emissivity of cloudy sky (from Zillman (1970)).

This total energy balance may be expressed the same over the leads and polynyas as it will be 

over the ice, only the conducted heat flux and the term (1 — /„) must be excluded. Andreas 

(1980) examined the turbulent fluxes over the leads and polynyas, and derived formulae from 

bulk quantities. The important feature of this work is that estimations are derived that are depen

dent upon the lead width (often referred to as fetch). As air passes over an area of open water it 

experiences a sudden change in surface roughness and temperature. This effects stability, as well
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as reducing the flux in a feedback process as the air gains more heat/moisture, thereby reducing 

the air/surface differential.

To describe the fetch dependent turbulent fluxes of heat, Andreas derived an empirical equation

N = 0.08R°X76 (2.11)

where N is the Nusselt number; a dimensionless representation of the heat flux, and Rx the fetch 

Reynolds number, which is defined as;

Rx
U200X

v
(2.12)

where f/2oo is the wind speed 200cm above the upwind surface, x is the downwind fetch and u is 

the kinematic viscosity of the air.

This equates the width of the lead or polynya (via the Reynolds number) to the flux over the 

openwater via the equations

Sensible Heat:

Nh =
pCpFsx 

k(Tw — T200)
(2.13)

Latent Heat:

Ne —
Fex

Dw(qo — (/200)
(2.14)

where T20o and q200 are the temperature and specific humidity at 200cm above the upwind sur

face, q0 the humidity of the air in saturation at temperature Tw, k is the thermal conductivity of 

the air, and Dw the molecular diffusivity of water vapour.

Few observations of the turbulent fluxes over the Antarctic pack have been published. (For this 

review, positive flux is upwards from the surface to the air.) Allison et al. (1982) examined
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fluxes over shore fast ice and open water off Mawson Base in East Antarctica, and found total 

turbulent fluxes of only 40Wm-2 over new ice less than 0.2 metres thick, with even lower values 

over thicker ice. This contrasts with their observation of several hundred Wm'2 just prior to ice 

formation. Kottmeier and Engelbart (1992) observed fluxes over Weddell Sea coastal polynyas 

in Spring, and found an average turbulent heat flux of 143Wm-2. They observed a large variance 

in this value, a result of the great variability in wind speed and surface temperature. Maximum 

turbulent fluxes were over 400Wm~2.

Sensible and turbulent heat fluxes over a lead or polynya may be as much as two orders of mag

nitude higher than the fluxes over open water (Badgley (1966), Allison (1973)) and may even 

exhibit a reversal in sign. The magnitude of this difference is greatly influenced by the thickness 

of the ice. Maykut (1978) observed sensible heat fluxes of over 200Wm-2 for 0.1 - 0.2 metre 

thick ice and 12Wm~2 for metre thick ice on the same day. Corresponding values for the latent 

heat were 57 and 0 Wm"2. More recent studies by Launiainen and Vihma (1994) in the Weddell 

Sea calculated downward sensible heat fluxes of 15 - 20Wm~2 over the sea ice in Winter, and 

5WnT2 in Summer. Latent heat flux of showed very weak condensation in Winter, and evapo

ration of 0 - 5Wm~2 in Summer. This contrasted with typical values over leads and polynyas of 

100 - 300Wm-2. Their calculations suggest a first order annual area averaged total vertical heat 

loss from the water mass of 20 - 30Wm-2. The Weddell Sea, however, contains ice typically 

thicker than the mean Antarctic value of 1 metre (Budd (1991)). In the Ross Sea, Wendler et 

al. (1997) observed mean values during late December/early January of -11 Wm-2 and 17Wm-2 

for the sensible and latent heat fluxes respectively, the sensible heat flux value clearly indicating 

the warm near surface air temperature. When Worby and Allison (1991) examined the energy 

exchange over thin variable concentration sea ice, they found that at 80% ice concentration the 

turbulent heat loss through thin ice is at least equivalent to that from the leads.

2.3.2 Momentum Balance

In order to understand the nature of the atmosphere/sea ice/ocean transfer of momentum, it is 

important to examine the momentum balance of the sea ice itself. Hibler (1986) describes the
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balance as such:

mDtu = -mfk xu + Ta + rw + F-mgS7H (2.15)

where m is the ice mass per unit area, Dt = + u.\/), k the unit vector normal to the surface,

u the ice velocity, / the Coriolis parameter, tw and ra are the water and air stresses, F the force 

due to internal stresses, and H the dynamic height of the sea surface.

Of particular interest to this study is the interaction of the ice with the overlying atmosphere, 

and this is incorporated in two of these terms. Primarily, the wind stress (ra) describes the direct 

atmosphere/ice momentum transfer. This is often written r = pCDU'f0 (McBean (1986)), where 

p is the density of the air, Cd is the drag co-efficient and Uw is the wind velocity at 10 metres (or 

may be any selected reference level). Hence it is apparent that the momentum flux is dependent 

upon both the wind velocity at the reference level and the drag coefficient. This will apply equally 

for all surfaces, be that open water or ice.

The drag coefficient itself is dependent upon the choice of reference height, surface roughness 

and atmospheric stability (Simmonds (1985)). In the sea ice region this becomes a complicated 

interaction (Bums (1990)). In a neutrally buoyant atmospheric boundary layer, Cd is primarily 

governed by the surface roughness of the ice. However, in conditions of strong winds and an 

atmosphere 3°C colder than the leads or thin ice, the stability terms may dominate the roughness 

effect (Overland (1985)). Similarly, Simmonds and Budd (1991) observed from their model re

sults, the competing influences in changing Cd■ As open water is exposed below a cold overlying 

atmosphere by opening leads, the thermal instability created will increase the Cd- However, by 

exposing more ‘smooth’ open water the roughness length will decrease, thereby attempting to 

decrease the Co- They found that it was the second influence that dominated over the sea ice 

zone, with an almost monotonie dependence upon the fraction of open water.

A secondary influence of the atmosphere upon the momentum balance may occur with the H 

term, as sea surface height is altered by changes in atmospheric surface pressure as well as 

geostrophic current balance (Hibler (1986)). This term, however, is relatively small.

The result of the momentum balance on the ice is a motion that is typically of the order of 20° to 

40° (Nansen (1902)) to the left in the Southern Hemisphere (Ekman (1905), and around 2% of
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the magnitude, of the surface wind (Thorndike and Colony (1982)). In the Weddell Sea, Vihma 

et al. (1996) observed typical values of 30° to the left of the surface wind, which equated to 

approximately 5° to the left of the geostrophic wind. Speeds were of the order of 3% of the 

surface wind speed, although taking into account surface currents they estimated the wind factor 

at closer to 1.8%. This equated to around 1% of the geostrophic wind speed. As Thorndike and 

Colony (1982) further add, on timescales of days to months, 70% of the variance of the packs 

motion may be explained by the motion of the geostrophic wind alone (although it should be 

emphasised that this was for the Arctic, where ice thickness and concentration is far greater than 

the Antarctic, and there is far less constriction by land masses. Hence for the Antarctic, it would 

not be unreasonable to expect this value to be even greater).

2.3.3 Radiative Processes

Over the surface of the sea ice itself, energy exchanges are dominated by the radiative processes 

(Barry et al. (1993b)). Downwelling solar radiation in the Antarctic sea ice zone varies greatly 

with time of year and latitude of the ice. Hence in the Summer months, when daylight may be 

close to 24 hours per day, the total short wave radiation may exceed that of some midlatitude 

locations. Conversely, during Winter, there are few hours of daylight. This can be investigated 

quantitatively via the common parameterisation of the incoming shortwave radiation, Fr.

Fr = a* F0. (2.16)

where F0 is the downwelling solar radiation in the absence of cloud, and a* is the fractional 

attenuation by clouds (Maykut (1986)). Maykut suggests the most convenient form for F0 is:

S0cos2Z
1.085cosZ + (2.7 + cosZ)ea • 10-3 + 0.1

(2.17)

where S0 is the solar constant (1380Wm 2 ), ea is the partial pressure of water vapour near the 

surface in hPa, and Z is the zenith angle (which is a function of latitude, date and time).
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Despite the large Summer incoming solar radiation totals, relatively little of this is absorbed 

by the sea ice. This is due to the high surface albedo of the sea ice and any snow cover that 

may be present. Kukla and Robinson (1980) showed that as the sea ice and snow cover formed, 

established and melted, there were large variations in the albedo. Their monthly zonal average 

albedo estimates at 64 - 66° S (which represents a typical sea ice latitude) varies from 0.197 in 

February, to 0.774 in September. This compares with a typical ocean latitude of 56 - 58°S, which 

has a minimum albedo of 0.08 in January, to a maximum of 0.206 in September. (These values 

are for the full spectral range of incoming solar radiation and average atmospheric conditions.) 

Albedo of the sea ice itself may be effected by many parameters, including the ice thickness, 

degree of melt, meltponds, snowcover etc. Furthermore, mean areal albedo will be dependant 

upon the concentration of the ice. Wendler et al. (1997) reported mean albedos from 11% for 

open water to 59% for 10/10 cover. Allison et al. (1982) have also observed that in the Antarctic 

the ice may melt internally and become “rotten” and dark in colour.

Wendler et al. (1997) observed that the net radiation absorbed by the ice is dependant upon 

cloudiness as well as albedo. For low surface albedo conditions (i.e., concentrations of less 

than 70%), net radiation increases with decreasing cloudiness. For high albedo conditions the 

opposite is the case. Once radiation penetrates into the ice, it is stored by absorption in the brine 

pockets, thereby retarding the warming of the ice (Barry et al. (1993b)) This is later released 

when the brine freezes, as latent heat of fusion (Maykut (1986)).

Allison et al. (1982) examined the variations in surface energy exchange over fast ice near Aus

tralia’s Mawson base. Prior to freeze up, they observed short wave energy absorption by the 

surface of 40Wm-2. This decreased to only 25Wm-2 as the albedo increased during ice forma

tion. In Winter, incident short wave radiation was negligible, however mid Summer absorption 

appears to be closer to 150Wm-2. Allison et al. (1982) also observed the longwave radiation 

over the ice. When the ice cover formed, the long wave radiation loss dropped from 90Wm-2 to 

80Wm-2, in accordance with the surface temperature drop from the open water value of -1.8°C, 

to the typically atmospheric temperature of around -15°C. In Winter, with little incoming short 

wave radiation, the outgoing longwave, and hence the net radiation loss, remained at around 

50Wm-2. In mid Summer, the net radiative gain of the surface was around lOOWirT2; however,
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as soon as the ice broke out, the change in surface albedo with the newly exposed open water, 

lead to a surface radiation gain of about 200Wm~2. They state that during the Summer, over 

the fast ice, the short wave radiation dominates the radiative energy balance. However, it is the 

longwave radiation which dominates over the fast ice, as well as the rest of the pack, for most of 

the year.

Maykut (1986) suggests that, at least for the Arctic, the incoming longwave radiation (Fu from 

equation 2.10 ) can actually be greater than the incoming solar radiation for most of the year, 

despite the low water vapour content of the air. (Fu is dependent upon the vertical structure of 

temperature and water vapour, and as such, cloudiness can have a large effect, just as it does 

for Fr.) However, as suggested by Allison et al. (1982), the net longwave effect is to remove 

heat from the ice, as the effective radiative temperature of the ice is generally greater than that 

of the atmosphere. This was observed by Wendler et al. (1997) in the Ross Sea, with mean net 

longwave radiation of -33Wm-2.

The net effect of the radiation, momentum and turbulent heat fluxes from the ice and the open 

water is to modify significantly the energy present in the high latitude atmosphere.

2.3.4 Sea Ice - Weather Relationships

As has been discussed previously, sea ice has a great impact upon the surface fluxes of heat, 

moisture and momentum. These effects upon the primary components should therefore have 

an impact upon the weather. Sea ice weather relationships have been reviewed in a number of 

noteworthy papers, in particular Ackley (1981) and Carleton (1992). Ackley considered that 

atmospheric forcing of the sea ice system caused changes in the air-sea energy transfer, that, 

in turn, induced atmospheric anomalies. It is worthwhile examining each of the atmospheric 

parameters separately in order to gain a greater appreciation of the effect of sea ice as a whole.
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Temperature

Surface temperature fluctuations in the sea ice zone are fundamental to the high latitude weather 

and climate, as they occur in a region that is highly baroclinie. Hence, changes in surface tem

perature may well result in changes in cyclogenesis and cyclone tracks. Furthermore, changes in 

the horizontal temperature gradient will impact on the thermal wind. Additional effects may be 

felt in the amount of atmospheric moisture and cloud cover. Cahalan and Chiu (1986) suggest 

that clouds may be suppressed in areas of high sea ice concentration (due to the reduction in 

evaporation), which in turn may lead to greater cooling. Such effects will undoubtedly result in 

feedbacks, the most notable being the “albedo-polar ice cover-temperature” loop, as described in 

Kellogg (1975) and Washington and Meehl (1989), and which is essentially the reason that the 

high latitudes were initially thought to experience greatest change from any enhanced greenhouse 

warming (in the Arctic, 3-4°C in the next 50 years, in the Antarctic 1-2°C over the same period 

(Mitchell et al. (1995))). To summarise this important loop: an increase in surface temperature 

would result in a decrease in the sea ice coverage. This, in turn, would decrease the mean albedo 

of the high latitudes, resulting in a reduction in the reflected solar radiation and an increase in 

emitted infrared, thereby causing further temperature increase.

When the negative “albedo-polar cloud cover-temperature’’ feedback is considered, as well as 

the many other high latitude feedback processes, the true complexity of the atmospheric forcing 

of the sea ice becomes apparent. Hunt et al. (1995) used an R21 spectral model with a simple 

Q-flux ocean parameterisation to simulate doubled carbon dioxide levels in the polar regions. 

Dynamic processes were omitted from the sea ice formulation. Results showed a reduction in 

sea ice thickness and sea ice extent, particularly in Summer. As Hunt et al. (1995) state, the 

greater cloud (from the increase in latent heat with more open water) which has a net cooling 

effect, was insufficient to counteract the reduction in surface albedo, which resulted in a net 

increase in solar absorbtion. This would raise surface temperatures and thus reduce the sea ice 

extent/thickness. However, it must be remembered that this experiment was performed without 

accounting for the true ocean processes. Later work by O’Farrell and Connelly (1997), using a 

similar model which included a coupled ocean and sea ice scheme, observed decreases in Winter
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sea ice concentration as a response to an increase in C02. However in the Ross and Weddell seas 

these decreases were small, and the ocean surface temperatures were seen to actually decrease.

It has been suggested that smaller temperature changes may be observed over the ocean regions 

due to the deep mixing of any warmed surface water (IPCC (1996)). Furthermore, it has been 

suggested (Manabe et al. (1991), Manabe et al. (1992)) that increased precipitation over the 

ocean would actually lead to an increase in sea ice extent/volume. In both studies, a coupled 

ocean/atmosphere model was forced by a transient increase in C02 of 1% year-1, as would 

occur with a realistic enhanced greenhouse warming. Results showed that after several decades, 

the resultant warming (a globally averaged 4°C surface change) was far lower at the high southern 

latitudes due to deep convective mixing and the high heat capacity of the deep oceans, as was also 

observed in similar experiment performed by Gordon and O’Farrell (1997). Additionally, in the 

immediate vicinity of the Antarctic continent an excess of precipitation over evaporation occurs 

which reduces the salinity of the near surface waters. This, in turn, increases the static stability 

of the upper layers, thus reducing the convective mixing of the subsurface warmer waters and 

hence causing a net cooling of the surface water. This has the potential to increase the sea ice 

extent and ice volume in an enhanced greenhouse warming scenario. It hence would appear that 

the oceanic and atmospheric forcing of the sea ice would be in competition in the event of an 

enhanced greenhouse climate. Of course, these are theoretical assumptions; it is worthwhile to 

consider the observed sea ice temperature relationship.

Examination of the sea ice/surface temperature relationship by Budd (1975) found strong links 

between sea ice conditions and temperature, though it was highlighted that this was only for local 

events. At Laurie Island (in the South Orkney Islands at 61°S , 45°E ) it was found that a ±1°C 

mean annual temperature change resulted in a change in ice duration of =p70days. Similarly, it 

was suggested a variation of approximately 1° latitude per °C for the mean maximum sea ice 

edge occurred at 60°S (the approximate latitude of the sea ice edge).

Later work by Raper et al. (1984), using sea ice data for 1973-82, found little relationship 

between the interannual variability in sea ice extent and mean areal temperatures, however fluc

tuations in Summer temperatures did show negative correlations with the pack edge (i.e., high 

summer temperatures correlated significantly with more Southerly pack edge). Furthermore, the
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results of Râper et al. (1984) contradicted Budd (1975) by suggesting that the maximum Spring 

ice extent is larger when surface temperatures are higher. This is not as strange as it first may ap

pear. It is entirely possible that warmer temperatures over the ice may result in the supercritical 

baroclinie zone being moved further south, with the resulting cyclone tracks shifting closer to 

the continent. As Gordon and Taylor (1975) suggest, this would no longer mean the cyclones to 

the north of the ice would be inhibiting northward expansion of the pack, plus the vortices over 

the ice would result in an increase in the Ekman drift related divergence northwards. However it 

is not clear in the literature as to whether a greater sea ice extent is correlated with more sea ice. 

It is entirely possible that a warmer mean annual temperature would result in less ice area (as 

observed by Budd (1975)), as opposed to a greater ice/open water coverage: the warmer temper

atures reducing the amount of ice, which, in turn, is less densely packed and hence more capable 

of being advected northwards by wind and ocean currents.

Weatherly et al. (1991), however, did examine the ice/temperature relationship in terms of both 

extent and areal coverage, and suggest that results show little dependence on either component. 

They found that anomalies of Antarctic sea ice and air temperature are negatively correlated, 

i.e., above normal temperatures are related to below normal ice coverage. They emphasise the 

localised nature of the relationships, and that the taking of means over the entire sea ice zone 

hides the (possibly quite strong) regional trends. Likewise, seasonal trends may also be large. 

They found that Summer and Winter temperature trends for 1973-87 have been “generally pos

itive”, but negative in Spring. More interestingly for sea ice - temperature relationships is their 

finding that lag correlations between seasonal anomalies are stronger with ice lagging Summer 

temperatures and ice leading Winter temperatures. This, of course, implies a negative feedback 

loop. They suggest that this is due to Summer temperatures “pre-conditioning” the near-surface 

waters, thus predisposing them to above or below normal Autumn or Winter ice conditions.

Jacka and Budd (1991), however, again noted small but significant trends of temperature increase 

and sea ice decrease in the Antarctic for the period 1972-87.

Regional sea ice/temperature relationships can show even stronger signal. King (1994) has

shown strong negative correlations between the Bellingshausen Sea (in particular the ice edge

at 70°W ) ice extent and the western Antarctic Peninsula surface air temperatures. Likewise,
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Jacobs and Comiso (1997) observed negative correlation between a 20% decline in sea ice extent 

in the Amundsen and Bellingshausen Seas between 1973 and 1993, and surface air temperatures 

on the west Antarctic Peninsula, which they found to be increasing by 0.5° decade-1 since the 

mid 1940’s. Similarly, King and Harangozo (1997) observed a 2°C increase in the mean annual 

temperatures of the western Antarctic Peninsula since 1945.

As a comment on these findings, and in particular on the notes on temperature trends, it is im

portant to consider the sparse nature of the observing network. For example, Weatherly et al. 

(1991) used 29 stations, of which 10 were in close proximity on the Antarctic Peninsula and 

the South Orkney Islands, in a continent of 14million km2. To put this in context, Torok and 

Nicholls (1996) derived a high-quality historical temperature dataset for Australia, a continent of 

only 7.8million km2, from 224 stations selected from the 1418 stations available.

Precipitation

Precipitation over the Antarctic, and particularly over the sea ice zone, is a variable that is 

sparsely described in the literature. Although observations of precipitation are understandably 

absent, some model studies have attempted to examine sea ice and its link to precipitation in the 

Antarctic (e.g., Simmonds and Budd (1991), Arpe and Cattle (1993)) and Arctic (Ledley (1993) 

Andersson and Gustafsson (1994),.

Arpe and Cattle (1993) suggest a link between the katabatic rate and precipitation, although it 

must be stressed that they were primarily concerned with the precipitation rates over the Antarc

tic continent. They found stronger katabatics, which suggest greater descending air over the 

continent, gave less precipitation over the interior, and conversely it could be assumed, gave 

greater accumulation over the sea ice. As mentioned earlier, increasing the open water fraction 

would mean an increase in the latent heat flux, as the katabatics flowing off the continent bring 

dry air from the interior over the moisture supplying leads. Again, the complex nature of the 

sea ice zone comes further into light when it is considered that the sea ice has an effect upon the 

katabatics themselves (Kellogg (1975)).
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In their climatological study, Simmonds and Budd (1991) found that increasing the amount of 

open water did not neccesarily increase the precipitation rates over the sea ice. Rather, they found 

that the “anomalous moisture derived from increased evaporation over the sea ice domain falls 

as precipitation elsewhere”. As Bromwich (1988) implies, such precipitation may be due to the 

intensity of the cyclonic activity at the high southern latitudes. Water vapour may be transported 

far from its source and deposited over the continent by orographic lifting and subsequent adia

batic cooling of the air masses. Similarly, Walsh and McGregor (1996) showed that by including 

a 20% lead fraction in a limited area model, accumulation increased over the continent when 

compared to a no leads simulation.

Ledley (1993) suggests that any increase in precipitation, and hence snow cover on the sea ice, 

would reduce the turbulent energy exchange from the ocean to the atmosphere. This would 

presumably apply almost solely to thin first-year ice, as for ice thicker than about 1 metre there 

is little transfer of heat between the ocean and atmosphere (Maykut (1978)). Furthermore, the 

increase in albedo would result in less short wave absorption by the sea ice. Both of these factors 

would result in a net cooling of the surface air in the event of increased snowfall.

Many of these studies are more concerned with climate rather than synoptic timescale effects. 

However, it may be generalised that sea ice concentration affects the uptake of water vapour 

from the ocean, which in turn may affect precipitation rates remotely, as shown for convective 

snowbands in the region of the Baltic Sea by Andersson and Gustafsson (1994). This appears to 

be an area that is worthy of further research.

Winds

Antarctic sea ice effects the wind regime in a number of ways. By altering the surface temper

atures, and in particular the north-south temperature gradient, sea ice influences the katabatic, 

geostrophic and thermal winds. As Ackley (1981) noted, regions with the highest sea ice vari

ability correspond to the regions of highest zonal wind variability.
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As discussed earlier, sea ice, through the turbulent heat fluxes, greatly influences the surface 

temperature regime. In coastal regions where katabatics dynamically open polynyas, or regions 

where high concentration pack ice meet low concentration ice, there will be a strong horizontal 

temperature gradient. It has been suggested that the strongest gradients will occur at the sea 

ice-ocean boundary (Carleton (1992)) (although this thesis will suggest that with realistic sea 

ice conditions, the strongest gradient may appear at the continent-sea ice boundary). This will 

result in modification of the wind structure. Firstly, as suggested by Mitchell and Senior (1989), 

surface temperature gradients induced by the ice will cause changes in the thermal wind. The 

thermal wind equation relates the geostrophic winds vertical shear with the horizontal tempera

ture gradient.

Hence, at the ice edge, (otherwise known as the marginal ice zone (MIZ)), the meridional tem

perature gradient will be large and associated with significant vertical wind shear. Secondly, 

baroclinicity induced by the open water may enhance meso-cyclogenesis (Heinemann (1990)), 

in turn modifying the wind field. Finally, Overland et al. (1983) examined the off-ice winds in 

the Bering Sea MIZ and found a wind speed increase of up to 8% at 50km seaward of the ice 

edge, due primarily to the baroclinie contribution of the surface pressure gradient. They also ob

served the off-ice winds to be sensitive to changes in surface roughness. This would be expected 

for winds over any portion of the pack.

As suggested by Kellogg (1975), sea ice extent and katabatics may be linked in a positive feed

back loop, whereby an increase in sea ice area causes increased cooling of the surface air (as 

the moderating affect of the ocean is now at a greater distance from the coastline), as well as 

decreasing the vertical motions of air as a radiation inversion is established over the ice. This, in 

turn, enhances the generation of the katabatics (as there is cooler, higher density air inland), as 

well as restricting any low level convection which might inhibit the flow of the katabatic. Thus 

there is an increase the outflow of cold air over the sea ice and hence a further increase in the 

growth of the pack. Pettré et al. (1983) simulated an ocean free of sea ice (as would occur in 

Summer), and an ocean covered in ice (a Winter scenario). As suggested by Kellogg, they found 

that in the ice free case, thermal effects over the ocean caused the katabatics to decay rapidly. 

When the ocean is covered by sea ice there is no longer any constraint and the katabatics extend
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a considerable distance offshore. These thermal effects are primarily caused by the exposure of 

open water in the ice. If the ocean is warmer than the air flowing off the continent, then a land 

breeze is created. Intuitively, one would think this would enhance the katabatic. However, Pettré 

et al. (1983) suggest that warm air that ascends over the open water is entrained in a secondary 

meso-circulation, which subsides inland. This entrains warm air into the cold katabatic layer, 

thereby reducing the horizontal density gradient and hence decreasing the strength of the down- 

slope wind. Likewise, with the ocean colder than the katabatic air, they suggest that a sea breeze 

is created which will effectively block the advance of the katabatic, and may cause it to be unable 

to reach the coastline. Evidence for such an anabatic circulation was also observed in automatic 

weather station data collected from Dumont d’Urville and a point 5 km inland.

Finally, it is also possible that the sea ice zone may also influence the winds at higher levels. 

Formation of westerlies with a jet-like structure over the near-coast slopes are thought to be 

influenced by a number of factors, including the meridional temperature gradient around the 

coast (Mechoso (1980)). This temperature gradient is highly influenced by the amount of open 

water within the pack, as well as the migration of cyclones into the region (and it may be argued 

that sea ice is an influence upon this migration also).

Cyclones and Sea Level Pressure

Surrounding Antarctica is a band of mean low pressure, commonly referred to as the Antarctic 

circumpolar trough. This is a region where cyclones migrate from lower latitudes and dissipate, 

as well as being an area of cyclogenesis (Jones and Simmonds (1993)). It also encompasses 

much of the sea ice zone, and hence it is reasonable to assume there may be a link between 

cyclonic systems and the Antarctic pack ice. Carleton (1992) suggests such cyclones are vital for 

the transport of heat and moisture into the high southern latitudes, and that as they move towards 

the continent they are modified both thermally and dynamically by the sea ice zone. He further 

suggests the pack ice region is an area of considerable cyclogenesis, a suggestion supported by 

Howarth (1983).
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It has been proposed that an increase in open water within a sea ice field may influence cyclone 

strength. Considered over the Weddell Sea, Simmonds and Budd (1991) suggest that the increase 

of the sensible heat flux that results from the exposure of more open water within the pack, has 

a clear monotonie impact upon the lowering of the surface pressure. Similarly, Ledrew et al. 

(1991), in their examination of the atmosphere - cryosphere interaction over the Beaufort sea ice 

field (Northern Hemisphere), state that the surface heat flux appears to be a “significant factor” in 

the maintenance of the cold low over the sea ice as the pack diverges in late Summer. Carleton 

(1981) noted that the Weddell polynya of 1974 and 1975 corresponded to more frequent cyclonic 

development than the year of 1973, when the polynya failed to develop. Carleton suggests the 

polynya had considerable synoptic influence, specifically through increased oceanic heat loss. 

In their study of the cyclone-sea ice link in the Northern Hemisphere, Murray and Simmonds 

(1995) noted that in the Arctic basin, lowered pressures corresponded with open water induced 

temperature rise in the troposphere, and were concentrated in the Canadian sector. Essentially 

these papers state that a low level warming resulting from an increase in open water may induce a 

vertical circulation, thereby intensifying cyclones and lowering the areal average mean sea level 

pressure.

A more complex cryospheric interaction is that associated with the highly baroclinie nature of 

regions of rapid sea ice concentration change, such as the MIZ. Ross and Walsh (1986), in 

their Northern Hemisphere forecast experiment, noted that enhanced baroclinicity contributed to 

stronger intensification “and/or” to motion parallel to the sea ice boundary. Similar interactions 

have been examined in depth by Carleton (Carleton (1981,1985,1992), Carleton and Fitch (1993) 

). Carleton and Fitch (1993) observed that mesocyclone outbreaks (or “active periods”) for 

the Winters of 1988 and 1989 were associated with the strongest gradient in the 1000 to 500 

hPa thickness anomaly. Such baroclinie conditions may be expected either at the sea ice edge 

(where they observed a great deal of mesocyclone development, particularly in regions of rapid 

ice advance), or at the coast, where katabatic winds create latent heat polynyas. Carleton and 

Fitch associated the katabatics with mesocyclone development, though at the ice edge rather 

than the coast. They observed that the mesocyclones initial track was to the north, suggesting 

forcing by the katabatics. Similarly, Carleton (1992) suggested that high latitude baroclinicity 

may also manifest itself as mesoscale cyclogenesis close to the coast, frequently near regions
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of confluence of the katabatic winds. Godfred-Spenning and Simmonds (1996) also observed 

strong connections between the Winter cyclogenesis density in the Ross and Bellinghausen Seas, 

and the sea ice edge in the same regions. Carleton (1985) noted a significant relationship between 

cloud vortex variations and the sea ice boundary for the mid season months of 1977-79.

Carleton’s papers utilised subjective cyclonic classification, and mostly considered mesoscale 

vortices. Objective analysis of sea ice - cyclone response have been performed by Wu and Sim

monds (1993) and Murray and Simmonds (1995) using the cyclone tracking scheme developed 

by Murray (Murray and Simmonds (1991)). These studies are essentially climatological exami

nations.

Murray and Simmonds (1995) examined the response of cyclones to reductions in Arctic Winter 

sea ice, and found a significant decrease in the speeds and intensities of cyclonic systems north 

of 45°N. Major storm tracks remained unchanged. They found cyclone density maximum were 

displaced towards newly exposed open water. More specifically, they examined the baroclinie 

amplification rates as an objective measure of the baroclinie effect, noting a significant reduction 

in baroclinie growth rates north of 45°N as sea ice concentration was reduced. They observed 

a reduction in cyclone numbers over the west Bering Sea and the Gulf of Alaska, which was 

a consequence of a reduction in the baroclinicity and surface fluxes. A southward shift in cy

clonic activity in the North Pacific Ocean was thought to be a response to an “adjustment” in 

the baroclinie zone in the Pacific sector. Cyclone velocities also diminished in areas of reduced 

baroclinicity.

Similarly, and more relevant to this study, was the work of Wu and Simmonds (1993), which 

examined the cyclone response to reduced Winter sea ice concentration in the Antarctic. They 

examined the baroclinie doubling time of the most unstable baroclinie wave. Like many of the 

studies cited thus far, they found that changes to the mean baroclinicity had an effect upon the 

distribution of cyclogenesis in only certain geographical locations, particularly the Ross and 

Weddell Seas. Interestingly, they did show that the mean decrease in pressure over the sea ice 

zone as concentration was reduced is a result of greater numbers of cyclones, rather than the 

cyclones being more intense. The authors suggest baroclinie theory may be far from the complete
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description of the pressure reduction over most of the high southern latitudes, and that surface 

heat fluxes and topography (e.g., by influencing lee wave cyclogenesis) are important factors.

It is apparent from all these studies that reductions in surface pressure, and modification of cy

clone intensity and track over the sea ice region are highly complex, the result of low level 

warming, baroclinicity, topography and katabatic influence to name but a few. The effect of the 

pack upon cyclones also appears to be geographically specific.

2.4 Climate and Forecast Experiments

2.4.1 Climate

With the increasing concern about climate, and the possible changes induced by enhanced green

house warming (effects thought to have greatest impact at high latitudes (Washington and Meehl 

(1989)), studies examining the link between sea ice and climate have assumed new impor

tance. Covey (1988, 1989) suggests that, particularly in the southern extra-tropics, models 

simulate atmospheric heat transport more accurately than can be determined from radiosonde 

data. Likewise, high quality analyses, such as those from the Australian Bureau of Meteorol

ogy Global Assimilation and Prediction (GASP) scheme and the European Centre for Medium 

Range Weather Forecasts (ECMWF), have been shown to provide reliable estimates of moisture 

transports even at the high latitudes (Budd et al. (1995), Cullather et al. (1996)). Studies (e.g., 

Simmonds and Jacka (1995), Gloersen (1995)) have also suggested links between sea ice and 

low latitude climatological phenomena such as El Nino Southern Oscillation (ENSO).

With the enhancement of General Circulation Models (GCM’s) came the ability to examine 

parameters such as sea ice in a global context. Early experiments related changes in the latitude 

of the ice edge (with the ice taken as having 100% concentration) to changes in climate, and 

were primarily aimed at the Northern Hemisphere (eg. Herman and Johnson (1978), Fletcher et 

al. (1973)). Fletcher performed an experiment where he replaced the Arctic sea ice with ocean 

at -1°C and observed an increase of 12°C at 800hPa. Likewise, Herman and Johnson (1978)
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performed a simple experiment where they ran the Goddard GCM with the climatological mean 

minimum Arctic sea ice extents, and then again with the maximum ice observed. Results showed 

changes in pressure, geopotential height and temperature, and they concluded that altering the 

ice margin caused changes in the local climates of certain regions of the high and mid-latitudes.

Later work examined the effect of sea ice in the Antarctic, and again examined the effect of 

the sea ice edge upon climate. Simmonds (1981) performed simulations with mean September 

(control) and mean March (anomaly) conditions, where ice was replaced with -1°C ocean. Where 

sea ice was removed he found considerable increase in the turbulent heat fluxes, and hence an 

increase in atmospheric heating. Simmonds noted that north of the sea ice region, the surface 

heat fluxes were reduced, but integrated over the entire hemisphere the total flux was virtually 

independent of sea ice coverage. Opposite to the findings of Fletcher, and Herman and Johnson, 

Simmonds found an increase in mean sea level pressure (and a lifting of the 500hPa height) 

over the mid to high latitudes. Simmonds was using a hemispheric, 15 wave spectral model 

with simplistic surface layer representation. The question of an increase or decrease of surface 

pressure accompanying a removal of sea ice became a contentious one, with Mitchell and Hills 

(1986) questioning Simmonds’ results.

Mitchell and Hills (1986) removed all sea ice poleward of 66°S, and found increases in the 

turbulent fluxes, surface temperatures and a small reduction in the strength of the westerlies. 

These results agreed with Simmonds. On the issue of mean sea level pressure, however, they 

found a decrease over the sea ice zone. They noted that the increase in sensible heat dominated 

the diabatic heating of the atmosphere, and that this intensified the vertical motion of the air 

near the sea ice edge. This resulted in a decrease in the surface pressure and a descent of air 

at neighbouring latitudes. Mitchell and Hills posed the reasonable question whether a 15 wave 

spectral model is sensitive enough to “pick up” the mean sea level pressure (MSLP) response to 

sea ice changes, and that what was observed by Simmonds was purely chance.

Simmonds and Dix (1987) performed another similar experiment using a 15 wave spectral global 

model incorporating a Monin-Obukhov surface layer parameterization. Again they found an in

crease in the turbulent fluxes and accompanying atmospheric warming (maximum of 10°C at 

the surface) up to 300hPa, and a reduction in the strength of the westerlies. They also found

41



that “there appears to be no consistent trend to lower pressure where sea ice has been removed”. 

They observed that both they and Mitchell and Hills (1986) simulated an increase in the thick

ness through the middle and lower troposphere, and that it was entirely possible for this to result 

in an increase in surface pressure. They suggest that upper level highs that are geostrophi- 

cally balanced by anomalous momentum may diffuse some of this momentum downwards, thus 

increasing the pressure at the surface. Mitchell and Hills reply (Mitchell and Hills (1987)) sug

gested that the differences may well have been a result of boundary layer conditions, and in 

particular the surface drag co-efficient.

This idea was examined more thoroughly by Mitchell and Senior (1989). They performed climate 

sensitivity studies using the Meteorological Offices’ 11-layer global finite difference model, re

moving all sea ice poleward of 67.5°S and replacing it with ocean of 272.2K. Surface roughness 

length was also reduced from 10-1 to 10~4 metres. A second experiment was also performed 

where only the roughness length was changed.

With sea ice removed, the response was again an increase in the surface temperature (zonal 

averages confined to below 700hPa and within 10° of 65°S ), and hence an increase in the sensible 

heat flux. Warming over the continent, however, was not as pronounced as in Mitchell and Hills 

(1987), which they suggest may have been a result of katabatic winds restricting the warmer air 

moving poleward. The effect of sea ice upon the thermal wind was also noted. Mitchell and 

Senior observed that the warm atmospheric anomaly near 65°S gave rise to an easterly wind 

anomaly to the north, and a westerly anomaly to the south. Maximum decrease in the zonally 

averaged pressure occurred in the region of greatest anomalous warming, in the ocean-ward zone 

adjacent to the new ice edge. Unlike Mitchell and Hills, they found a decrease in the surface 

pressure over the continent, though it was statistically insignificant.

With only the surface roughness length changed over the sea ice zone, the resulting change in the 

surface exchange coefficients lead to reductions in the turbulent fluxes of heat and momentum, 

though the magnitude of the changes were small compared to when ice was removed. The most 

important finding, however, was a reduction in surface pressure accompanying the reduction in 

surface roughness length. They quantify this pressure reduction as “2mb or so in high latitudes”.
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They suggest that the reduction in the surface drag coefficient will reduce the low level con

vergence of the westerlies (as the influence of the Coriolis “force” will be lessened), and hence 

the intensity of cyclonic systems in the circumpolar trough will be reduced. This would result 

in a lowering of the mean surface pressure. Correspondingly, an increase of up to lms-1 was 

observed in the westerly flow, as well as up to IK cooling in the boundary layer near 65°S.

Mitchell and Senior (1989) comment that it is of concern that different models show such large 

geographical variations in response to a change in the sea ice conditions. It could be argued, 

however, that such large effects, and the suggestion that they may be geographically biased, is a 

significant finding in itself.

Simmonds and Budd (1990) described a leads parameterization in a GCM that separated each 

model grid box in the sea ice zone into an ice and an open water part. They then performed an 

experiment with a 50% lead fraction in the Southern Hemisphere. They ran this in “perpetual 

July” mode for 300 days. The control experiment was performed with solid ice cover, and run 

over 600 days.

The initial response to the incorporation of leads was, as in all other sea ice removal experiments, 

an increase in the low level temperature. Simmonds and Budd observed an increase of up to 

6°C, with significant warming observed between 50° and 90°S, up to the 500hPa level. (Both 

Simmonds and Dix (1987) and Mitchell and Senior (1989) found warming when sea ice was 

completely removed of up to, and over, 10°C.) Small regions of cooling were observed at lOOhPa 

in the vicinity of the South Pole. Increases in the surface temperature created changes in the 

sensible heat flux, and it was here that the greatest impact occurred. The control run showed 

negative (downwards) sensible heat flux negative over the entire sea ice region, however in their 

experiment with a 50% lead fraction there was a complete sign reversal virtually everywhere 

over the pack. Largest anomalies were observed near the coast. To the north of the sea ice edge 

was a band of sensible heat flux reduction. This is consistent with air moving off the continent 

first encountering open water, in the form of leads, close to the coast, and then entraining more 

sensible heat as it travels across the pack. Hence the air reaches the open ocean warmer, resulting 

in smaller sensible heat flux than the control. This is what Simmonds (1981) described as the 

“saturation” hypothesis.

43



As also stated in Simmonds (1990), a further result of adding leads to the sea ice coverage was 

to reduce the strength of the inversion over the pack.

As in previous experiments, changes in the meridional temperature gradient was mirrored in the 

changes to the wind structure, in accordance with the thermal wind equation. Westerlies were 

weakened by up to 2ms-1 between 45° and 60°S in the troposphere, and by up to 9ms-1 between 

30° and 60° S in the stratosphere.

Statistically significant surface pressure changes occurred in the Weddell and Ross Seas with 

decreases of 7 and 4.5 hPa respectively. The authors suggested that mass transport from these 

regions results in pressure increases over much of Antarctica and to the north of the sea ice zone.

This experiment appeared primarily to test the new sea ice leads parameterisation in a GCM. 

Later work by Simmonds and Budd (Simmonds and Budd (1991)) examined the role of sea ice 

leads in climate more thoroughly. They used a 21 wave version of the Melbourne University 

spectral GCM with open water fractions set to 5, 50, 80 and 100%. Their control run was 

performed with a solid cover of sea ice. As in their previous experiment, the anomaly runs were 

performed for 300 days, with the control being a 600 day run with a “spin-up” period of 90 days. 

Both anomaly and control runs were performed in “perpetual July” mode. As in Simmonds 

and Budd (1990), the initial response to a decrease in sea ice concentration was an increase in 

the surface temperature over the pack. Surface temperature increases were greatest at higher 

latitudes, with an anomaly of over 30K when all sea ice was removed. Warming also occurred at 

the surface over most of the Antarctic continent. The authors reported a monotonie increase in 

surface temperature with open water fraction.

With modification of the surface temperature comes changes in the turbulent heat fluxes. Over 

the pack, typical increases in sensible heat flux were of the order of 60 - 80Wm-2, with maximum 

increase of 300Wm-2 in the 100% open water experiment. All anomaly runs produced positive 

(upward) sensible heat flux. North of the sea ice edge all anomalies were negative, in accordance 

with the “saturation” theories suggested by Simmonds (1981) and Mitchell and Senior (1989). 

Latent heat anomalies produced similar structure, though were roughly a third in magnitude.
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The turbulent heat fluxes resulted in changes in the zonally averaged latitude-height structure. 

In all cases there was a statistically significant increase in the temperature above the pack. In 

the experiment with 5% open water, warming extended to 700hPa. In all other anomalies the 

significant warming extended through the troposphere.

Wind structure was also effected. In the 50, 80 and 100% experiments, there was a weakening 

in the upper tropospheric westerlies between 40 and 60°S. It is here that an interesting point was 

noted by Simmonds and Budd. In the case of 80% open water, there was not the weakening of the 

westerlies at lower levels that would be expected. Rather, they were intensified. This, the authors 

suggest, is linked with the changes in surface pressure. In general, as more leads were exposed, 

pressure over the pack decreased. They suggest this is because of the increased low level warm

ing associated with a greater area of exposed ocean, as well as baroclinie effects. However they 

observed some interesting, and non-monotonic, regional decreases in the pressure, and these, 

in turn, are associated with the non-monotonic changes in the zonally averaged wind structure. 

Over the Weddell Sea, the experiment with the 80% open water fraction experienced the greatest 

pressure decrease, with reductions 4 hPa greater than in the 100% case, which contained twenty 

percent more open water and hence monotonically more sensible heat flux. Simmonds and Budd 

pointed out that at 65 - 70°S, a 700hPa temperature gradient of 1.5°C per 5° of latitude is re

quired for baroclinie instability. They observed in their experiments stationary anomalous lows 

in this region, with gradients of 1.8 and 1.4°C per 5 degrees latitude for the 80 and 100% ex

periments respectively. Hence, in the 80% case, the atmosphere was baroclinically supercritical, 

whilst it was subcriticai for the 100% run. As a result, the corresponding wind structure at low 

levels would also have been altered. It is interesting to note that Wu and Simmonds (1993), in 

their examination of cyclone behaviour in response to changes in sea ice concentration, found an 

increase in the number of cyclones in the Weddell and Ross Seas as a result of increases in the 

amount of open water.

The final aspect that Simmonds and Budd examined, and which has been partially discussed in 

this review already, is the climatological effect of sea ice upon the momentum transfer. This 

could be observed via the changes in the drag coefficient, which the Melbourne University GCM 

calculates. Essentially the drag coefficient is essentially dependent upon two factors: the low
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level stability and the roughness length of the surface. Over sea ice with leads, these are compet

ing influences. If more open water is exposed, there is the greater flux of heat from the leads, and 

hence a more unstable boundary layer. This will tend to increase the drag coefficient. However, 

by exposing a greater area of the relatively “smooth” ocean, the roughness length of the surface 

is reduced, thereby tending to decrease the drag. Simmonds and Budd found that by increasing 

the leads fraction, the drag coefficient decreased, hence suggesting that it is the roughness length 

that is the dominant term. They also noted that drag coefficient decreased monotonically with 

open water fraction. As suggested by Mitchell and Senior (1989), it is conceivable that these 

changes in the surface drag may also have contributed to the decrease in pressure, along with the 

low level warming and baroclinie effects. Simmonds and Budd note that the changes in the drag 

coefficient, and hence the momentum flux, would also have implications for ocean forcing. As 

the anti-cyclonic ocean gyres at high southern latitudes are important for maintaining the east- 

west temperature gradient in the ocean basins, any changes in the drag coefficient may cause 

regional scale climate change. Simmonds and Budd suggest that such ocean induced changes, as 

well as the atmospheric perturbations, may effect weather and climate remotely.

This is also an idea proposed by Ledley (1991), in her study using a coupled energy balance 

climate-sea ice model. Ledley examined how the inclusion of sea ice transport, which allowed 

ice to be moved and leads to be formed, would effect heat fluxes and surfaces temperatures. This 

was done by the inclusion of a minimum leads fraction (MLF), which equates to the minimum 

fraction of open water that can be formed due to the dynamic processes in Winter. Displaced 

ice is assumed to form ridges, and new ice is formed in leads when the energy loss would have 

reduced the ocean surface temperature below the freezing point.

Ledley found that including a greater sea ice transport into a model produced a thinning of the ice 

in the poleward-most zones, making it easier for leads to form and ice free conditions to occur 

in Summer. This, in turn, enhanced the turbulent heat (particularly the sensible heat) and long

wave radiative fluxes, resulting in a large surface warming. Ledley found that when the sea ice 

extended into “equatorward zones” the turbulent heat fluxes and net longwave radiation in these 

zones was reduced. This would suggest a cooling in the vicinity of the ice edge. However Ledley 

observed that the warming in the more poleward zones was so great as a result of the exposure

46



of more open water, that the models meridional energy transport produced a net warming at all 

latitudes. It could be argued that this is a result of the coarseness of the model grid (10° ), the 

simplicity of using an energy balance model rather than a full GCM, or possibly even the use of 

a finite difference scheme, however it is still worth noting.

Ledleys’ work again highlights the many feedbacks in the sea ice/atmosphere system. By open

ing more leads, the surface temperature increases and the sea ice moves equatorward. This, in 

turn, thins the ice, making it easier for more leads to form. As Ledley states, if the model does 

correspond to reality, then ocean currents and wind velocities (the driving forces behind sea ice 

transport) are key components in determining high latitude climate, and would have implications 

for large scale climate change.

Wu et al. (1996) used a coupled ocean-sea ice model to examine the climate/sea ice relationship 

by removing the sea ice pack at various times of the year and allowing it to re-grow, and hence 

investigating the effect the subsequent feedbacks would have upon the present climate. Interest

ingly, they found that the sea ice grew back to normal conditions by the middle of Winter in the 

following year. As for all other studies, initial reaction to a removal of sea ice was large increases 

in the turbulent heat fluxes, and an accompanying increase in surface temperature. Reduced sea 

level pressure and difference between the precipitation and evaporation were also simulated, as 

well as a weakening in the mid latitude westerlies. The large loss of turbulent heat fluxes is the 

primary mechanism for the regrowth of the sea ice. Large regional differences in the response to 

the sea ice change were also simulated.

Such regional anomalies in response to a change in sea ice conditions were also examined by 

Walsh and McGregor (1996), who used a limited area model of the Antarctic region nested 

within ECMWF analyses to perform July climate simulations at a resolution of 125km. Using 

a sea ice concentration of 20%, they found a general deepening in the Antarctic circumpolar 

trough of up to 2 hPa, with more localised pressure decreases of up to 5 hPa in the western Ross 

Sea. As for Simmonds and Budd (1991), largest MSLP anomalies were simulated closest to 

the coast. Likewise, the latent heat fluxes also displayed largest increase in the vicinity of the 

coast, with some decrease seaward of the ice edge. As Walsh and McGregor (1996) state, their 

anomalies of surface temperature, latent heat and precipitation over the sea ice are all comparable
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to those found by Simmonds and Budd (1991), with the only difference being in the simulation of 

sensible heat fluxes, which displayed values only one third of that shown by Simmonds and Budd 

(1991). Furthermore, their comparisons with the ECMWF analyses (which do not incorporate 

leads) in which their model was nested, showed differences of up to 8 hPa, with a bias of 0.86 hPa 

and higher surface temperatures and accumulation over land. They suggest that such differences 

imply lower accuracy on behalf of their model. This would appear a harsh assumption, as the 

experiments listed earlier in this chapter clearly demonstrate the worth of sea ice leads to climate 

simulations, and hence higher surface temperatures and increased precipitation may be expected, 

and in fact be more realistic when compared to a scheme with no open water at all.

An extension of many of the above ideas is a link between Antarctic sea ice and the most notable 

of Southern Hemisphere climate phenomena, ENSO. It is worth examining this aspect of the sea 

ice/climate link in greater depth.

Sea Ice and ENSO

The link between El Nino and sea ice has been examined recently in a small number of papers. 

Early work by Carleton (Carleton (1988)), attempted to cover the pre-satellite period of 1929- 

1962 by using sea ice concentration data for the Weddell Sea compiled from ship and shore 

reports by Heap (1963). Carleton examined six “warm” events and four “cold” events that oc

curred in this time period. He observed anomalous anticyclonic circulation and northerly flow 

components in the Weddell region during the Spring one year before a warm event, consistent 

with observations of reduced open water in the succeeding early Summer. He also found less 

open water in cold event years compared with warm events, symbolic of the change from a mean 

northerly to a mean southerly flow over the region. Carleton’s study would suggest that sea ice 

concentration leads the SOI, although this is a finding not borne out in later works. However, 

it must be remembered his data were sparse (he could only assume the existence of the Wed

dell polynya) and was for sea ice concentration: a highly variable parameter when taken over 

the short distances visible from ship. Still, this study encouraged further examination of the sea 

ice/ENSO teleconnection.
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Carleton (1989) examined the sea ice/SOI link regionally in the Antarctic using satellite data, and 

found the sea ice tended to lag the SOI in the Ross and Weddell seas. However, he also warned 

that the data period used was short, and that caution should be read into his results. Simmonds 

and Jacka (1995) expanded upon the work of Carleton (1989) by using a 20 year climatology of 

Antarctic sea ice extent to examine relationships of interannual variability of the pack, and the 

Southern Oscillation Index (SOI). To do this they calculated correlations for all pairings of the 

calendar months, as well as for the year prior and subsequent to the sea ice data. They showed that 

the correlations varied between the ocean basins, again emphasising the geographically specific 

nature of sea ice/atmosphere link.

Simmonds and Jacka (1995) found that with the SOI leading the sea ice, there was a positive 

correlation between the zonally averaged sea ice extent in the months May through to August in 

the following year. Strongest correlations occurred in Spring. The Winter sea ice associations 

appeared to be a result of the strong correlations in the Indian Ocean. A strong relationship 

occurred between the Spring sea ice in the Pacific and the SOI of the same year. With the sea ice 

leading the SOI, Simmonds and Jacka were more reserved, stating the clearest association in the 

zonally averaged case is between late Spring sea ice and the SOI over the following six months. 

Some correspondence occurs between the Indian Ocean sea ice and the SOI later that year and 

into the next.

To examine the physical links more closely, they focused on four key regions around the conti

nent. In the southwest Indian Ocean they found correlations between the April through October 

sea ice and the SOI during the previous 12 months. The southwestern Pacific shows the ice 

extent in Autumn and early Winter associated with the SOI in the previous 12 months. In the 

southeastern Pacific, many of the correlations showed a change in sign. Early year ice extent is 

negatively correlated with the SOI over much of the preceeding six months. Much of the late 

Winter and Spring extent is positively correlated with the SOI over the previous year. In the west 

of the Ross Sea, the strongest relationship is for sea ice between May through July with SOI in 

the following 12 months.

Their results, however, most strongly suggest a link between the Spring SOI and the southwest

Indian Ocean ice extent in the following July. Figure 2.5 shows their scatterplot for October
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Figure 2.5: The 3-month running average of the SOI in November plotted against the latitude of 
the sea ice edge in the southwest Indian Ocean (35°E - 65°E) in the following July. Correlation 
is 0.70. From Simmonds and Jacka (1995)

through December mean SOI and the sea ice edge in the southwest Indian Ocean sector for the 

following July. The correlation of these data is 0.70.

These results tend to suggest that the sea ice cover is forced by ENSO events. This has also 

been examined by Gloersen (1995), who used the Length of Day (LOD) parameter as a proxy 

for ENSO, and compared this to the Antarctic (and Arctic) sea ice extent residual (obtained by 

removing the first five harmonics of the annual cycle from the data, as discussed in Gloersen 

and Campbell (1991)). (The LOD parameter is essentially a measure of angular momentum. 

It has been shown (e.g., Dickey et al. (1992)) that this can be clearly linked to ENSO. Essen

tially, ENSO events cause large scale atmospheric disturbance, thereby causing large changes 

in the value of the atmospheric angular momentum. In order for the earth/atmosphere angular 

momentum to be a constant, the angular momentum of the earth must compensate. This, in turn, 

causes measurable changes to the astrophysical length of day.) Gloersen found some “hint” of 

an LOD/sea ice extent link for the Arctic. He therefore applied a spectral analysis scheme to
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both the Arctic and Antarctic sea ice covers (both extent and area) and the LOD in order to ex

amine the similarity between the peaks in the LOD and the sea ice, and thus the strength of the 

association between LOD (as a proxy for ENSO) and the sea ice.

For the nine year period from 1979 to 1987 inclusive, there appeared a quasi-quadrennial (QQ) 

and quasi-biennial (QB) component in the LOD parameter. In the Arctic these were reflected 

in the sea ice area and extent, with the QQ extent peak being significant at the 97% level. In 

the Antarctic, however, there was a far less obvious link. Significance levels for all peaks were 

far lower than in the Arctic. The quasi-triennial component was also far more prominent. It is 

possible that the Arctic may reflect the ENSO signal more strongly because of the Pacific North 

America (PNA) circulation transporting greater energy from the tropics to the high latitudes. 

This may create a stronger teleconnection between ENSO events and the northern high latitudes. 

(The PNA is effectively created by the large wintertime temperature difference between the North 

American continent and the Eastern Pacific Ocean, thereby creating large vertical shear (via the 

thermal wind) and hence a strong upper level jet.)

Gloersen presented further examination of various Antarctic sectors. He found that only the 

Weddell Sea showed a significant QQ component similar to that of the LOD parameter. The 

Bellingshausen-Amundsen Sea and to a smaller degree, the Ross Sea, show QB components. 

The Indian Ocean showed no significant peaks. Although Gloersen did not show strong direct 

links in the Antarctic, it should be remembered Simmonds and Jacka (1995) showed the strongest 

correlations with up to a one year lag in the sea ice. Also, it must be remembered that Gloersen’s 

study used only nine years of data, and thus the inclusion of further years may clarify this signal.

Both these studies suggest that, overwhelmingly, sea ice lags changes in the SOI, rather than 

leads this phenomena. As with many high southern latitude atmospheric variables, the sea link 

appears highly regional.
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2.4.2 Sea Ice and Numerical Weather Prediction

Forecast experiments concerned with the extent or concentration of sea ice are few, and there are 

even fewer concerned with the Antarctic. Ross and Walsh (1986) examined the synoptic scale in

fluences of sea ice in the Northern Hemisphere. They utilised sea ice and atmospheric data for 17 

years from 1961 to 1977, and examined the most rapidly deepening cyclonic systems that moved 

parallel to and within 500-600km of the baroclinie zone associated with the sea ice boundary. 

They further specified that the maximum 500hPa vorticity advection exceed 2.1 x 10-9sec-2, in 

order to ensure that the upper air pattern was conducive to cyclogenesis. Systems were then di

vided into terciles dependent upon their ice coverage, and from these, the cases with the heaviest 

and lightest ice cover were chosen. Forecasts were then made by using a barotropic model based 

on the vorticity equation applied at the 500hPa level, and a persistence forecast. None of these 

forecasting procedures were able to utilise the sea ice coverage directly.

Results showed that in the North Atlantic, composite errors of the 24 hour “heavy ice” persistence 

forecasts of sea level pressure were up to 8hPa less deep than the “light ice” case. After 48 hours 

this had increased to over 1 lhPa. Composite differences were found to be statistically significant 

in the Iceland-Great Britain region at both intervals. At 500hPa, the persistence and barotropic 

model forecasts showed qualitatively similar results to the sea level pressure, though figures were 

not shown in the paper. They state that in the North Atlantic, the synoptic scale influence of the 

sea ice boundary is stronger at the surface.

In the North Pacific, the difference between the “heavy” and “light” persistence forecasts was 

statistically significant in few regions for both the 24 and 48 hour forecasts. Likewise at SOOhPa, 

the barotropic and persistence forecasts showed statistically insignificant differences between the 

heavy and light ice cases.

Ross and Walsh also made use of NCAR Community Forecast Model to make 7 day forecasts 

for the North Atlantic with heavy and light sea ice coverage. Forecasts were initialised with data 

for 1200GMT on January days where strong cyclonic development ensued. After 48 hours they 

observed the “heavy” ice case to be 7.3hPa greater than the “light” ice case over Greenland, but 

speculated that the more significant difference was a 1,9hPa decrease over the Barents Sea. This
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difference, however, is more closely linked with a movement in the pressure field rather than 

a direct lowering of the pressure. They suggest that these results show a tendency for higher 

pressure behind, and lower pressures to the east, of a developing cyclonic system when the sea 

ice is more extensive. Ross and Walsh felt that the sensitivities found to the sea ice margin are 

large enough to be useful aids in forecasting of only select events in the vicinity of the ice edge.

Roch et al. (1991) also examined the response of the Northern Hemisphere atmosphere to sea 

ice cover. They examined a “polar low” (a mesoscale cyclonic system) over Hudson Bay using 

the Canadian operational regional finite element model (RFE). The treatment of the sea ice in 

the model is fairly rudimentary, with grid points having an ice coverage greater than 50% being 

treated as land, and grid points with less than 50% coverage being considered open water. They 

performed three experiments over Hudson Bay. The first involved removing all ice from north of 

64°N, leaving open water over Hudson Bay. The second involved covering Hudson Bay entirely 

with ice, and the third used the detailed analysis of Hudson Bay ice cover to produce a realistic 

distribution of ice. These were run at 50km resolution. The realistic cover of ice was also used in 

a 25km resolution model run. The control run was considered the standard operational forecast.

Results after 24 hours showed no differences outside of the Hudson Bay area. When all ice 

was removed, an area of low pressure spread over most of the bay. Conversely, when the bay 

was completely ice covered, only a weak surface trough remained in the eastern sector. The 

authors therefore state that the surface fluxes of heat and moisture over the ice free regions of 

Hudson Bay played a critical role in the polar low development. In their experiment with a more 

realistic cover of sea ice, they found the surface low to be in a similar location to the control, 

yet 2hPa shallower. They suggest this is because the realistic cover has less open water then 

the control, therefore less turbulent heat fluxes. This is similar to what has been observed in 

GCM runs (eg. Mitchell and Hills (1986), Mitchell and Senior (1989), Simmonds and Budd 

(1991)), and is a far clearer finding than those of Ross and Walsh (1986). They also observed a 

relaxing of the pressure gradient along the southern Hudson Bay coast, which, when compared 

to the true synoptic pattern of the day, was more realistic. Similarly with the surface winds, 

they found a more realistic representation of the true events occurred when the model was forced 

with a realistic cover of sea ice. They conclude that “ice cover was a determining factor in the
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modulation of the intensity of the development and in the distribution of mass and momentum 

over the area studied”.

A similar experiment was performed by Grumbine (1994), though rather than examining the 

effect of leads upon forecasting, he focused on the effect of the albedo of sea ice on synoptic 

time and space scales. This was done by implementing a new albedo scheme into the National 

Meteorological Centre Medium Range Forecast Model that took into account the ice coverage, 

and the snow cover on the ice, at high latitudes. The albedo was governed primarily by the 

surface temperature.

Grumbine performed 40 5-day forecasts, and used anomaly correlation as a measure of the 

forecast skill for the latitudes 50 - 87.5°N and 50 - 87.5°S. Anomaly correlation measures the 

correlation between forecast deviations from climatology and observed deviations from clima

tology. He then calculated the summed difference between the new and old albedo schemes for 

each month, March through June, for all model levels between 1000 and lOOhPa. In the Northern 

Hemisphere, averages over all months were small and positive at all levels, where a positive value 

marks the improved albedo being superior to the old. These results may have been expected, as 

changes made to the shortwave radiation will quickly propagate throughout the entire vertical 

column. Grumbine performed the Northern Hemisphere experiment during the period of sea ice 

retreat in order to cover all snow and ice types. At high southern latitudes the average difference 

as a function of month and height was similar in magnitude, and often greater, than observed in 

the Northern Hemisphere, though at the lOOOhPa level the value indicated the basic scheme was 

superior. Grumbine warns that the magnitude of the differences is very small when viewed in 

light of the natural variability of the anomaly correlations, or the differences between models. 

However he suggests the consistency of the positive difference suggests a definite bias towards 

the improved sea ice albedo scheme.

Another variable examined was the surface temperature. The model did not compute surface 

temperature, hence it was extrapolated by adiabatically lowering the air parcels to the surface, 

representing a 0.4°C warming. Such a process, however, may add a degree of uncertainty to the 

results, as, particularly in the Antarctic, a strong surface radiation inversion exists over any ice, as 

discussed further in Appendix C. Conversely though, Grumbine determines albedos by allocating
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values dependant upon a temperature range, thereby possibly compensating, in at least a small 

way, for the lack of surface inversion. Results were compared to buoy data for the Arctic, and 

showed that in all months (March-June) the new sea ice albedo scheme was closer to observed 

data. They also showed the new sea ice albedo scheme to produce surface temperatures warmer 

than observed in all months except June, however this warm bias was smaller than that observed 

for the older albedo model. Grumbine, however, did not take into account the strong inversion 

often observed over sea ice. It is entirely possible that had this inversion been accounted for his 

model surface temperatures may have been far closer to the observed values.

Although Grumbine’s findings show only slight improvement with a new albedo scheme, he 

examined only one aspect of the sea ice contribution to temporal and spatial synoptic change. 

Hence seeing any improvement at all is encouraging, as it would be entirely conceivable for such 

a single element to provide no improvement in forecasting skill.

Finally, Andersson and Gustafsson (1994) examined convective snowbands over the Baltic Sea 

and how they were effected by changes in coastline and topography, as would occur when fast 

ice forms at the coast, using the High-Resolution Limited Area Model (HIRLAM). Downwind 

of the coast (the “coast of departure”) the bays acted as genesis areas for convective bands, and 

hence the location of the fast ice (which effectively modified the coastline) had a direct effect 

upon the location of the bands. Likewise, they found that as the convective bands approached 

the coast (the “coast of arrival”), the bands were intensified by a land breeze circulation, which 

was highly dependant upon the shape of the coastline/fast ice. Hence Andersson and Gustafsson 

(1994) make it clear that sea ice in enclosed regions such as the Baltic Sea has a strong short 

timescale influence upon convective snowbands.

2.5 Summary

It is clear from all these works that not only is Antarctic sea ice a highly variable and complex 

structure in itself, but that it is highly susceptible to modification by the overlying atmosphere. In 

turn, it also modifies the climate and weather in both long and short timescales, both regionally
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and remotely. On smaller scales it appears to be party to simple atmospheric cause and effect, 

however when viewed more broadly, it is firmly locked into many and varied feedback processes 

that make sea ice a complex and integral part of the global climate. The examination of works 

in this literature review have hopefully lead the reader into some understanding of the present 

scientific premise of the ocean-ice-atmosphere system.
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Chapter 3

Model, Data and Technique Descriptions

3.1 The Melbourne University General Circulation Model

To examine at least some of the sea ice interactions with the atmosphere presented in Chapter 2, 

this thesis makes use of the Melbourne University General Circulation Model (MUGCM). This 

is a spectral numerical GCM based upon the hemispheric model described by Bourke et al. 

(1977) and McAvaney et al. (1978), and has been constantly updated in the years following 

(e.g Simmonds (1978), Simmonds (1985), Simmonds et al. (1988), and Simmonds and Lynch 

(1992)). The version used in this study is denoted as version VIII.2.

The governing primitive equations are solved in spherical coordinates, with the horizontal vari

ance of the major atmospheric parameters represented by a spherical harmonic series, rhom- 

boidally truncated at 31 waves. This can be represented as:

J \m\+J

a(A,0,/c)= Y, E <C(*)17(X») (3->)
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where a is the atmospheric variable being considered, A is the longitude, 9 the latitude, k the 

vertical (sigma) level, a™ the complex coefficients and Fnm(A, 9) the spherical harmonic of order 

m and degree n. This is defined as

= émXp™(e) 0.2)

where P™(0) is the Legendre function of order m and degree n.

The non-linear physics of the model are calculated on a Gaussian grid. For a 31 wave spherical 

harmonic model, this translates to 80 latitude points and 96 longitude points, giving a cell size of 

2.25° x 3.75°. The results of the non linear calculations are then transformed back into spectral 

space.

Vertically, the model employs nine sigma (a) levels: 0.991, 0.926, 0.811, 0.664, 0.500, 0.336, 

0.189, 0.074 and 0.009, where a a level is a plane consisting of a constant value determined by 

dividing the pressure by the surface pressure. This effectively provides terrain-following coor

dinates. The lowest a level equates to approximately 75 metres, which is important to consider 

when addressing boundary layer problems over the sea ice. Prognostic variables for the mo

tion fields are given by the components of vorticity and divergence of the horizontal wind. The 

associated Navier-Stokes equations are stated in terms of spherical harmonics. The continuity 

equation is used to calculate surface pressure. Temperature and moisture are calculated with the 

thermodynamic equations.

In order to represent sub grid scale processes, a number of important parameterisations have been 

incorporated into the model. Arguably the most important is the radiation scheme. Unlike earlier 

versions of the MUGCM, version VIII.2 incorporates the Fels-Schwarzkopf radiation scheme 

(Pels and Schwarzkopf (1975), Schwarzkopf and Pels (1991)). The convection processes use the 

moist convective adjustment scheme of Manabe et al. (1965), with the dry convective adjustment 

of Weymouth (1987). Soil hydrology is a two layer scheme from Deardorff (1977), modified fol

lowing Hunt (1985). Fractional cloudiness is generated interactively based on relative humidity 

at the six a levels above and including a = 0.926, with two a levels used for each cloud height:
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low, middle and high level (Argete (1993) Argete and Simmonds (1996),). Model topography 

is treated with either an “envelope” topography scheme (e.g., Palmer et al. (1986)), or via a 

gravity wave drag parameterisation (Lynch (1994)). The topography is calculated from the 1° x 

1° data from Gates and Nelson (1975). Surface type in the model is prescribed as either land, 

ocean, sea ice or snow. Land has an albedo dependent upon its location, as per Hummel and 

Reck (1979). Ocean albedo is a function of latitude and solar zenith angle. Snow covered land 

has the albedo fixed at 0.85 for the Southern Hemisphere, as does the sea ice. This would appear 

slightly higher than the observed values presented in Section 2.3.3. A soil moisture dependent 

heat capacity scheme is used, with heat capacities also prescribed for snow and sea ice (Walland 

and Simmonds (1996)). Surface boundary layer fluxes are calculated using the Monin-Obukhov 

similarity theory (Simmonds (1985)). Sea surface temperatures are interpolated from the average 

monthly values of Reynolds (1988). Likewise, snow cover is interpolated from mean monthly 

values from the NIMBUS 7 satellite data.

The model may be run in either “perpetual” month mode, where the astronomical variables, as 

well as sea surface temperature (SST), sea ice and snow cover, are kept constantly at a single 

(specified) month’s values, or it may be run in “seasonal” mode, where such parameters are 

allowed to cycle through a complete year.

3.2 Calculation of surface fluxes in the MUGCM

As stated in the previous section, the surface boundary layer flux calculations performed in the 

MUGCM are based upon the Monin-Obukhov similarity theory. These equations relate the ver

tical profile of the wind (u), potential temperature (6) and water vapour mixing ratio (q) to the 

surface fluxes of momentum (r), sensible heat (H), and moisture (E) via the method of Louis 

(1979) and Tiedtke et al. (1979). This leads to the representation of these surface fluxes in the 

model (as shown in Simmonds (1985)) as follows:

T — pCD |u|u (3.3)
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(3.4)

E = -pCw-j^-\u\[qsat(Ts) — q] (3.5)

H — -cpôp-jj|u|(0s - 9)

where p is the density of the air, Cd is the drag coefficient, u is the wind vector, cp the specific 

heat of air at constant pressure, D is a constant (0.74), Cw is the “wetness” of the surface 

(calculated from the soil moisture (Simmonds and Lynch (1992))) and T is the temperature. The 

subscript s denotes atmospheric variables at the surface, and unsigned atmospheric variables are 

located at the lowest a level.

The drag coefficient is calculated separately in both the unstable and stable cases:

Unstable:

N
bS

u|2 + |u|aftc|S'|1/2
(3.6)

Stable:

Cd = Cn 1 + bS

2HP
*1 -2

(3.7)

where the stability parameter, S, is given by:

S = gh 9 — 9s + 0.6077(ç — qSat{Ts))Cw (3.8)

where

a=c" (ê)/2

CN = k2/( In — )2 
zo

b = 9.4, c = 5.3, h is the height above the surface, and z0 is the roughness length, which is 

prescribed over land and sea ice at 29.62cm (arguably high for the Antarctic, which may (see 

Section 2.4.1) marginally intensify cyclonic systems), and calculated over the ocean:
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(3.9)Zg — 0.032——
9

however, it is constrained to never fall below 0.0015cm. The parameter g is the acceleration due 

to gravity, and u* is the friction velocity, which is determined from the formula Cp = |u*/u|2. 

As zq is dependant upon Cp, and vice versa, the value of z0 must be determined iteratively.

3.3 Sea ice parameterisation in the Melbourne University Gen

eral Circulation Model

A description of the parameterisation of the surface fluxes over the sea ice domain in the MUGCM 

may be found in Simmonds and Budd (1990). However, it is worthwhile examining the treatment 

of sea ice in the MUGCM in detail in this thesis.

The sea ice concentration in the MUGCM is prescribed on a global grid (see the following section 

for a description of the sea ice). The ice concentration at each grid box is then considered the 

fraction of that grid box covered by solid ice of a specified thickness. In the current versions of 

the model, thickness is considered to be 2 metres. The remainder of the grid box is considered 

to be open water of surface temperature -1.8°C, approximately the freezing point of water with a 

salinity of 357O0.

Because the sea ice and the open water have such vastly different impacts upon the fluxes of heat, 

moisture and momentum (i.e., such vastly different values for parameters such as drag coefficient, 

water vapour mixing ratio, heat capacities, albedo, etc), and because the flux calculations are 

non-linear (Simmonds (1985)) and calculated iteratively until they reach a quasi-equilibrium, 

the MUGCM performs separate flux calculations over the sea ice and open water portions of 

the grid box. The assumption is then made that the floe sizes are relatively small (< 75m) (an 

assumption supported off East Antarctica by the observations of (Allison (1989)), and therefore 

the atmosphere (and temperature) is well mixed horizontally at the lowest model level (~75 

m). Hence the values calculated for the fluxes over the ice and the open water are weighted
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according to the areal coverage of the ice, and the result transported to the lowest level of the 

model. The assumption that the atmosphere is well mixed also negates the creation of separate 

vertical profiles over the ice and the open water, however in reality there would be differences in 

the profiles.

One of the most important variables in calculating the surface transfers of heat, and hence related 

components such as boundary layer stability, is the surface temperature. The model assigns the 

surface temperature over the open water portion of the grid box to -1.8°C. Over the sea ice 

portion, however, an energy balance is performed and the surface temperature is that implied by 

the balance.

The temperatures at the sigma levels in the model are determined by the horizontal advection, the 

convection, the vertical profile of the radiative heating and the turbulent heat fluxes. In order to 

determine the vertical profile of the radiative heating, the radiation is considered “well mixed”, 

and the albedo is set to the area weighted average of the open water and the sea ice. The resulting 

absorbed solar radiation and downward longwave radiation is used in the energy balance over the 

sea ice portions of the grid box to calculate the surface temperature over the ice. By using an 

absorbed solar radiation value for the entire box, the scheme effectively accounts for the solar 

energy absorbed by the leads and advected horizontally into the ice itself.

When it is considered that the energy balance over the sea ice produces surface temperatures well 

below freezing, whereas the temperature over the leads remains at -1.8°C, it becomes apparent 

that the concentration of the sea ice is vital in determining the overall surface energy exchange. 

Hence it is important, also, to examine the sea ice data that is used in the MUGCM.

3.4 Sea ice concentration in the Melbourne University Gen

eral Circulation Model

The MUGCM may be run with interactive (Wu, Simmonds and Budd (1997)) or prescribed sea 

ice, however for this study it is desirable to use the latter option. The sea ice concentration data
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used in the MUGCM is derived from the Defence Meteorological Satellite Program (DMSP) Spe

cial Sensor Microwave/Imager (SSM/I), interpolated to the MUGCM’s 96 x 80 Gaussian grid. 

When running the model, mid-monthly values for every grid box are specified in order to main

tain the “sharpness” of the daily sea ice concentration data. It is conceivable that using monthly 

averages would smooth out the data enough for the ice coverage to become uncharacteristic of 

a single day, as the atmosphere would “see” it, particularly in the MIZ. The model, if running 

in “seasonal” mode, will extrapolate between these mid monthly values to give a concentration 

unique to that grid cell and Julian day.

As the research undertaken in this thesis is so dependant upon the quality of the sea ice concen

tration data for the model studies, for the collation of a sea ice climatology, and for the spectral 

study of the sea ice itself, it is worthwhile to briefly examine the DMSP SSM/I data set.

3.5 DMSP SSM/I Sea Ice Concentration Data

The sea ice data used in this thesis was supplied by the National Snow and Ice Data Center 

(NSIDC) in Boulder, Colorado, and is described in detail in Morris (1992) and NSIDC (1996). 

The following is a summary from these works.

The data were collected using the DMSP SSM/I aboard the “F-8”, “F-11” and “F-13” satel

lites, covering the period from June 1987 to December 1996. All three platforms are in a 

sun-synchronous, polar orbit at a nominal altitude of around 830 km. The SSM/I is a passive 

microwave radiometric system, measuring surface brightness temperatures at 19.3, 22.2, 37.0 

and 85.5 GHz (Hollinger and Lo (1983)). All channels are separated into vertical and horizontal 

polarizations, except for the 22 GHz, which is available in only the vertical polarization.

It is worthwhile examining the concept of polarization of passive microwave radiation. Vertical 

and horizontal polarization is simply the result of internal and surface scattering of electro

magnetic radiation within the ice. By its nature, electro-magnetic radiation has perpendicular 

electric and magnetic wavetrains. The terms ‘vertical’ or ‘horizontal’ polarization are describing 

which orientation the magnetic field has, relative to the sensors view.
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Figure 3.1: DMSP SSM/I grid area for the Southern Hemisphere sea ice concentration data

These sensors are mounted on a rotating drum, along with an offset parabolic reflector and a 

seven-port horn antenna, and are calibrated every drum rotation (1.9 seconds) by a hot reference 

and a mirror reflecting cold sky radiation. For each rotation of the drum, the satellite advances 

12.5 km. The scene is viewed over a scan angle of 102.4°, making a swath width of 1394 km. 

During the “scene” portion of the scans, the outputs are sampled differently on alternate scans: 

on the first scan the 5 lower frequency channels are sampled 64 times, and the 85 GHz, 128 

times. On the second scan the 85 GHz are sampled at 128 equal intervals. This gives the 85 GHz 

a sample every 12.5 km, and the remaining channels 25 km. Coverage is global except poleward 

of 87°, which will not effect sea ice observations in the Southern Hemisphere.

To place the observations into a standard grid, a “drop in the bucket” approach is used, where the 

grid cell which contains the centre of each observation was assigned that value. In order to obtain 

a value for the brightness temperature for each day, the average of all the day’s observations is 

taken. If no observation was made, then the cell is marked as missing.

In order to convert the brightness temperatures into sea ice concentrations, only the 19 GHz ver

tical, 19 GHz horizontal and the 37 GHz vertical channels are used for the F-8 derived data, with 

22 GHz vertical channel included in the F-ll and F-13 data. The theory behind the conversion 

has been covered in the literature review section, however in reality there are a number of other
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problems which the algorithms tackle, mostly related to atmospheric water vapour and weather 

effects. The algorithm we have used to calculate the sea ice concentrations were developed by 

Cavalieri et al. (1984), and is known as the NASA (National Aeronautics And Space Administra

tion) Team algorithm. This algorithm is able to distinguish between first year and mutil-year ice, 

however for the Antarctic only total ice concentrations are published due to the minimal amount 

of multi-year ice. As a result, all sea ice used in this thesis is the total ice concentration. Further 

discussion, and comparisons of this algorithm to others, may be found in Steffen and Schweiger 

(1991), Cavalieri (1991), Cavalieri (1992), Bums (1993) and Comiso, Cavalieri and Parkinson 

(1997).

The sea ice concentration data is stored on a 316 by 322 polar stereographic grid (Figure 3.1), 

with grid cells being 25 kilometres by 25 kilometres. From this, in order for the sea ice data 

to be used by the MUGCM, values that fall into any portion of an 86 by 90 (31 wave spectral) 

Gaussian grid box are averaged, and the mean value assigned to that box. Sea ice masks for 

the model are then produced, where the MUGCM grid points that contain less than 15% sea ice 

are considered open ocean points, and points previously considered land remain so. The sea ice 

points are then assigned the calculated mean sea ice concentration for that grid cell.

A “weather filter” (Cavalieri et al. (1995)) has been applied to the data in order to remove any 

spurious sea ice concentration values due to high levels of atmospheric water vapour, rain, non

precipitating cloud liquid water and sea spray caused by strong winds. However the “weather 

filter” is not any form of band pass filter, rather it sets the sea ice concentration to zero for any 

data point whose gradient ratio (GR) for the 37 and 19 GHz channels (see equation 3.10) is 

greater than 0.05, and/or the GR for the 22 and 19 GHz (equation 3.11) is greater than 0.045. 

The GR may be defined as:

GR(37/19) = [TB{37U) - TB(19V)] / [TB{37V) + TB{ 19V)} (3.10)

GR(22/19) = [TB{22V) - TB{ 19V)} / [TB{22V) + TB{ 19U)] (3.11)
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where TB is the brightness temperature at the indicated frequency and polarization.

By applying the “weather filter”, most of the contamination caused by weather effects is removed, 

with only extraordinary events remaining. It is worthwhile noting that the term ‘weather filter’ 

is possibly not appropriate, as by setting GR cut-off values to remove weather effects the data is 

not actually being filtered. A more appropriate term may be ‘weather limit’.

3.6 Validation of the SSM/I sea ice concentration

During October and November of 1994, the author conducted sea ice observations off East 

Antarctica from the Australian resupply vessel, the R.S.V. Aurora Australis as part of ongo

ing research into the East Antarctic sea ice zone (Allison et al. (1996)). These observations were 

made hourly during the time the ship was travelling in the sea ice zone between Australia’s Casey 

and Davis bases (110°E to 80°E along 63°S, and returning along 63.5°S to 100°E), off the coast 

of East Antarctica. A random sample of 134 observations were chosen to compare with the those 

made synchronously by the SSM/I on the F-l 1 platform. Values from the ground observations 

were originally made in tenths, whereas the SSM/I data were made in hundredths. A scatterplot 

of the results may be seen in Figure 3.2.

A regression co-efficient of 0.41 was calculated from Figure 3.2. Although this value is not 

high, a number of factors must be remembered, primarily associated with problems inherent 

in ground observations. Many factors come into such observations, e.g., the tendency for the 

ship to travel in lightest ice concentration, the parallax induced error in bridge observations 

(and thus overestimation of the ice concentration (Kukla and Gavin (1981))), the difficulty in 

resolving thin (i.e., nilas, grease and frazil) ice types (both by the observer and the satellite), 

and the possible time difference between the satellite observation at a grid point and the ship 

observation, especially in the early stages of ice growth. Of course, the simple estimation by 

eye of sea ice concentration is a difficult process in itself, as sea ice concentration can vary 

wildly in only a hundred metres of travel through the ice, and even just from port to starboard. 

A more objective study was performed by Steffen and Schweiger (1991). They compared the

66



Observed

Figure 3.2: Scatterplot of SSM/I versus observed data for sea ice concentration between 110°E 
to 80°E, East Antarctica, October and November 1994. Regression co-efficient = 0.41

SSM/I and cloud free LANDSAT imagery and found mean differences of 11.7% for global tie 

points during the Antarctic Summer. However, they state that these errors are due, in part, to 

time lag in the comparison between the LANDSAT and SSM/I imagery, as well as surface melt. 

Much of their work examined Spring and Autumn case studies. The correlation between the 

sensors for these cases, using global tie points, was 0.968, with a standard deviation of ±6.6%. 

As they suggest, Winter sea ice concentration would be expected to show very similar results, 

however more research is needed to determine the true accuracy of the SSM/I data, especially 

for the Southern Hemisphere. Cavalieri (1991) states that the SSM/I underestimates sea ice 

concentration in Winter by 4% ±7%. Cavalieri (1992) suggests that random noise can reasonably 

be assumed to be less than 2%. It should also be remembered that LANDSAT itself has errors of 

2 to 4%.

Furthermore, it becomes a point of conjecture and opinion as to when a physical data set be

comes accurate enough for rigorous analysis. No data set will ever be 100% accurate, hence the 

limitations, if known, must always be taken into account when discussing the results. Indeed, it 

could be argued that the determination of the accuracy of satellite sea ice concentration data is 

nigh on impossible. Fractal geometry (Gleick (1987), Lundqvist et al. (1988)) would suggest
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viewing the sea ice concentration at different fractal dimensions (i.e., viewing the sea ice con

centration from the different altitudes of the ground based observations, LANDSAT and SSM/I 

satellites) will always lead to differences in their observations of sea ice area, and hence concen

tration. (i.e., an analogy used by Mandlebrot (1982) is a ball of thread. From afar it will appear 

as a point (i.e., zero dimensional), closer up it will be appear as a three dimensional ball, closer 

again and the individual one dimensional threads become obvious, etc, with continual changes 

in fractal dimension as the observer gets even closer. Likewise for the sea ice, a distant observer 

in space would simply see an enclosed white circle, from closer range (e.g., if a geostationary 

satellite was parked over the continent) large embayments and polynya may be obvious, closer 

again (e.g., polar orbiting satellite) and the larger width leads and small polynyas may be seen, 

aerial observations may see narrow leads, and eventually an observer on a ship will be able to 

map cracks in the ice. Such a “zooming in” upon the sea ice will increasingly add open water 

area to any observation, and will not necessarily asymptote to a single value, as shown for the 

length of a coastline by Gleick (1987).) Indeed, Vasiliev (1996) demonstrates the fractal nature 

of the sea ice distribution by showing how the self-similar structure of the sea ice concentration 

may be used to estimate high resolution detail from low resolution data (i.e.,, the repeating na

ture of the distribution of sea ice concentration as one “zooms in” upon an area of sea ice from 

above (as discussed previously in this paragraph), enables an estimation of small scale sea ice 

distribution from larger scale sea ice observations). This suggestion of a relationship between sea 

ice images at different spatial resolution confirms the error of directly comparing observations 

from dissimilar altitude, and thus resolution, sensors. It further suggests that by “scaling” obser

vations according to their fractal dimension (i.e., differing altitude/resolution) it may be possible 

to improve the correlation between ground or low level and satellite observations, thus increasing 

the accuracy of such remote observations.

From our observations, and those of Steffen and Schweiger (1991), it would be safe to assume 

that the SSM/I sea ice concentration lies within ±7% of the true value. In cases where the error 

is due to thin ice types, this becomes less important for our model studies, for, as Worby and 

Allison (1991) showed, thin ice (e.g., nilas, young ice) has a high energy transfer. At 80% ice 

concentration, they showed that thin ice turbulent heat loss can be greater than that from the 20%
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lead fraction. Overall, SSM/I sea ice concentration data gives a sound interpretation of the sea 

ice zone, from which we can be confident in the final results.

3.7 SMMR Sea Ice Concentration Data

In compiling the climatology of sea ice in the Southern Hemisphere, data from the Scanning 

Multichannel Microwave Radiometer (SMMR) was used to extend the time series of data, and to 

compare with the SSM/I result.

The SMMR was flown on the Nimbus-7 satellite from October 1978 until August 1987, and 

transmitted radiance data every second day during this period (Gloersen et al. (1992)). The 

SMMR, like the SSM/I, was a passive microwave radiometer. It measured in five wavelengths, 

0.8, 1.4, 1.7, 2.8 and 4.5cm (frequencies 37, 21, 18, 10.7 and 6.6 GHz), in both vertical and 

horizontal polarizations. Of these, the 37 GHz and 18 GHz vertical and horizontal channels were 

used for calculating the sea ice concentrations by way of calculating a polarization ratio (PR) and 

a spectral gradient ratio (GR), where these were defined as:

PR = 1.7V- 1.7 H 
1.7V+ 1.7 H

(3.12)

GR =
0.8V- 1.7V 
0.8V + 1.7V (3.13)

PR values of 0.03 to 0.09 were typical for central Arctic sea ice, and negative GR values indi

cating new ice if close to zero, and multi-year ice for even lower values. Estimates of the sea ice 

concentration are then calculated using the SMMR Team algorithm, which maps the data onto a 

25km x 25km polar stereographic grid. Overall accuracy of the SMMR total sea ice concentration 

has been estimated at ±7% (Gloersen et al. (1992)).
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3.8 GASP analyses

Initial conditions for the model forecasts to be undertaken were chosen from the Australian 

Bureau of Meteorology’s Global Assimilation and Prediction (GASP) 31 wave analyses. These 

data have been described in Bourke et al. (1990,1995) and Seaman et al. (1995), however it 

is worthwhile describing them briefly. As with the MUGCM data, the GASP files consist of 

a single level spectral field of surface pressure, and nine sigma level spectral fields containing 

vorticity, divergence, temperature and mixing ratio. However, unlike the MUGCM output, the 

GASP data files do not provide for many of the surface conditions the MUGCM requires, and 

hence the fields of surface temperature, precipitation, sensible and latent heat flux, two levels of 

soil moisture and three levels of cloud have to be added to the raw daily GASP files. This was 

done by performing an extended (300 day) MUGCM model run in “perpetual” July mode (i.e., 

all radiation and sea ice parameters were set to the July values for the entire run as the GASP 

data in this thesis was only used for comparisons with July simulations.), and taking the grid 

fields from a 30-day average late in this run. This was done in order to ensure the fields were 

from far enough into the model run to ensure they were at a quasi-equilibrium, as suggested in 

Simmonds (1985). (July values were included as the GASP data in this thesis was only used for 

comparisons with July simulations.)

The only parameter not taken from the climatological run was the surface temperature. This was 

because any large inconsistency in the surface temperature field would result in the MUGCM 

being unable make the temperature converge when performing the energy balance at the surface 

(as the energy balance is constrained by the surface heat capacity in the MUGCM, and hence 

cannot be instantaneously balanced). To include surface temperature in the GASP files, values 

consistent with the vertical temperature profile of the GASP file had to be obtained. Over the 

ocean, the atmospheric surface temperature was taken as the SST for July from the Reynolds 

SST dataset (Reynolds (1988)). Over land, the surface temperature was simply taken as the 

0.991 sigma level temperature from the raw GASP file. Although this may not appear the perfect 

solution, it places the surface temperature within the range of computational stability, and hence 

the model can easily (and within only a few timesteps) rebalance the surface energy budget.
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It is worthwhile to note an apparent inconsistency in the original GASP files over the Antarctic 

continent. When the MSLP were calculated over the continent, values were found to be far too 

high, sometimes as great as 1070 hPa. This appears to be an error in the original GASP analyses 

related to the surface temperature over the Antarctic continent, however the MUGCM is able to 

rapidly correct for this when performing prognoses. This is examined in detail in Appendix C.

3.9 ECMWF analyses

Atmospheric parameters used for the atmosphere/ice variability comparison in this study were 

obtained from the European Centre for Medium Range Weather Forecasts’ (ECMWF) 2.5° x 

2.5° latitude-longitude gridded dataset. These are based upon the global analyses used opera

tionally for weather forecasting.

The ECMWF analysis scheme is discussed by Nuret and Chong (1996), however it is worth

while to summarise the scheme in this thesis. The analyses are derived from a four-dimensional 

data assimilation scheme. Multivariate observations are combined with a first guess (a 6 hour 

forecast from previous data) using a three-dimensional optimal interpolation, as discussed by 

Lorenc (1981). Deviations from the predicted values are the result of a weighted averaging of 

the observed deviations, where the weights are derived from the covariances of the prediction 

and observational error. Hence, as Nuret and Chong (1996) suggest, the quality of the analysis 

may be influenced by the standard of the assimilated data or the model itself. To check the ob

servations, the data are compared to the first guess, and values which differ by more than several 

standard deviations of the combined distributions of the observation and prediction errors are 

rejected. The remaining observations are then compared to their statistical analysed counterparts 

using neighbouring data.

The ECMWF global atmospheric model is a 213 wave, triangularly truncated, spectral model 

(corresponding to a Gaussian grid resolution of ~60km) based on the primitive equations. In the 

vertical, the model contains 31 unevenly spaced levels. Main model parameterisations include 

the Morcrette (1989) radiation scheme, the Tiedtke (1989) mass-flux convection, and a cloud
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“tails” of the probability curve must be considered. Hence a value of the t statistic can be said to 

lie at a certain location along the curve, and therefore lie at a certain probability. An anomaly t 

value corresponding to the 95% confidence level (i.e., where the t statistic encompasses 95% of 

the area under the probability curve) is considered to be significantly different from the control.

To calculate the t statistic, a modified Student t test is used. By calculating the mean value and 

variance of the control (c and respectively), and the mean value and variance of the anomaly 

(ô and (7ô), then the (-statistic for the difference between the anomaly and control experiments 

may be given by:

a — c
&a-c

(3.14)

where as_c is the pooled variance of the two data sets, and is defined by:

°™ = K + % (3.15)

where N is the degrees of freedom.

The resulting t statistic can then be compared to tables of probability for the appropriate number 

of degrees of freedom. For an infinite sized population, the t value corresponding to the 95% 

confidence level is 1.96. This means that there is only one chance in twenty that the anomalies 

observed are due to natural variability, and hence we can be confident that the results are a true 

indicator of change.

3.11 Fourier Analysis

In order to determine the modes of variability of sea ice and its associated atmospheric param

eters, the technique of Fourier analysis was used. Fourier analysis essentially strips any cyclic 

function into all its sine and cosine components. This means that it is possible to extract the
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waves associated with particular frequencies of the original time series, and hence supply infor

mation about the exact nature of the series variability.

Fourier’s theorem says that any continuous, periodic (over the domain [-tt, tr] ) function f(t) is 

the sum of a trigonometric series:

OO

/(f) = y + 53 (Qncosn* + bn sin nt) (3.16)

where
i r

an — — / /(f)cosnfdf (n = 0,1, 2,...) 
tt

i rbn — — / /(f)sinnfdf (n = 1,2,...) 
^ J — IT

Using Euler’s Theorem, this can be written as:

OO

m = £
n=—oo

(3.17)

From this equation we can calculate the variance explained by the individual waves, using 

Parsvaal’s theorem. This states that the variance explained is equal to the square of the amplitude 

of the wave ((7n), divided by the sum of all the amplitudes squared:

v(n) = yS" 2 (3-18)

Using Fourier analysis also enables the reconstruction, or elimination, of part of a series by only 

considering waves within a specified interval, m\ to m2. This can be represented by:
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(3.19)
7712

f(t) = y + (a„ cos nt + bn sin n<)
71=7711
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Chapter 4

Antarctic Sea Ice Statistics

4.1 Introduction

Recent passive microwave technology has enabled satellite observations of the Antarctic sea ice 

pack to be obtained on a regular basis. As a result, climatologies of the Southern Hemisphere 

sea ice parameters may be compiled and trends of the data analysed to provide us with an insight 

into the true nature and behaviour of the pack. From this, inferences may be made about the 

annual and interannual variability of the sea ice over, which is vital in determining the accuracy 

of any sea ice model, as well as the trends in the sea ice coverage which may reflect enhanced 

greenhouse warming as observed in climate models (e.g., Manabe et al. (1992), Hunt et al. 

(1995) O’Farrell and Connelly (1997),).

In this chapter a number of different Southern Ocean sea ice parameters are examined with the 

most recent data available (up to the end of December, 1996). Firstly, the spatial distribution of 

the sea ice is presented in monthly climatologies of the sea ice concentration at each gridpoint. 

These update the climatologies of Zwally et al. (1983), Commander (1985) and Gloersen et 

al. (1992). Seasonal climatologies are also calculated, as a further aid to verifying seasonal 

modelled output. A further set of climatological temporal averages were derived showing the 

mean monthly sea ice concentration when sea ice was present at a gridpoint. Such a parameter
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is not only an aid to shipping, but also removes the bias towards the 0% open ocean value for 

the outer gridpoints. This is a definite aid in comparing historical or ship based observations of 

the sea ice edge to the satellite data, as the ice edge becomes any gridpoint in the month that has 

shown a concentration of at least 15%, rather than a gridpoint whose mean for the month is 15%.

The temporal distribution of the ice is presented by the length of the sea ice season, as first 

discussed by Parkinson (1994). This season length is defined as the number of days that sea ice 

has occurred at a given location during one year, and hence provides not only a strong indication 

of the severity of the ocean/atmosphere separation in a given year (and hence is a useful tool for 

examining interannual variability of the pack), but when averaged suggests the regions around 

the Antarctic where sea ice cover shows greatest persistence. Seasonal plots of the length of the 

sea ice season were also produced to further indicate the time of year in which sea existed at a 

point. By integrating over time, the length of the sea ice season provides strong spatial detail of 

the sea ice pack.

As a guide to the annual and interannual variability of the pack, plots of the annual cycle of 

Southern Hemisphere sea ice extent (i.e., the total area enclosed by the sea ice boundary), sea 

ice area (i.e., the total area of sea ice), open water area and sea ice concentration were produced, 

along with their corresponding anomalies and trends. By examining the trends in the anomalies, 

and applying a statistical f-test to them, it is possible to make comment on the degree to which 

these trends in the Antarctic sea ice pack may reflect anthropogenic changes in the global mean 

temperature. These graphs expand the time series presented by Parkinson et al. (1987), Gloersen 

and Campbell (1988), Gloersen et al. (1992), Johannessen et al. (1995) and Bj0rgo et al. (1997), 

all of which are discussed in Section 2.2 of this thesis. In general, past results have suggested 

that there has been no statistically significant trends in the Antarctic sea ice parameters over 

the satellite observing era. This may not be surprising, as some transient model simulations 

forced with increasing greenhouse gases and aerosols have suggested the oceans surrounding 

Antarctica would display only a small warming when compared with the global average, due to 

deep oceanic mixing of any warmer surface water (IPCC (1996)). In fact the results of Manabe 

et al. (1991,1992) suggest a cooling of the high latitude oceans, and an increase in sea ice, due 

to increased precipitation reducing the salinity, and thereby decreasing the convective mixing,
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of the cold surface and warmer subsurface waters. Similarly driven reductions in the Winter 

ocean surface temperatures for the Ross and Weddell seas have been simulated by O’Farrell and 

Connelly (1997).

Further examination of a possible link between enhanced greenhouse warming and a change 

in the extent of the Antarctic sea ice was made by comparing historical and satellite sea ice 

data. IPCC (1996) has suggested that there has been a significant rise of 0.3 - 0.6°C in the 

global mean temperature in the past century. Hence, through the feedback effects discussed 

by Kellogg (1975) and Washington and Meehl (1989) (see Section 2.3.4 of this thesis), or the 

oceanic forcings described by Manabe et al. (1991,1992), it may be expected that some change 

would have occurred over this time in the sea ice edge. Ship observations of the sea ice edge 

from before 1900 have been compiled by Rubin (1982a,b) and Parkinson (1990). Although these 

observations do not specifically describe the concentration of the sea ice, they were made from 

ships of limited hull strength, and hence the presence of any sea ice was duly recorded as the 

captains preferred to skirt the edges of any constant cover. For this reason, it is reasonable to 

compare the results with the compiled climatologies of the mean sea ice when sea ice is present.

Satellite climatologies of sea ice concentration may still be considered too short to provide us 

with confidence in any trends that are observed (Barry et al. (1993a)), so it is important that the 

climatologies are updated as regularly as the new data will allow. For this reason, we present in 

this chapter the most recent Southern Hemisphere sea ice data available.

4.2 Method

Statistics presented in this chapter have been compiled from the SMMR and SSM/I microwave 

data, as described in Sections 3.4 and 3.7 of this thesis. For the period October 1978 to November 

1987, data were collected every second day from the SMMR flown on the Nimbus-7 and the 

Seasat A satellites. From December 1987 to the end of December 1996, daily data were retrieved 

by the DMSP SSM/I onboard the F-8, F-ll, and F-13 platforms. In all cases the NASA Team 

algorithm (Cavalieri et al. (1984)) has been used. When the platforms have reached the end of
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their operational life and their replacement goes online, an overlap period may exist in the data 

as the results from the different platforms are compared.

Recently discussion on the overlap of the SMMR and SSM/I data in July-August 1987 has cen

tred on whether the two time series may be combined. Zabel and Jezek (1994) and Johannessen 

et al. (1995) have suggested that sensor differences and drift effect the consistency of the time 

series to such a degree that they should be treated as two separate series until further intercompar

ison is performed. In particular, Zabel and Jezek (1994) state that the differences in viewing angle 

of the sensors (SMMR viewing angle 50.2°; SSM/I viewing angle 53.1°) causes large brightness 

temperature differences between the sensors when the surface is a mix of water phases (e.g., open 

water, wet snow, dry snow), despite the SMMR and SSM/I frequencies being close (SMMR 18.0 

and 37.0 GHz; SSM/I 19.35 and 37.0 GHz). (For other differences in the sensors themselves, 

see Sections 3.5 and 3.7 .) Maslanik et al. (1996) suggest some of this difference in brightness 

temperature may be due to coastal ocean pixels being contaminated by brightness temperatures 

from land. Hence they devised a simple scheme to combine the time series whilst still utilis

ing the NASA Team algorithm, however this time series has only been examined for the Arctic. 

Bjprgo et al. (1997) developed a different algorithm (Norwegian Remote Sensing Experiment 

(NORSEX)) in an attempt to correct the two time series, and performed an intercomparison for 

the Antarctic. More recently, work undertaken by NASA and NSIDC has resulted in a combined 

time series of the SMMR and SSM/I data for both the polar regions (Cavalieri et al. (1997)), 

however these data were not available for the analysis presented in this chapter. As a result, in 

this work the SMMR and SSM/I time series will be treated separately to avoid any possible errors 

in determining trends. For the same reasons monthly and seasonal SMMR and SSM/I averages 

are also calculated separately on the assumption that by combining the two time series at least 

some uncertainty would be induced into the final result.

Monthly and seasonal (where “seasonal” refers to the austral seasons of Summer (December- 

February), Autumn (March-May), Winter (July-August) and Spring (September-November)) 

averages of sea ice concentration were compiled on a 2.5° x 2.5° grid (equivalent to that used 

by the ECMWF atmospheric analyses), by averaging the respective parameters at each grid point 

over all days for all years within a given month or season. (The technique for conversion of
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the raw 25km x 25km SSM/I data to the 2.5° x 2.5° is as discussed in Section 3.5.) The same 

technique was used for the monthly and seasonal “sea ice concentration when sea ice is present” 

averages, only the mean was only taken over those days at each gridpoint in which sea ice of 

greater than 15% concentration occurred. To compare the SSM/I and SMMR results, plots were 

made of the mean seasonal SSM/I - SMMR difference in sea ice concentration at each gridpoint.

The length of the sea ice season was also calculated on a 2.5° x 2.5° grid. For each complete 

year of the SMMR and SSM/I data sets (1979-1986 and 1989-1996 respectively), the number of 

days the sea ice had a concentration of greater than 15% was summed at each gridpoint, and then 

the mean calculated at each grid over all years. A similar process was used to calculate the sea 

ice duration during each season. Interannual variability was examined by calculating the mean 

(over all gridpoints) length of the sea ice season for each year, and plotting the result against 

time.

Graphs of the mean daily Southern Hemisphere sea ice concentration, sea ice extent, open water 

area and ice area were calculated directly from the 25km x 25km data supplied by the NSIDC. 

Differences from the mean of the SSM/I data and the mean of the SMMR data were calculated, 

and the trends of these anomalies determined using a least squares best fit approach, with all data 

treated with equal weight. The statistical significance of these trends was determined using the 

Student t test, as described in Section 3.10. Further spatial trends in the sea ice concentration and 

season length were examined by calculating the respective trends at each gridpoint, and plotting 

the value of the slope. Again, the significance of the trends were calculated using the t statistic.

To provide an indication of the relative timing of the sea ice season, the Julian day of the peak sea 

ice extent, area, concentration and open water area from each year were determined by analysing 

the daily mean data.

Comparisons with the historical data were performed by plotting the sea ice edge observations 

presented in Rubin (1982a,b), Capricorn Press (1990) and Parkinson (1990) over the correspond

ing monthly means of the sea ice when sea ice was present.

80



Spatial mean values presented in this chapter (and elsewhere in this thesis) are area weighted to 

prevent any bias towards the smaller, more southerly, gridboxes.

4.3 Results

As an aid to interpreting the monthly and seasonal averages from the 2.5° x 2.5° data, Table 4.1 

shows the mean sea ice concentration and total sea ice extent (taken as the area within the 15% 

contour) for each of the SMMR and SSM/I climatologies. It should be remembered that the 

sea ice extent for the monthly averages will differ slightly from the true mean sea extent for the 

month, due to averaging of the day to day variations in the sea ice edge, (i.e., at times of large 

sea ice change, a gridpoint may only contain ice for a handful of days in a month, yet these days 

may be of high enough value to give that gridpoint a monthly average above 15%. It would 

therefore be included in the extent of the monthly average. However, if the sea ice extent itself 

was calculated for each day and the monthly average extent calculated, this gridpoint may be 

effectively lost.)

4.3.1 Monthly Averages

SMMR

Monthly average sea ice concentration distributions are for the SMMR data (1978-87) are pre

sented in Figure 4.1. Features to note include a single region of high (>90%) sea ice in the 

western Weddell Sea which remains year round, the extremely rapid nature of the develop

ment/decay of the sea ice cover in the Ross Sea in March-April/December-January, and the 

virtual elimination of all sea ice from East Antarctica in February. The November and December 

mean distributions (Fig. 4.1(k-l)) also show strong reductions in the sea ice concentration in the 

vicinity of the eastern boundary of the Weddell Gyre (close to 0° longitude), with a small region 

in the December climatology displaying less than 15% concentration within the ice edge.
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Calendar
Period

SMMR (191 
Extent (106 km2)

8-87)
Cone. (%)

SSM/I (198 
Extent (106 km2)

7-96)
Cone. (%)

SSM/I
Extent

SMMR
Cone.

Summer 9.0 38 10.3 43 1.3 5
Autumn 10.0 46 11.1 52 1.1 6
Winter 18.3 66 19.0 70 0.7 4
Spring 19.7 67 20.2 71 0.5 4

January 6.2 45 7.9 47 1.7 2
February 3.5 47 4.6 48 1.1 1

March 4.6 49 5.9 51 1.3 2
April 8.4 53 9.8 57 1.5 4
May 11.9 61 12.2 70 0.3 9
June 15.6 64 16.3 69 0.7 5
July 18.2 69 18.8 72 0.6 3

August 20.0 69 20.4 74 0.4 5
September 20.8 69 21.1 74 0.3 5

October 19.7 70 20.5 73 0.8 3
November 17.7 65 18.1 69 0.4 4
December 13.4 48 13.8 55 0.4 7

Table 4.1: Mean Sea Ice Extent (xlO6 km2) and area weighted mean Concentration (%) for the 
SMMR and SSM/I Seasonal and Monthly Averages from the 2.5° x 2.5° data set. Also presented 
is the SMM/I - SMMR, Seasonal and Monthly, Extent and Concentration differences.
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(a) January (b) February

r t

. i

(c) March (d) April

Figure 4.1: SMMR monthly mean sea ice concentration (1978-87) for (a) January (b) February 
(c) March (d) April

83



(e) May (f) June

(g) July (h) August

Figure 4.1 : Continued: (e) May (f) June (g) July (h) August
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(i) September (j) October
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(k) November (1) December

Figure 4.1: Continued: (i) September (j) October (k) November (1) December
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Table 4.1 shows peak SMMR sea ice extent in September, with a coverage of over 20x 106km2. 

Peak sea ice concentration does not occur until October, which has a mean value of 70%, however 

it should be noted that the preceeding 3 months have mean concentrations of 69%. The relative 

timing of these parameters is discussed further in Section 4.3.5.

Comparisons with the Electrically Scanning Microwave Radiometer (ESMR) data for 1973-1976 

(Zwally et al. (1983)) (not shown) indicate that the SMMR climatology has a far more northerly 

sea ice extent in the Weddell sector in December. Likewise in the late Winter and Spring months, 

the SMMR data does not display the large reduction in the Weddell Sea monthly mean sea 

ice concentration values observed during the ESMR period, indicating the apparent “non re

appearance” of the Weddell Polynya which occurred between 1974-76 (Comiso and Gordon 

(1987)).

Manual comparisons with the 25km x 25km SMMR climatology of Gloersen et al. (1992) (not 

shown) suggest the 2.5° x 2.5° climatology captures all the major features of the higher reso

lution compilation. This would suggest it is reasonable to use the 2.5° x 2.5° climatology for 

comparison with similar resolution atmospheric or oceanic data, such as the ECMWF 2.5° x 

2.5° analyses.

SSM/I

Monthly average sea ice concentration distributions are presented for the SSM/I data (1987-96) 

in Figure 4.2. As for the SMMR climatologies, sea ice concentration remains above 90% in the 

western Weddell Sea year round, however, unlike the SMMR data, high year round concentration 

also exists south west of the Balleny Islands in the vicinity of 68°S, 150°E. Likewise, slightly 

more sea ice appears off the coast of East Antarctica in February, primarily off Dronning Maud 

Land. Again, the rapid development/decay of the sea ice cover in the Ross Sea in February- 

Apri 1/December-January is clear. (It should be noted that sea ice at the south eastern Ross Sea 

coast/ice shelf is a function of the land masks used, And is not considered true sea ice.) In 

these Summer and early Autumn months it would appear the SSM/I monthly climatologies also 

display a more northerly sea ice edge in the Weddell Sea.
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(a) January (b) February

(d) April(c) March

Figure 4.2: SSM/I monthly mean sea ice concentration (1987-96) for (a) January (b) February 
(c) March (d) April

87



(e) May (f) June
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(g) July (h) August

Figure 4.2: Continued: (e) May (f) June (g) July (h) August
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(i) September (j) October
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(k) November (1) December

Figure 4.2: Continued: (i) September (j) October (k) November (1) December
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During the Winter months, the SS M/I monthly means show much similarity with the SMMR 

data, with the May East Antarctic ice edge appearing extremely similar for the two datasets. 

August (Fig. 4.2(h)), however, shows large differences in the distribution of the sea ice between 

the two sets. In the SMMR data, the 90% concentration isopleth to the east of the Weddell Sea 

remains south of 65°S, whereas the SSM/I data shows the same contour extending to 63°S. This 

contour retreats marginally in September in both climatologies.

The SSM/I data in Spring and early Summer months also display more high concentration sea 

ice than the SMMR data in the Ross and Weddell seas, with the Ross Sea becoming almost com

pletely closed. Of particular interest is the month of December. As for the SMMR climatology, 

the region close to the dateline shows a mean sea ice concentration of less than 15%, indicating a 

strong reduction in the sea ice concentration close to (although further west of) the region of the 

1974-76 Weddell Polynya. It is also interesting to note that in the December SSM/I climatology 

for the Weddell Sea, the 75 and 90% contours extend far further east than for the corresponding 

SMMR observations.

Peak monthly value for the ice extent occurs in September, as for the SMMR climatology, with 

a coverage of just over 21 x 106 km2 (Table 4.1). The peak concentration occurs earlier than in 

the SMMR data, with a mean of 74% occurring in August and September. Also of note from 

Table 4.1 is the slight “dip” in mean monthly concentration in early Winter, with concentrations 

of 70, 69 and 72% for May, June and July respectively. This can be explained in terms of a 

quasi-equilibrium of the sea ice concentration during these months, as is shown and discussed in 

Section 4.3.5.

4.3.2 Seasonal Averages

SMMR

Seasonal climatologies of the SMMR sea ice concentration are shown in Figure 4.3. During 

Summer (Fig. 4.3(a)), only small regions in the Amundsen, Bellingshausen and Weddell seas 

display sea ice concentration greater than 50%, with the East Antarctic sector containing very
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little sea ice. Mean concentration for the season is 40%. The large region of sea ice concentration 

below 15% in the Ross Sea further emphasises this area as one of early Summer break out, most 

likely associated with the Ross Sea Gyre (Moritz (1988)) forcing the ice northwards and possibly 

inducing upwelling of warmer deep water. Likewise, the Summer climatology shows an abrupt 

southerly retreat of the sea ice edge at 10°W, in the vicinity of the eastern arm of the Weddell 

Gyre. Clearly this region of high ocean surface vorticity and doming of the pycnocline (drawing 

warmer deep water to the surface) (Comiso and Gordon (1987)) has a large influence upon the 

decay of the eastern Weddell Sea pack during Summer.

Interestingly, the SMMR Autumn climatology (Fig. 4.3(b)) does not show the sea ice edge ex

tending substantially further north than for the Summer climatology in a number of locations. 

East Antarctica, however, shows a large amount of sea ice that appears for the first time. This 

would account for the main difference in the total area of the Summer and Autumn packs, which 

total 9.0x 106 km2 and 10.Ox 106 km2 respectively. The sea ice concentration within the pack 

has increased in most locations, though primarily in the Ross, Weddell and Amundsen seas, re

sulting in the mean sea ice concentration of 46% (Table 4.1). The strong December influence in 

the Summer climatology is highlighted by the fact that it displays more sea ice in the vicinity of 

10°W and 30°E than for the Autumn mean.

The Winter mean distribution (Fig. 4.3(c)) also shows a large difference from the Autumn, em

phasising the rapid increase in both concentration and extent over the months April-July. The sea 

ice edge ranges from 65°S off the Amundsen and Bellingshausen seas, to 58°S north of Dron- 

ning Maud Land, resulting in a sea ice extent of 18.3x 106 km2. Large regions of high (>90%) 

concentration ice exist in the Ross and Weddell seas.

The sea ice climatology for Spring (Fig. 4.3(d)) displays a number of differences from the Winter 

distribution. The lowest latitude of the ice edge occurs as far north as in the Winter clima

tology, with ice reaching 58°S, however this is spread over a larger range of longitudes (from 

10°W to 27°E). Off East Antarctica, the ice edge is consistently further north than for the Winter 

case, however in the Amundsen and Bellingshausen seas it remains at a similar or slightly more 

southerly location than for the Winter. Overall, the Spring climatology has a greater sea ice area
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(a) Summer (b) Autumn
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(c) Winter (d) Spring

Figure 4.3: SMMR (1978-87) Mean Seasonal sea ice concentration for the austral (a) Summer, 
(b) Autumn, (c) Winter, (d) Spring
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(19.7x IO6 km2) than the Winter case (18.3 x IO6 km2), with the mean sea ice concentration virtu

ally identical between the two; 66 and 67% for the Winter and Spring climatologies respectively. 

It is interesting to note, however, that the Winter case has a greater area of sea ice concentration 

greater than 90% (2.5 x 106 km2), than for the Spring case (2.1 x 106 km2).

SS M/I

Seasonal climatologies of the SSM/I sea ice concentration are shown in Figure 4.4. Like the 

SMMR Summer climatology (Fig. 4.3(a)), the SSM/I Summer average (Fig. 4.4(a)) shows high 

sea ice concentration in the Weddell, Bellingshausen and Amundsen seas, although the SSM/I 

also displays ice in excess of 70% concentration between the Balleny Islands and the Antarctic 

coast (approximately 150-170°E). The sea ice concentration in the Weddell Sea appears higher 

in the SSM/I, with an even sharper southerly retreat of the sea ice edge at 10°W. The strip of 

low sea ice concentration in the Ross Sea has also filled marginally in comparison to the SMMR 

data. Mean sea ice concentration for the Summer SSM/I data is 43%, with a mean sea ice area 

of 10.3x 106 km2, substantially more than for the SMMR observations (38% and 9.0x 106 km2 

respectively).

By Autumn (Fig. 4.4(b)), the sea ice has surrounded the entire continent apart from a small area 

off Enderby Land. This contrasts with the SMMR Autumn climatology, which showed a wider 

ice free area in the same region, as well as a lack of sea ice off Wilkes Land. Sea ice with a 

concentration of greater than 50% extends eastward of 150°E to the Antarctic Peninsula, and 

also encloses the Weddell Sea and Prydz Bay, resulting in a mean Autumn concentration of 52%. 

As for the SMMR climatologies, the mean ice edge has retreated in the vicinity of 10°W, however 

the mean sea ice area remains higher than for Summer at 11.1 x 106 km2.

Winter (Fig. 4.4(c)) shows the sea ice edge extending to a lowest latitude of 58°S close to the 

dateline, with the 50% contour extending northward of 60° S in the same location and westwards 

past 30°W. Both of these contours cover more area at their respective lowest latitude than for 

the SMMR Winter climatology. The Winter SSM/I high concentration sea ice also cover a broad 

area. The 75% contour reaches as far north as 62°S in the outer Weddell Sea, and encompasses
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(a) Summer (b) Autumn

KU

(c) Winter (d) Spring

Figure 4.4: SSM/I (1987-96) Mean Seasonal sea ice concentration for the austral (a) Summer, 
(b) Autumn, (c) Winter, (d) Spring
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over 9.5x IO6 km2 of the 19.0x IO6 km2 total sea ice area. Likewise the region of sea ice with 

a concentration greater than 90% extends past 65°S, and envelops 3.9x 106 km2. Such a large 

amount of high concentration ice results in the mean sea ice concentration for Winter of 70%.

By Spring (Fig. 4.4(d)), the sea ice edge reaches a lowest latitude of 55°S between 10 and 15°E, 

which is further north than for any point in the SMMR climatologies. Interestingly, the 75% 

isopleth reaches past 60°S off Dronning Maud Land, and encompasses over 10.8 x 106 km2 in 

total (1.3x 106 km2 greater than for the Winter case), yet the 90% contour has retreated south 

of 64°S and only covers 2.8xl06 km2; 1.1 xlO6 km2 less than for Winter. This is a similar 

occurance, though of greater magnitude, than was observed in the SMMR climatologies. The 

bulk of the reduction in the sea ice of greater than 90% concentration occurs in the Weddell 

Sea, and reflects the hasty retreat of the 90% isopleth in October-November (Figs. 4.2(j-k)). 

Such timing corresponds with the rapid northerly advance of the circumpolar trough between 30- 

50°W as shown by Enomoto and Ohmura (1990). As the atmospheric convergence line moves 

northward of the high concentration ice it induces a more easterly wind, and hence by Coriolis 

forcing, a southward transport of the ice, effectively “pushing” the 90% contour towards the 

coast. This may also explain why the 75% region increases in area, rather than decreases over 

the Spring. Firstly, the convergence line may not have reached far enough north by October- 

November to result in a southward push of the 75% isopleth. Secondly, ice at the Winter 90% 

contour may not have actually been forced southward directly by the atmosphere, but rather 

may be “relaxing” into the open water formed when ice even further south is compacted. This 

“relaxation” may not be expected to continue as far north as the 75% contour.

4.3.3 Mean Sea Ice Concentration when Ice is Present

The Mean sea ice concentration when Ice is Present (MIP), by providing a temporal average 

concentration calculated only over days when sea ice existed at a gridpoint, removes the heavy 

bias towards the 0% (open ocean) value for the outermost sea ice grid points. Such a problem 

arises from the extremely rapid advance and retreat of the sea ice, which may result in an outer 

pack gridpoint having a low monthly average, yet if ice is encountered in that month it will
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actually be of high concentration. Such a parameter is not only useful for shipping purposes 

and comparing with historical data, but is also an extremely sensitive indicator of changes in the 

outer sea ice pack, the region which may be most affected by any enhanced greenhouse warming. 

Coupled with the length of the sea ice season, it gives a further insight into the true nature of the 

Antarctic sea ice.

In this section, comparisons are drawn with the MIP results of Commander (1985), who exam

ined 512 Joint Ice Center (JIC) sea ice analyses from 1973-1982. These data used shore and ship 

reports, aerial reconnaissance and satellite observations in their compilation, with 98% of the 

data for the Antarctic coming from the satellite borne passive microwave (ESMR and SMMR) 

and visible and infrared (DMSP and NOAA) sensors. Unlike the purely passive microwave data 

used in this thesis, the JIC satellite data comprised approximately 65% visible and infrared, and 

35% passive microwave in Summer, and 35% and 65% respectively in Winter.

SMMR

The monthly means of sea ice concentration, averaged over only those days in the SMMR observ

ing period which contained sea ice at a grid point, are shown in Figure 4.5. Comparisons with the 

mean SMMR monthly sea ice concentrations (Fig. 4.1) show that there is the large difference in 

the apparent sea ice edge, especially in the months of rapid sea ice retreat (December-February) 

and advance (March-May). January, February and March have sea ice extents 100% larger than 

their true means, with values of 12.6,8.9 and lO.Ox 106 km2 respectively. Furthermore, the MIP’s 

also show some regions of higher concentration that do not appear in the true mean. In January, 

the MIP 50% contour in the Weddell Sea extends further north than for the true mean, as it does 

also for April and May, with the May 50% contour almost extending to 60°S. In December, off 

Dronning Maud Land, the increase in the 50% area is also considerable. The December MIP also 

shows an anomalous region of high concentration ice that occurs well to the north of the normal 

ice edge, at 25°W. As it occurs at a location so far removed from any other observation, it may 

in fact be an erroneous satellite signature.
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(a) January (b) February

(c) March (d) April

Figure 4.5: SMMR monthly mean sea ice concentration (1978-87) when sea ice is present for (a)

January (b) February (c) March (d) April
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Figure 4.5: Continued: (e) May (f) June (g) July (h) August
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Figure 4.5: Continued: (i) September (j) October (k) November (1) December

99



Comparisons with the MIP of Commander (1985) (not shown) see fairly close similarity be

tween the location of the sea ice concentration contours for most of the Summer months months, 

although some interpolation is needed as Commander (1985) does include sea ice of less than 

15% concentration. Furthermore, that compilation appears to have used the sea ice edge from the 

true monthly mean to constrain the MIP, and hence apparent sea ice edge comparisons cannot be 

made. From April until the end of November, however, they appear to have very high (>80%) sea 

ice concentrations over the entire sea ice area, far higher than in any of the comparable months 

in the 2.5° x 2.5° dataset.

SS M/I

The SSM/I monthly MIP are shown in Figure 4.6. During Summer and early Autumn, the 

maximum northerly extent of the MIP differs slightly from that of the SMMR data, with mean 

sea ice extents of 14.6, 11.2 and 12.1 x 106 km2 for January, February and March respectively. 

Most noticeable difference at this time is the disappearance of the tongue of sea ice that extended 

north east from the Weddell pack to 60° S, 30°W in February for both the SMMR MIP and the 

mean ice edge of Commander (1985). Despite the similarity in the apparent ice edge, in all 

months from January to April the extent of the 50% contour in the Weddell Sea is further north 

east than for the SMMR, as well as occurring further north east than for the true SSM/I monthly 

mean sea ice (Fig. 4.1). Likewise, in the Ross Sea, the MIP shows large differences from the true 

mean, particularly in the month of March, with far higher concentrations indicated. All these 

results would indicate that over the Ross and Weddell seas, when sea ice is present, it occurs in 

high concentrations, and forms and dissipates extremely quickly.

During the months when the ice distribution is changing less rapidly (June to November), the 

SSM/I MIP and true means only show significant differences in their sea ice edge, which simply 

indicate short periodic advances and retreats of the sea ice boundary.

When compared with the observations of Commander (1985) the SSM/I values are consistently 

of lower concentration, even in the Summer months. During Winter, the difference becomes even
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(b) February(a) January

(d) April(c) March

Figure 4.6: SSM/I monthly mean sea ice concentration (1987-96) when sea ice is present for (a) 
January (b) February (c) March (d) April
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Figure 4.6: Continued: (e) May (f) June (g) July (h) August
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Figure 4.6: Continued: (i) September (j) October (k) November (1) December
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larger, with Commander (1985) showing values in excess of 80% extending right to the sea ice 

edge, whereas the SSM/I MIP still displays clear contours of ice concentration within the pack.

4.3.4 Length of the sea ice season

Annual

The mean annual length of the sea ice season for the SMMR and SSM/I observing periods is 

shown in Figure 4.7. The SMMR mean season length (Fig. 4.7(a)) closely matches the estimate 

of Parkinson (1994), despite being on a far coarser grid (Parkinson; 25km resolution) and includ

ing sea ice of between 15 and 30%. This may well be expected as both Parkinson (1994) and 

this study are based upon the same 1979-1986 twice-daily data. Integrating the maps of season 

length, the average area of sea ice of 15% remaining at a location for one day is 26.2 x 106 km2 

(Parkinson (1994), 30% cutoff: 23.5 x 106 km2), for half the year 13.1 x 106 km2 (Parkinson, 30% 

cutoff: 12.5x 106 km2) and for the entire year 1.4x 106 km2 (Parkinson, 30% cutoff: 2.4x 106 

km2).

Such a reasonable comparison between the two studies suggests that equally valid values have 

been calculated for the SSM/I season length, as presented in Figure 4.7(b). This shows clearly 

the regions of perennial sea ice cover in the Weddell Sea, the eastern Ross Sea, in the vicinity of 

the Balleny Islands and close to Prydz Bay. Of interest is the slow sea ice advance and retreat 

off East Antarctica and in the Amundsen and Bellingshausen seas, as indicated by the close 

spacing of the contours. Also worthy of note is the Weddell Sea region and its outer limits. 

The 150 day contour effectively skirts 60°S in the region from the Antarctic Peninsula (60°W), 

past the Weddell Sea to around 20°E. Unlike the rest of the sea ice pack, the contours greater 

than 150 days, from the Antarctic Peninsula to 0°E, all appear to be focussed upon the central 

Weddell Sea rather than the nearest point of coast. Furthermore, the contours indicate extremely 

rapid advance/retreat from/towards the inner Weddell Sea, with large areas occurring between 

the contours. Such a rapid retreat, coupled with its focus upon the Weddell Sea, would suggest
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(a) SMMR (b) SSM/I

Figure 4.7: Mean Annual length of the sea ice season for (a) SMMR (1979-86), (b) SSM/I 
(1989-95). Units: Days

the sea ice is forced by the Weddell Gyre from below, and the shift in the circumpolar trough (as 

described in Section 4.3.2) from above.

In the Ross Sea, the influence of the Ross Sea gyre is also highly visible, with the irregular shape 

and distribution of the 270 day contour indicating the early break out of the sea ice, as well as 

suggesting that the Ross Sea season length, at the most southerly point, is approximately 60 days 

shorter than may be expected if there were no extraordinary influences.

For comparison with the results of the SMMR data, the average area of sea ice of 15% remaining 

at a location for at least one day is 25.8x 106 km2, for half the year 13.5x 106 km2, and for the 

entire year 1.9x 106 km2, indicating that the SSM/I seasonal coverage lies between the lower val

ues of the 2.5° x 2.5° SMMR data and that of the higher resolution SMMR dataset of Parkinson 

(1994).
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Seasonal

SMMR

To examine in greater detail the advance and retreat of the sea ice pack, the number of days in 

which sea ice of at least 15% is present has been summed for each of the seasons of the SMMR 

observing period (Fig. 4.8).

It is clear from Figure 4.8(c) and (d) that the sea ice in the austral Winter and Spring is in 

a relatively steady state, with only small gradients in the length of the season. Spring does, 

however, exhibit the contour with greatest seperation from its neighbour (90 day contour), which 

is indicative of the rapid retreat of the sea ice in November after reaching its maximum extent.

The Summer and Autumn plots (Fig 4.8(a) and (b)) display large separations in their contours, 

indicating rapid retreat/decay of the sea ice in Summer, and advance/formation in Autumn. Of 

great interest is the relative speed of the advance and retreat. In Summer there appears an ex

tremely rapid retreat of the sea ice, particularly in the Weddell Sea region, and to a lesser degree 

the Ross and Amundsen seas. This is highlighted by the fact that 7.1 x 106 km2 exists for only 

10-40 days, a vast amount of sea ice when it is considered that only 6.8 x 106 km2 of sea ice re

mains for longer than 40 days. In Autumn, when the sea ice is advancing northwards, the rate of 

change appears far less than for Summer, which is quantified by the fact that only 4.1 x 106 km2 

forms in 10-40 days. As for Summer, much of this change is due to the sea ice in the Weddell 

Sea.

SSM/I

The number of days in which sea ice of at least 15% concentration is present in the SSM/I seasons 

is shown in Figure 4.9. Results are similar to that of the SMMR data, although there are some 

noticeable differences. During the Winter months, the sea ice that remains for at least 90 days 

is more southerly in the vicinity of the Weddell Sea than for the SMMR data. In the vicinity of 

0°E, it is the SSM/I 80 day contour that more closely matches that of the SMMR 90 day isoline.
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(b) Autumn(a) Summer

(c) Winter (d) Spring

Figure 4.8: SMMR (1978-87) Mean length of the sea ice season for the austral (a) Summer (b) 
Autumn (c) Winter (d) Spring. Units: Days
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(a) Summer (b) Autumn

(d) Spring(c) Winter

Figure 4.9: SSM/I (1988-95) Mean length of the sea ice season for the austral (a) Summer (b) 
Autumn (c) Winter (d) Spring. Units: Days
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For Spring, the SMMR and SSM/I values are again similar, although the SSM/I does show ice 

existing a little further northwards of Dronning Maud Land.

Summer and Autumn again show a large rapid retreat north of the Weddell Sea in Summer, and 

a less rapid change as the ice grows in Autumn, however the rates of change appear less than 

for the SMMR, with 6.3 x 106 km2 and 3.0x 106 km2 existing for 10-40 days in Summer and 

Autumn respectively, both less than for the SMMR. The curvature of the SSM/I 30 day contour 

in the outer Weddell Summer pack is also unique, running from the north-west to the south-east, 

suggesting the ice is retreating with a large east to west component. Although not shown in 

Figure 4.9, the Summer pack contains a region of less than 10 day ice off Dronning Maud Land, 

close to the dateline. This corresponds with the Weddell Polynya, suggesting that the polynya 

is not just a reduction in the sea ice concentration, but a definite reduction in the number of ice 

covered days.

In the Ross Sea, the 30 day contour fails to reach as far south as it did for the SMMR data, 

but there is still the clear indication of a reduced length sea ice season in the Ross Sea. The 

Amundsen Sea, however, appears to show a slightly shorter season, with the 80 day line no 

longer existing.

4.3.5 Time Series of the Sea Ice parameters

The plots of the SMMR and SSM/I mean daily sea ice extent, concentration, ice and open water 

area are shown in Figure 4.10. These time series update the work of Gloersen and Campbell 

(1988), Gloersen and Campbell (1991) and Gloersen et al. (1992) to include the SSM/I data up 

until the end of 1996.

Sea ice extent data show absolute maxima in 1985 (SMMR) and 1995 (SSM/I), with values of 

just over 19 and 20x 106 km2 respectively. Minimum values occur in 1984 (SMMR) (although 

the minimum value is very close to that for 1985) and 1993 (SSM/I), with values all close to 

3.3xlO6 km2. Maximum ice area for the SMMR period occurred in a number of years, with 

values of 15x 106 km2 for 1980, 82, 83 and 85. Minima of 1.9x 106 km2 occurred in early 1981
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Figure 4.10: SMMR (1978-87) and SSM/I (1987-96) Southern Hemisphere Sea Ice (a) Extent
(x IO6 km2) (b) Ice Area (x 106 km2) (c) Concentration (%) (d) Open Water Area (x 106 km2)
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and 84. SSM/I maximum was higher than for the SMMR, with 16.4 x 106 km2 ice covered in 

1994. The SMMR open water area maximum of 5x 106 km2 occurred extremely late in both 

1981 and 83, at around day 345. SMMR minima occurred very early in 1980, with a value of 

1.4x 106 km2. For the SSM/I observing period, minimum value of 1.2 x 106 km2 was observed in 

1990, and maximum in 1992 with a value of 5.1 x 106 km2, only marginally higher than seen in 

the SMMR data. Finally, sea ice concentration peaked in the SMMR at 82% in mid 1984, with a 

minimum of 53% occurring early in 1981 and 82. SSM/I maximum value occurred in 1994, with 

a peak of just over 83%, again very close to the peak SMMR value. Minimum for the SSM/I 

period was very low when compared to all other SMMR and SSM/I years, at only 49% in early 

1993.

Maximum in the plots of total sea ice extent and ice area show clearly the changeover between 

the SMMR and SSM/I sensors in 1987, with the SSM/I suggesting a greater area of sea ice. This 

is supported by the fact that there is little discernible change in either the concentration or open 

water area between the two sensor eras. Minimum values for all plots show no large perturbation 

at the changeover of sensors, as may be expected with many longitudes sea ice retreating to the 

coast.

Figure 4.11 shows the Julian day of the peak values of sea ice extent, concentration, open water 

and ice area for each year. In all cases, there is no discernible perturbation in the values at the 

time of the sensor changeover (1987), and hence the mean values and trends have been calculated 

over all 17 years. In all cases there is no statistically significant trend in the peak day. Mean peak 

day/standard deviation (in days) for the sea ice extent, concentration, open water and ice area is 

259/11, 219/20, 321/31 and 256/13 respectively. The large separation between the day of peak 

values is immediately noticeable, with the peak in the concentration occurring 102 days before 

the peak in open water area (which is also the most variable of all the parameters). Worth noting 

are the years 1979 and 1988, when the concentration and correspondingly open water area peaks 

occur furthest from the mean, with no observable anomaly in their concentration or area.

Graphs of the day of minimum value for each year are not shown, as the minima for all param

eters is effectively governed by the sea ice’s retreat to the coast. Hence all values are grouped
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Figure 4.11: Julian Day of peak values from 1979-95 for (a) Total Sea Ice Extent and Sea Ice 
Concentration (b) Total Open Water and Sea Ice Area

around a mean of Julian Day 53 to 56, with standard deviations between 5 and 9 days. Again, no 

statistically significant (at a 95% confidence level) trends are observable.

Finally, to make clear the mean annual cycle of the various parameters and to enable simple 

estimation of the pack at any time of year, Figure 4.12 shows the average daily values (and their 

7 day running mean) for the SMMR ice extent, area, open water and concentration. To give an 

appreciation of the boundary of the sea ice pack, Figure 4.13 presents the average daily mean 

latitude of the SMMR sea ice edge (taken as the 15% concentration isopleth) calculated for both 

only the longitudes that contained sea ice, and all longitudes (where if no sea ice existed at a 

particular longitude, its contribution to the daily mean was the latitude of the coastline at that 

point). Likewise, Figures 4.14 and 4.15 show the same parameters for the SSM/I observing 

period. The higher variability of the SMMR annual cycles is due to the bi-daily nature of the 

data, which effectively means half as many data values were used to calculate each annual cycle 

than for the SSM/I.
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Figure 4.12: Mean Cycle of SMMR Sea Ice (a) Extent (x IO6 km2) (b) Ice Area (x 106 km2), (c)
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Figure 4.13: Mean Cycle of the Latitude of the SMMR Sea Ice Edge for (a) All longitudes - if 
no sea ice is present then the latitude of the coastline is substituted (b) For only those longitudes 
that contain sea ice

The plots show extremely great similarity in shape for the SMMR and SSM/I observations, with 

the SSM/I being higher in value at all points for the concentration and sea ice extent, and hence 

ice area. Conversely, the SSM/I has lower values for the open water area.

The shape of the annual cycles themselves are worth noting. The sea ice extent and ice area 

display a cycle reminiscant of a short Fourier series (Figs. 4.12(a,b) and 4.14(a,b)), which reflects 

the gain and loss of energy by the surface associated with the seasonal change in the radiation 

budget. The mean sea ice concentration, however, has an annual oscillation approximating a 

flat-topped wave (Fig. 4.12(c) and 4.14(c)). The production of such a flat-topped wave in the 

annual cycle of the sea ice concentration may well be associated with both the thermal insulating 

properties of the sea ice itself, and the semi annual oscillation of the Antarctic circumpolar trough 

(van Loon (1967)). In Autumn as the incoming solar radiation decreases and the circumpolar 

trough shifts southwards, the resulting colder temperatures cool the exposed upper mixed layer 

of the ocean until it reaches -1.8°C and freezes. This separates the relatively warm ocean from 

the cold atmosphere above, and hence the latent and sensible heat transfer between the two is
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Figure 4.15: Mean Cycle of the Latitude of the SSM/I Sea Ice Edge for (a) All longitudes - if 
no sea ice is present then the latitude of the coastline is substituted (b) For only those longitudes 
that contain sea ice

stopped. This, in turn, would lead to a further decrease in the air temperature and further cool 

the remaining areas of open water until they also freeze over. This process is clearly a strong 

positive feedback loop (see Kellogg (1975)), even if the reduction in latent heat, and hence 

cloud production, is accounted for, which in turn would be negated somewhat by an increased 

surface radiation inversion if the area of ice is far enough north to be experiencing significant 

sunlight. Furthermore, the southerly shift in the circumpolar trough, and its subsequent crossing 

of the sea ice edge in late Autumn, will also lead to a change in the wind regime over the pack 

(Enomoto and Ohmura (1990)). As the trough crosses the ice edge a westerly flow will become 

dominant over the pack, which will induce a northerly Ekman turning upon the ice and force it 

even further northward. This may tend to draw higher concentration ice from the south into the 

lower concentration regions to the north, resulting in higher concentrations at many gridpoints 

than may be expected from the radiation balance alone.

In the Spring, the reverse may occur. As the incoming radiation increases, and as the circumpolar 

trough retreats (inducing a southerly Ekman forcing upon the ice as well as supplying more warm
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northern origin air) the sea ice will begin to melt away and be forced southward. Correspond

ingly, the ice is broken up by the increased wind speeds associated with the stronger baroclinicity 

of the region as the ocean (and air) to the north warms, and the sea ice pack area remains cool. 

Hence these dynamic and thermodynamic processes will compete to break up and thin the sea 

ice, exposing more “warm” open water, which, in turn, further warms the air, thus melting the ice 

and making it more susceptible to deformation by the wind. The baroclinicity will be reduced 

as the ocean is exposed and the southerly temperature increases, but by this stage the ice would 

have been thinned and decayed to a point where wind strength may not need to be high to aid 

in the break up of the pack. The end result for many regions is a period with no sea ice, which 

further enhances the flat-topped nature of the annual cycle.

The annual cycle for the open water area displays a unique shape (Fig. 4.12(d) and 4.14(d)) when 

compared to the other parameters, and is one that is difficult to discern unless daily averages are 

used. After reaching a minimum in late February, a steady increase occurs until late Septem

ber/early October, when a quasi-equilibrium is established. This remains for around one month, 

before a sudden surge in the open water area creates a very rapid increase to its annual maximum. 

Such an effect is clearly related to the relative rates of decrease in the sea ice extent and concen

tration. In early November the sea ice extent is gradually retreating at a rate equal to the reduction 

in sea ice concentration. Quite suddenly, the rate of decrease in the open water area increases, 

however the sea ice extent does not follow suit, and hence the total open water area increases 

markedly. This may well be linked to the rapid disappearance of the high concentration sea ice 

observed in October-November (Fig. 4.2(j-k)). As stated in Section 4.3.2, this is most likely due 

to the northward shift in the circumpolar trough inducing a greater easterly component over the 

interior of the pack, resulting in a net southward forcing of the ice. This results in more open 

water to the north, both by the removal of ice and by relaxation of the remainder of the pack, for 

a short time before the atmospheric convergence line moves equatorward and the easterlies begin 

to effect the outer pack, thereby pushing the ice edge towards the continent.

The annual cycle of the latitude of the mean sea ice edge is shown in Figures. 4.13 and 4.15). 

Cycles are shown for the mean ice edge calculated with only those longitudes that contained sea 

ice, as well as those determined by substituting the coastline when no ice was present. These
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two graphs then demonstrate the approximate location of the ice edge if no land were present 

(subfigures (a)), and a value where in reality, if there is ocean at that latitude, sea ice might 

be expected to be found (subfigures (b)). Subfigures (a) more clearly demonstrates the timing 

of the minima, as the mean value is not being “inflated” by the removal of longitudes as the 

sea ice hits the coast. The cycles of the sea ice edge show the most northerly extent of the sea 

ice (SMMR: 61.8°S, SSM/I: 61.2°S) occurring in September for both the SMMR and SSM/I 

data. Likewise the most southerly extent is reached at the end of February (SMMR: 69.6 °S, 

SSM/I: 69.5°S). Figures 4.13(a) and 4.15(a) display maxima and minima within days of the 

corresponding extrema of the sea ice extent (Fig. 4.12(a) and 4.14(a)), as well as matching closely 

the gradients displayed in these plots, as may be expected. Differences that do occur are primarily 

the result of the wider seperation of the longitudes with northerly extent, thus small changes in 

the latitude of the sea ice edge will cause relatively large changes in the sea ice extent. Due to 

the similarity of these graphs, and the greater “sensitivity” of the sea ice extent, the following 

analyses will feature only the sea ice extent parameter.

4.4 Discussion

Although the purpose of this chapter is to present a baseline climatology against which further re

sults could be examined, it is worthwhile examining not only the differences between the SMMR 

and SSM/I data, but also the trends in the climatologies of the two datasets.
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(a) Summer (b) Autumn

(c) Winter (d) Spring

Figure 4.16: SSM/I( 1987-96) - SMMR( 1978-87) Mean Seasonal sea ice concentration difference 
for the austral (a) Summer (b) Autumn (c) Winter (d) Spring. Units: %
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4.4.1 SSM/I - SMMR differences

Seasonal Distribution

As discussed in Sections 3.5 and 3.7, the SMMR and SSM/I differ in characteristics such as 

frequency and viewing angle, however any differences in their derived sea ice concentrations 

may still be largely independent of the sensors. Figure 4.16 presents the difference between 

the mean seasonal climatologies for the SSM/I and SMMR. Most notable difference occurs in 

Summer (Fig. 4.16(a)), with the SSM/I displaying higher sea ice concentrations in the Ross and 

Weddell seas, with magnitudes of up to 30%. The most significant differences, however, occur 

in the Amundsen and Bellingshausen seas, where the SMMR sea ice concentration data have 

higher values over the entire region, with the greatest difference peaking at over 30%.

In Autumn (Fig. 4.16(b)), the SMMR data shows consistently higher values in the Amundsen 

and Bellingshausen seas. This contrasts with the remainder of the subantarctic region, around 

which the SSM/I has higher concentrations in most areas. Most noticeable is a consistent region 

of 10% higher concentration in the Weddell Sea, as well as up to 20% difference in the western 

Ross Sea/Balleny Islands region. Furthermore, higher SSM/I values exist close to the coast right 

across Dronning Maud Land. By Winter (Fig. 4.16(c)), such discrepancies in the coastal regions 

have all but disappeared, leaving the major differences at the sea ice edge. Higher SSM/I values 

occur in the vicinity of 0°E, 30°W and 150°E, whilst higher SMMR values occur in a wide 

band straddling 90°E and in the western Amundsen Sea. Similar central positions, magnitudes 

and signs of the differences are observed in the Spring (Fig. 4.16(d)), although anomalies are 

consistently distributed in a wider longitudinal arc than for the Winter case.

Figure 4.16 shows large differences along the eastern shore of the Antarctic Peninsula, and in the 

south-western comer of the Ross Sea. These are simply caused by slightly different assumptions 

in the placement of the land mask in the two datasets, and hence are not necessarily physically 

present. All other differences observed may be caused by the differences in the sensors them

selves, with the consistently greater ice edge concentration in the SSM/I Winter/Spring, and near
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coastal values in Summer/Autumn, suggesting the SSM/I may be more skillful in identifying 

thin/new first-year ice.

The consistently lower SSM/I (1987-96) values in the Amundsen and Bellingshausen seas, how

ever, would appear worthy of further examination, particularly as they only appear in Summer 

and Autumn. Cullather et al. (1996) observed a reversal in the correlation between the moisture 

convergence in the South Pacific Antarctic sector and the SOI in 1990. They suggest this reversal 

(from strong correlation between moisture flux and the SOI pre 1990, to strong anti-correlation 

post 1990) is associated with a change in the position of the Amundsen Sea low. This change 

may also explain a change in the distribution of the sea ice concentration after 1990. Strongest 

effect upon the sea ice would occur in Summer and Autumn as not only is the ice at its thinnest 

and most open (Fig. 4.14(d)) (and hence most susceptible to atmospheric forcing by the pass

ing cyclones), but is also experiencing a minima in the latitude of the atmospheric convergence 

line in Autumn, associated with the semi annual oscillation of the circumpolar trough (Enomoto 

and Ohmura (1990); see also Fig. 5.1), and thus the pack experiences its strongest atmospheric 

forcing. Furthermore, as Cullather et al. (1996) state, the annually averaged climatological 

Amundsen Sea low is a result of a Winter positioning of low pressure in the Ross Sea, and a 

Summertime low that forms west of the Antarctic Peninsula. Hence its sphere of influence is 

over the entire region of low SSM/I sea ice concentration. Extrapolating from their comments, 

the shift in the Amundsen Sea low eastward after 1990 may have increased the divergence of the 

pack in the Amundsen and Bellingshausen seas, thereby decreasing the sea ice concentration in 

these regions.

A reduction in sea ice extent in the Amundsen and Bellingshausen seas has also been noted by 

Jacobs and Comiso (1997), who observed a decline of 20% in the extent in the two decades 

following 1973, with greatest anomalies in Summer (as was also shown in Figure 4.16). This is 

(negatively) correlated with the rise in surface air temperature of 0.5°C decade-1 on the west side 

of the Antarctic Peninsula since the 1940’s, as was also observed by King and Harangozo (1997). 

Similar correlations have also been shown by King (1994). Jacobs and Comiso (1997) suggest 

that such a forcing upon the ice may be associated with large scale changes in the state and cir

culation of the atmosphere and ocean of the South Pacific. They emphasise the oceanic influence
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Figure 4.17: Difference between the SSM/I - SMMR sea ice season length. Units: Days

upon the ice, and cite weaker surface currents or changes in the upwelling of Circumpolar Deep 

Water on the continental shelf a possible contributors to the persistence of the ice edge anomaly, 

and thus we may infer, to the concentration differences observed in Figure 4.16(a,c).

Ice Season Length

The difference between the SSM/I and SMMR mean annual length of the sea ice season is shown 

in Figure 4.17. Both the Ross and Weddell seas show a longer season for the SSM/I data, with 

differences of up to 40 days, as do most points around the coast. In the vicinity of the sea ice 

edge off East Antarctica, the SSM/I actually shows a shorter length of the sea ice season.

In the Mauds Rise/Weddell Polynya region, a general decrease in the length of the season occurs 

in the SSM/I data, although this is only of the order of 5 days, peaking at just over 10 days. How

ever, of greater note is the decrease in the length of the SSM/I sea ice season in the Amundsen 

and Bellingshausen seas, with anomalies of up to 60 days. This region of shorter SSM/I season 

length closely matches that of the SSM/I decrease in the sea ice concentration in Summer and
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SMMR (1978-87) SSMI (1987-96)

Concentration (% year-1)
Water Area (x 106 km2 year-1) 
Ice Area (x 106 km2 year-1) 
Extent (x 106 km2 year-1)

0.088
-0.007 {0.002} (-0.009) 
0.012 (-0.027)
0.005 {0.018} (-0.018)

0.002
0.008 (0.008) 
0.048 (-0.003) 
0.056 (0.004)

Table 4.2: Rate of change of the SMMR and SSM/I sea ice concentration, open water and ice 
areas, and sea ice extent. Bold values are statistically significant at the 95% confidence level. The 
values calculated by Gloersen and Campbell (1991) are shown in braces and those of Johannessen 
et al. (1995) are shown in parentheses. NB. The Johannessen et al. SSM/I data are from 1987- 
94. Neither Gloersen and Campbell (1991) nor Johannessen et al. (1995) values are statistically 
significant.

Autumn, as shown in Figure 4.16. This would suggest that the decrease in concentration shown 

in Figure 4.16 is as much a manifestation of the shorter sea ice seasons in the Amundsen and 

Bellingshausen seas as it is a simple mean decrease in the overall sea ice concentration. Again, 

it could be suggested that this is due to the shift of the Amundsen Sea low to the east, as de

scribed by Cullather et al. (1996). Such changes in cyclonicity may also induce the upwelling 

of warmer Circumpolar Deep Water on the continental shelf, which, as previously discussed, has 

been cited as a possible cause for an observed decrease in the sea ice extent in the region (Jacobs 

and Comiso (1997)). Hence a shift in the Amundsen Sea low would not only reduce the sea ice 

concentration, as stated above, but may also cause an early break up of the high concentration 

ice, thus leading to a shorter sea ice season.

4.4.2 Trends in the Data

Time Series of the Means

The trends in the SMMR time series of the sea ice concentration, open water area, ice area and 

sea ice extent anomalies are shown in Figure 4.18, and the slopes of these trends in table 4.2. In 

all cases, the anomaly is taken as the difference in the daily value from the long term mean for 

that Julian day, smoothed by a seven day running mean. Figure 4.18 shows the 30 day running 

average of this anomaly and the trend in the anomaly time series. It should be noted that despite

123



30 Day Av.
Trend

78 79 80 81 62 83 84 85 88 87 88
Year

30 Day Av.
Trend

LllllllliiiiiinliiiilllillilliiliiiiiiiliiniiiiniliiiiiiiiiiiliiiiiiiMi.I.iiiiiiiiiili...... .

78 79 80 81 82 83 84 85 86 87 88
Year
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(c) SMMR Sea Ice Anomaly (d) SMMR Sea Ice Extent Anomaly

Figure 4.18: SMMR (1978-87) anomalies and trends for (a) Sea Ice Concentration (b) Open 
Water Area (c) Sea Ice Area (d) Total Sea Ice Extent
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Figure 4.19: SMM/I (1987-96) anomalies and trends for (a) Sea Ice Concentration (b) Open 
Water Area (c) Sea Ice Area (d) Total Sea Ice Extent

125



the 30 day running average being shown, the trend was calculated using least squares best fit to 

the individual daily anomaly values.

The SMMR sea ice concentration anomaly shows an increasing trend over the years 1979-88, 

with a slope of 0.09% year-1, significant at the 95% confidence level. The open water area has 

decreased in the same time period by 0.007 x 106km2year-1, a statistically significant decrease, 

as is the increase of 0.01 x 106km2year-1 in the ice area anomaly. The competing effects of the 

open water area decrease and ice area increase result in a reasonably constant sea ice extent. 

Hence an extremely small and statistically insignificant increase in the total sea ice extent is 

hence observed.

These trends in the SSM/I anomalies (Fig. 4.19) appear to be markedly different from those 

observed in the SMMR period. The SSM/I sea ice concentration anomaly shows little change 

over the period from 1987 to 1996, with only a slight and statistically insignificant increase being 

observed. The open water area anomaly, however, shows greatest difference from the SMMR 

data, with a statistically significant (at 95%) increase in area, as opposed to the SMMR decrease. 

This increase is at the rate of 0.008 x 106km2year-1: virtually the same magnitude but different 

sign from that of the SMMR data. Such an increase in open water area is in line with the increase 

in the ice area, which displays a significant slope of 0.048 x 106km2year-1. The sea ice extent has 

been shown to increase over the time period by 0.056x 106km2 year-1, which is also statistically 

significant.

This final result appears to differ from those of Gloersen and Campbell (1991), Johannessen et al. 

(1995) and Bjprgo et al. (1997), who observed no statistically significant change in the Antarctic 

sea ice extent. Two factors may be involved. Firstly, this thesis presents data from 1995 and 

1996 in the anomaly time series. As Johannessen et al. (1995) state, “even a single unusual year 

can substantially influence the estimated trend”, and it is clear from Figure 4.19 that the years 

after 1994 (the final year studied by Johannessen et al. (1995); Bjprgo et al. (1997) continued a 

further 8 months to August 1995) have shown a consistent increase in the ice area and extent.

To verify independently the behaviour of the Antarctic sea ice extent after 1994 (and its influence 

on the determined trend), Figure 4.20 shows the sea ice extent anomaly and trend calculated from
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Figure 4.20: Sea Ice Extent Anomaly and Trend in the ERS-1 AMI data for 1991-1996

the data retrieved by the Active Microwave Instrument (AMI) on board the European Remote

sensing Satellite number one (ERS-1). For the purpose of this study, the wind scatterometer 

data is used to calculate the Centre ERS d'Archivage et de Traitement (GERSAT) maximum 

likelihood estimator (GERSAT (1997)), from which sea ice extent may be distinguished. The 

anomaly and its trend are then determined as for the SSM/I data for the same period. The ERS- 

1 AMI data clearly shows an increase in the sea ice extent from 1993 onwards, resulting in a 

statistically significant (at the 95% confidence level) positive trend of 0.32x 106km2year-1. Such 

a value is considerably higher than for the SSM/I data. Furthermore, examination of the DMSP 

satellite record shows that the SSM/I platform changes occurred in December 1991 and May 

1995, and no jump in the record is recorded at these times. This, coupled with the results shown in 

Figure 4.20 from the ERS-1 AMI, would suggest that these trends are not a product of the SSM/I 

sensor but are physically realistic. It is worth noting that the study of Cavalieri et al. (1997) 

(published after the submission of this thesis) observed that from late 1993 through 1996 the 

Antarctic ice extent remained above the 18 year mean of their combined SMMR-SSM/I dataset 

(and thus resulted in a significant positive trend in Antarctic sea ice extent of 0.014 x 106km2 

year-1; a similar trend to that determined in this thesis).
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Secondly, it is not clear from either Johannessen et al. (1995) or Bj0rgo et al. (1997) that their 

work was performed at the same resolution as this study (25km x 25km), and to what degree the 

original data were “cleaned up” or modified in Johannessen et al. (1995). The analysis used 

by Bj0rgo et al. (1997) was based on a different algorithm, NORSEX, than the NASA Team 

algorithm used in this thesis. Furthermore, both studies used monthly mean data to compute 

their anomalies and trends, whereas in this thesis the average daily values were smoothed with a 

seven day running mean (to reduce the high frequency variability induced by the small number 

of years used), and this smoothed value removed from the daily data to produce daily, rather 

than monthly, anomalies. This would only have marginal effect upon the sea ice extent, but may 

influence the statistical significance calculation. Such different approaches may explain why 

the results of Johannessen et al. (1995) for the SMMR period differ from those in this thesis. 

Importantly, though, these differing results, which would appear mostly due to the inclusion of 

the 1995 and 1996 data, can only further add weight to the comments of Barry et al. (1993a) who 

suggest that it would take at least a 20 to 30 year time series to confirm any long term trends in 

the sea ice cover.

The apparent increase in the Antarctic sea extent after 1994 is worthy of further note. It is 

difficult to determine what may have caused an increase in the Antarctic sea ice extent in these 

years without a full study upon the atmospheric state during this time and comparing this with 

conditions prior to 1994. Initial suggestion may be a subtle shift in the position of the circumpolar 

trough during these years, thereby altering the forcing upon the pack. Such a shift could either 

be natural variability, an indicator of ENSO type phenomena (such as described in Cullather et 

al. (1996)) or a reaction to larger scale change. As Manabe et al. (1991) suggest, changes in 

the meridional temperature gradient of the Southern Hemisphere would induce a strengthening 

of the westerlies, and hence by the Ekman transport, an increase in the northward motion of the 

ocean currents. This could potentially draw the sea ice extent further northwards. Furthermore, 

it is possible that the overall increase in sea ice extent and ice area in the SSM/I data could 

reflect an increase in precipitation at the high latitudes. As Manabe et al. (1991), Manabe et al. 

(1992) and Gordon and O’Farrell (1997) have shown, a transient increase in C02 may lead to an 

increase in high latitude precipitation over that of evaporation. This would lead to a decrease in 

the surface salinity, and thereby increase the stability of the upper layers. Hence the convective
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overturning that draws up warmer subsurface water would be reduced, which may lead to further 

sea ice growth.

It should be remembered, however, that changes in the trend of sea ice extent are not uncom

mon, as Breitenberger and Wendler (1990) noted reversals between 1973-1977 and 1978-1984. 

Furthermore, they suggest that regional autocorrelations may occur at timescales of one year, 

suggesting areas are “pre-conditioned” for a similar ice coverage the following year. Such pre

conditioning may be the result of changed sea ice conditions establishing salinity anomalies 

which induce convection cells that remain until the following season, and could explain the in

terannual persistence of the sea ice conditions. Care must be taken with their results due to the 

large differences in the ESMR and SMMR sensors used to gather the data, However it is inter

esting to note that Harangozo (1997) independently noted autocorrelation in the Winter sea ice 

extent of the Bellingshausen Sea, and further stated that “ice extent in one year is not independent 

of that in the next”.

Regional Trends in Sea Ice Concentration

SMMR As Figure 4.18(a) shows a statistically significant positive trend in the mean daily 

SMMR sea ice concentration, it is logical to question whether this increasing trend occurs over 

the entire sea ice pack or only regionally. Figure 4.21 shows the trends, as determined by a least 

squares regression, in the seasonal means for each sea ice gridpoint.

Results show the change in the seasonal sea ice concentration to be far from spatially homoge

neous. Trends for Summer (Fig. 4.21(a)) show alternating regions of increase and decrease in 

the sea ice concentration, with only isolated areas of statistical significance (e.g., Balleny Islands 

region (negative trend), north central Weddell Sea and northern Ross Sea (positive trends)). The 

increase in concentration in the central Weddell Sea may actually indicate a less rapid break up 

of the pack in this area. Likewise, the outer Ross Sea, which experiences the largest positive 

trend during Summer, may also be a result of a change in the rate of the Summer pack decay. 

This will be examined later in this section. Greatest change over Summer occurs in the Balleny 

Islands region, with up to 8% year-1 decrease.
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(c) Winter (d) Spring

Figure 4.21: SMMR (1978-87) trends (% year-1) in the mean seasonal sea ice concentration for 
the austral (a) Summer (b) Autumn (c) Winter (d) Spring. Stippling denotes statistical signifi
cance at the 95% confidence level
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Autumn (Fig. 4.21(b)) continues the SMMR theme of decrease in the western Ross and Belling

shausen seas, and an increase in the Ross and western Amundsen seas. Again, the Balleny 

Islands region experiences large (and in a very small area significant) decrease in its sea ice 

concentration. Apart from this location, and a small area in the northern Ross Sea, trends are 

not statistically significant at the 95% confidence level. This differs greatly from the Winter case 

(Fig. 4.21(c)), which shows large regions of significant sea ice concentration decrease in the outer 

Weddell Sea, with values of up to 4% year-1, most likely associated with a southward shift in the 

sea ice edge. A secondary large area of significant change occurs in Prydz Bay (East Antarctica), 

where despite a gradient of less than 1% year-1, the extremely low Winter interannual variability 

dictates that this modest rate is statistically significant. This region is particularly interesting as 

it is located close to the coast, and hence is not effected by changes in the sea ice edge. Simi

lar coastal regions with decreasing trends in their concentration also occur in the southern Ross 

Sea and in the Amundsen Sea. As occurred during Summer, the continent is ringed with al

ternating positive and negative trends, highlighting the non-homogeneous nature of the sea ice 

concentration changes.

Spring (Fig. 4.21(d)) also shows a trend for lower sea ice concentration in the outer Weddell Sea, 

with a large area east of the Antarctic Peninsula being significantly different from zero. Again, 

this appears linked to a decreasing trend in the length of the sea ice season, as is discussed later in 

this section. As for Autumn, there appears isolated pockets of significant positive trend in the sea 

ice concentration, with the most noticeable occurring in the close pack of the central Weddell, 

and the south and outer Ross Sea.

General trends in the SMMR sea ice concentration include an increase in the outer Ross Sea, 

Amundsen Sea and central/westem Weddell Sea, and decreases in the outer Weddell Sea (signif

icant in both Winter and Spring), the Bellingshausen and in the vicinity of the Balleny Islands.

SSM/I The regional trends in the SSM/I sea ice concentration data (Fig. 4.22) show markedly 

different magnitudes and distributions from that of the SMMR results. In Summer (Fig. 4.22(a)), 

the eastern Ross Sea displays a decreasing trend in concentration, and the Balleny region an 

increasing trend, both directly opposite in sign from their SMMR counterparts. The western
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(a) Summer (b) Autumn

(c) Winter (d) Spring

Figure 4.22: SSMI (1987-96) trends (% year-1) in the mean seasonal sea ice concentration for the
austral (a) Summer (b) Autumn (c) Winter (d) Spring. Stippling denotes statistical significance
at the 95% confidence level
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Weddell Sea, however, continues to show a decrease in the Summer sea ice concentration. As 

for the SMMR Summer, the SSM/I trends only have small regions of significant value.

Autumn (Fig. 4.22(b)) again shows the far western Weddell Sea experiencing a decrease in its 

concentration, as does the northern Ross Sea. Increasing, and significant, trends occur in the cen

tral and eastern Weddell Sea and in the Balleny Islands region, which shows an equal magnitude, 

but completely opposite sign, trend to that observed in the SMMR period.

Winter (Fig. 4.22(c)) is arguably the season which shows greatest difference from that of the 

SMMR data. In the outer Weddell Sea there exists a positive trend in the concentration, with a 

small region of significance at 15°W. Likewise, an area of significant increase in concentration 

occurs in the outer Ross Sea and the western Bellingshausen Sea, with a negative trend in the 

outer western Ross Sea. In all these cases, the sign of the trend is opposite to that observed in the 

SMMR period, and for the majority of the pack the magnitude is less than 1% year-1. Of note is 

the small region of significant positive trend in the southern Weddell Sea, which also occurs in 

the SSM/I Spring (Fig. 4.22(d)). Largest decreases in the Spring concentration occur in the outer 

Ross Sea, again the opposite as to that observed in the SMMR Spring. As occurred in the other 

seasons in the SSM/I period, Spring shows few regions of statistically significant change.

Overall, increases in the mean seasonal sea ice concentration occur in the Bellingshausen Sea and 

the western Ross/Balleny Islands region, with decreasing trends in the western Ross/Amundsen 

Sea area and in the western Weddell Sea. This final location is one of the few that has maintained 

the trend observed in the SMMR period. Compared to the SMMR data, the SSM/I showed few 

regions of statistically significant change, as might have been expected considering the statisti

cally insignificant trend shown in the SSM/I sea ice concentration anomaly (Fig. 4.19).

Length of the Sea Ice Season

Just as the sea ice concentration distribution may change over time, it may also be expected that 

the length of the sea ice season could display variability. To examine this, the spatial mean of the
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Figure 4.23: Spatial mean of the length of the sea ice season for (a) SMMR (1979-86) (b)SSM/I 
(1989-96). Units: Days

length of the sea ice season was calculated for each full year in the SMMR and SSM/I observing 

periods, and from this the trend in the annual values was determined.

Results show a small decrease in the SMMR length of season parameter (Fig. 4.23), although this 

trend is not above the noise (standard deviation of the means: 5.8 days). The SSMI observing 

period displays a general increase of 0.4 days year-1, also not statistically significant.

As shown by Parkinson (1994), trends in the length of the sea ice season are far from spatially 

uniform. For the SMMR data between 1979 and 1986, she observed biases towards shorter ice 

seasons in the northern Weddell and Bellingshausen seas, and for longer seasons in the Ross and 

south central Weddell seas, as well as off much of East Antarctica. Figure 4.24 uses the technique 

of Parkinson (1994) to determine the trends and their significance for the 2.5° x2.5° SMMR and 

SSM/I season lengths. In both cases, opposite trends occur in the Ross and Weddell seas, a result 

which is analogous to that observed in MSLP proxy records for the past 200 years by Villalba et 

al. (1997).
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(a) SMMR (b) SSMI

Figure 4.24: Trends in the length of the sea ice season for (a) SMMR (1979-86) (b)SSM/I (1989- 
96). Stippling denotes regions with significance greater than 95%. Units: Days year-1

Trends for the SMMR data (Fig. 4.24(a)) closely match those of Parkinson’s 15% cutoff data, as 

would be expected, with the only differences due to the resolution used for analysis. Statistically 

significant decreases in the season length are observed in the northern Weddell Sea, in vicinity 

of the ice edge off Dronning Maud Land, in the region west of the Balleny Islands, and a small 

area close against the western shore of the Antarctic Peninsula. Significant positive trends occur 

near the ice edge at 60°E and in the Ross Sea. This region corresponds to the area of increasing 

Summer and Autumn sea ice concentrations (Fig. 4.21(a-b)), suggesting that the tendency for 

higher mean sea ice concentration in the Ross Sea is a consequence of a later break up and 

earlier re-freeze of the pack in this region. Likewise, the reduction in the season length in the 

outer Weddell Sea, the Bellingshausen Sea and the Balleny Islands regions also match the areas 

of a decreasing mean seasonal sea ice concentration (Fig. 4.21).

The SSM/I season length trend distribution (Fig. 4.24(b)) displays an opposite behaviour to the 

SMMR case in many of the regions. The central Weddell, Bellingshausen and Balleny Islands 

regions have all switched to a positive trend in their season length, with statistically significant 

increases in the Weddell Sea (including the region of the Weddell Polynya), off Wilkes Land
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close to the Balleny Islands. Likewise, the coastal regions off Wilkes Land, the eastern Ross 

Sea and the Amundsen Sea have all become regions of decreasing season length, with significant 

values in the outer eastern Ross Sea region.

As for the SMMR data, trends in the sea ice concentration distribution (Fig. 4.22) appear to 

closely match those of the season length (Fig. 4.24(b)). For example, the statistically significant 

regions of increasing season length in the Weddell Sea and off Wilkes Land both both encom

pass the areas of statistically significant Summer and Autumn increasing sea ice concentration. 

Likewise, the large regions of decreasing season length in the eastern Ross Sea and off Dronning 

Maud Land coincide with strongly decreasing sea ice concentration in Spring. This suggests that 

changes in the mean sea ice concentrations are largely a consequence of changes in the mean 

season length.

Worth noting is the Bellingshausen Sea region, which shows a positive trend in season length 

over the SSM/I observing period. This contrasts with the observations of Jacobs and Comiso 

(1993) of a large decrease in the sea ice extent from mid 1988 to 1991, and Jacobs and Comiso 

(1997) who observed a decrease in ice extent between 1973 and 1993 (and hence one might 

expect a decreasing trend in the season length of the outer lying gridpoints) with high interannual 

variability. As suggested previously in this thesis, such a difference in trends is most likely to 

be due to the inclusion in this study of data after 1994, which showed a considerable increase 

in ice extent, and thus one would assume, season length. Furthermore, the trends in the SSM/I 

sea ice concentration (Fig 4.22) also show only small spatial scale, and statistically insignificant, 

decreases in the outer pack Summer sea ice concentration. All other seasons in the SSM/I period 

show an increasing trend in the Bellingshausen Sea. As Parkinson (1995) points out, and the 

above results confirm, short term changes in the sea ice cover that occur in a relatively limited 

area (such as the Bellingshausen Sea) may not necessarily point to large scale, long term change 

in sea ice conditions.

This example, coupled with the near complete reversal in the trends between the SMMR and 

SSM/I observing periods, only highlights the apparent shift in the Antarctic sea ice distribution 

in the 1990’s, and further strengthens the argument that a considerably longer sea ice climatology 

is needed before large time and space scale trends can be sifted from the natural variability.
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4.4.3 Comparisons with Historical Data

The SMMR and SSM/I data presents a relatively short term record of sea ice concentration in 

a region known to exhibit significant decadal (and longer) variability in a number of different 

parameters (e.g., Fletcher et al. (1982), Enomoto (1991), Cullather et al. (1996) Villalba et al. 

(1997)). Corresponding long timescale variability may also be inherent in the Summer sea ice 

extent decrease between the mid 1950’s and early 1970’s (de la Mare (1997)), and the 1930’s 

and 1980’s (Jacka (1990)). As a proxy for an even longer term sea ice climatology, and in order 

to make comment on any change in the sea ice extent since the turn of the century, sea ice 

observations from six Antarctic expeditions prior to 1900 have been compared to the monthly 

MIP distributions from the SSM/I sensor. The documented observations of the apparent sea 

ice edge for these expeditions (Rubin (1982a,b), Capricorn Press (1990), Parkinson (1990)) are 

shown in Figure 4.25.

Of the 59 observations of the sea ice edge made prior to 1900, only six fall significantly outside 

the MIP observed in the period from 1987-96. This contrasts with the analysis of Parkinson 

(1990), who, using the Nimbus 5 ESMR sea ice observations, found a total of 14 values (out 

of 42) north of the appropriate 1973-76 monthly mean ice edge. Of the six observations falling 

outside the 1987-96 MIP, the three that differ most from modem observations were made by 

James Cook on the earliest of the expeditions between 1772 and 1775. Their large distance from 

the 1987-96 MIP would suggest that they were not true observations of the sea ice edge, but 

rather anomalous bands or even low “bergy bits”. Cook’s other observations all fall within the 

SSM/I limits, including those made in December (1772) which Parkinson (1990) noted were 

well north of the ESMR data, but which fall almost directly on the outer MIP sea ice positions 

in the SSM/I. This alone shows the worth of using the MIP for such a comparison, as it would 

appear feasible that ice can occur at this latitude even in modem times. Similar results can be 

seen for Bellingshausen in January (1820 and 1821) and December (1820) in the outer Ross, 

Weddell and Amundsen seas, as well as for Wilkes in the Amundsen Sea ( 1839) and Balleny in 

the Ross Sea in February (1839). As it is entirely conceivable that the ice edge as observed by 

some of the explorers would simply be their first/last observations of sea ice upon approaching 

the continent, rather than a continuous 15% as would be considered the ice edge today, the above
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Figure 4.25: SSM/I (1987-96) monthly mean sea ice concentration when sea ice is present, and
the location of the sea ice edge as observed by ★ Cook (1772-1775), • Bellingshausen (1820-
1821), ▲ Wilkes (1839-1840), A Balleny (1839), ■ Ross (1841), ♦ Gerlache (1898-1899), during
(a) December (b) January (c) February (d) March
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comparisons would suggest that there has been little change in the sea ice location since those 

times. Considering that the 18th to mid-19th centuries are generally regarded as being times of 

the Little Ice Age (Parkinson (1990)), and that some have suggested any enhanced greenhouse 

warming would result in a decrease in the sea ice extent (Washington and Meehl (1989)), such a 

similarity between the past and present ice distribution suggests the Antarctic sea ice is relatively 

stable, indicating the important and moderating role of the Southern Ocean in ice distribution.

Observations that appear inside the SSM/I MIP are also worthy of note. Firstly, the observation 

of Cook in December (1772) at 60° 21’S, 13° 13’E, which appears inside the 50% contour for 

the MIP, noted that the sea ice edge was north of the ship. This indicates, as Parkinson (1990) 

suggests, that he was watching the breakdown of the Weddell Polynya and therefore had an 

ice tongue to his north. The observations of Ross in January and March (1841), and Wilkes in 

January (1840) skirt the 50% MIP contour almost precisely, indicating they marked the ice edge 

when it became a more constant barrier. Likewise, the ice edge marked for Gerì ache in February 

(1898) indicates where his ship (the Belgica) first entered the sea ice, and the observation for 

March (1898) at 71° 31’S, 85° 16’W where the ship became trapped within the ice. Its exit 

from the ice in March (1899) is slightly further north than the 50% MIP contour of today. The 

remaining observations from inside the SSM/I MIP pack that fall well short of the 50% contour 

(e.g., Wilkes, February (1840), Balleny, March (1839) ) further suggest that it is unlikely there 

has been a large and significant difference between the sea ice distribution of today and that at 

the turn of the century.

4.5 Chapter Summary

This chapter has presented a sea ice climatology based upon SMMR observations from 1979-87, 

and SSM/I observations from 1987-96. In most cases, these two sets of observations have been 

treated separately due to sensor differences and drift creating uncertainty in the continuity of the 

results. Analysis indicates there is a greater sea ice concentration and more extensive coverage 

in the SSM/I data.
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Monthly and seasonal averages of sea ice concentration, extent, ice area and open water area were 

compiled. Peak seasonal concentration and extent occur in the austral Spring, with the monthly 

maximum extent occurring in September, and highest concentration in September (SSM/I) and 

October (SMMR), as has been shown in previous studies (e.g Parkinson et al. (1987) and Glo- 

ersen et al. (1992)). The exact timing of the peak values shows a mean separation of 40 days 

between the concentration and extent maxima (Julian day 220 and 260 respectively), and a peak 

for the open water and ice areas at days 320 and 256 respectively. The offset in timing of the an

nual cycle for the sea ice extent (which, as for the ice area, displays a short Fourier series shape) 

and concentration (whose cycle resembles a flat-topped wave) results in a sudden increase in 

the corresponding open water area curve, and hence its late year maximum. This appears to be 

caused by the semi annual oscillation of the Antarctic circumpolar trough, and the trough’s sub

sequent shift from south to north of the sea ice edge inducing changes in the wind forcing upon 

the pack.

Examination of the regional trends in the seasonal sea ice concentration show large differences 

between the SMMR and SSM/I period, with an almost total reversal in trend in most locations. 

One of the few areas to show similar tendencies in the SMMR and SSM/I data is the western 

Weddell Sea, with a continuing decline in sea ice concentration over the entire period. The 

contrast in the regional trends between the SMMR and SSM/I data is reflected in the trends in 

the anomalies of the mean open water area, with the SMMR showing a significant decrease in 

open water, and the SSM/I a significant increase. Results for the trends in the mean anomalies of 

ice area and extent show differing values from those of previously published results, in particular 

the SSM/I sea ice extent which shows a significant increase in the period from 1987-96. This 

appears to be due to a large increase in the extent in the years 1994-96, years which were not 

included in previous climatologies. Such an increase after 1994 is confirmed by a preliminary 

examination of the ERS-1 AMI data.

The large post-1994 increase in sea ice extent, ice and open water anomalies may be the re

sult of subtle changes in the position of the circumpolar trough changing the forcing upon the 

pack, as well as modifying the meridional temperature gradients. Such a change would induce a 

strengthening of the westerlies, and hence increase the northward (Ekman) transport of the sea
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ice. Changes in the circumpolar trough, and in particular the Amundsen Sea low, may also in

duce an increase in the precipitation over evaporation at high latitudes, which may be the result 

of ENSO phenomena (Cullather et al. (1996)), or a transient increase in C02 (Manabe et al. 

(1992)). Such an increase in the fresh water input may have lead to a decrease in the surface wa

ter salinity, in turn increasing the stability of the upper layers and thus restricting the convective 

overturning that draws warmer deep water to the surface that would ordinarily restrict the growth 

of sea ice. It is conceivable that the 1990-1995 El Nino event may have progressively lowered 

the surface salinity, thus triggering an anomalous increase in the sea ice area. The ocean’s “mem

ory”, or inertia , has seen these increases begin late in the El Nino event, and carry on past its 

cessation. Further study is needed to support this hypothesis.

Distributions and trends in the length of the sea ice season have also been determined. Mean 

length of the SMMR sea ice season was shown to decrease, whereas the SSM/I displayed an 

increase. Neither achieved statistical significance at the 95% confidence level. Mean length of 

the sea ice season in the SMMR period is 218 days, whilst in the SSM/I this has increased to 

229 days. The distribution of the length of the sea ice season showed perennial ice cover in the 

Weddell Sea, the eastern Ross Sea, in the vicinity of the Balleny Islands and close to Prydz Bay. 

The Weddell Polynya and the early break out in the Ross Sea are clearly shown. Regional trends 

again show a reversal between the SMMR and SSM/I observations, with regions that showed 

a decreasing, and statistically significant, trend in the SMMR data (e.g., the Weddell, Belling

shausen and Balleny Islands regions) displaying positive trends in the SSM/I period. Likewise, 

strongly positive trends in the SMMR (e.g., Ross Sea and regions off East Antarctica) have be

come equally strong negative trends in the SSM/I observations. It has been suggested that such 

a reversal in trend for both the sea ice concentration and season length may be comparable to 

the change in moisture convergence over the Antarctic continent observed by Cullather et al. 

(1996), and their observation of a shift in the position of the Amundsen Sea low after 1990. 

Such a change in the moisture field may well induce precipitation anomalies over the various 

ocean areas, thus effecting surface salinity, and hence stability, and the degree to which warmer 

subsurface water is mixed into the surface.
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Monthly mean values of the sea ice concentration averaged only over those days in which sea ice 

was present were also shown. These give a good indication of where sea ice may extend to at any 

time of year, and also show that the sea ice concentration in the Ross and Weddell seas is rarely 

in low concentrations, even in Summer. In these areas, sea ice is almost a switch on, switch 

off scenario, with only short times of pack development. Results also suggested the previous 

published climatology of this type (Commander (1985)) showed concentrations slightly higher 

than may be expected.

Finally, the mean values of SSM/I sea ice concentration averaged over those days when ice was 

present were compared with observations of the sea ice edge made prior to 1900. These results 

suggest that the sea ice pack has remained reasonably static over time. Coupled with the trends 

observed in the SMMR and SSM/I data, this would suggest that the pack is highly variable in 

timescales of many years, and care must be taken in concluding any long term change from the 

current satellite record. This supports the comments of Barry et al. (1993a), who stated that a 

minimum of 20-30 years of observations are needed to truly determine any trends.

Above all, it is hoped that this work will enable the reader to gain a full and comprehensive 

understanding of the distribution, extent and duration of the Antarctic sea ice pack, and from this 

be able to draw conclusions and comparisons not only with the remainder of this thesis, but also 

with any future research.
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Chapter 5

A Spectral Study of Antarctic Sea Ice 

Concentration, Wind Stress and 

Temperature

5.1 Introduction

As shown in Chapter 4, sea ice concentration in the Antarctic is subject to great temporal and 

spatial variability, which must be the result of both dynamic and thermodynamic forcing from 

the atmosphere above and the ocean below. However the relative importance, and physical basis, 

of these driving influences upon the pack is unclear, as is the timescales on which such forcing 

takes place. This chapter will discuss some possible causes for intra and inter-annual variability 

of the Antarctic sea ice pack, and thus, by comparing the frequency spectra of the sea ice, wind 

stress and temperature, suggest which of these processes are dominant.

One possible, and often overlooked, cause of intraannual variability in the sea ice concentration 

may be linked to the semi annual oscillation of the Antarctic circumpolar trough. Enomoto and 

Ohmura (1992) examined the relationship of the sea ice edge to the Antarctic circumpolar trough 

and noted that the latitude of the atmospheric convergence line (the centreline of the trough)

143



60

Latitude of Sea Ice Edge \ 
Atmospheric Convergence Line

J F M A M J

Month

Figure 5.1: Schematic of a generic relationship between the sea ice edge and the atmospheric 
convergence line (the centreline of the circumpolar trough)

crosses that of the sea ice edge twice yearly (Fig. 5.1). Firstly in Autumn as the sea ice advances, 

and again in Spring as the ice retreats and the circumpolar trough advances north, although some 

longitudinal differences will occur in this timing. The Spring ice edge retreat (Fig. 5.2(a)) is 

significant, as the mean wind field over the ice will shift from a westerly (cyclonic systems 

partially over the continent, majority over the ice) to an easterly (cyclonic systems to the north 

of the ice). This has implications for the sea ice, as with an easterly wind regime there will be a 

net southward transport of the ice due to the Coriolis force induced Ekman drift (to the left in the 

Southern Hemisphere). (Observations in the Weddell Sea by Vihma et al. (1996) suggest typical 

sea ice motion is 30° to the left of the surface wind, at around 3% of the surface wind speed.) 

This southward movement of the ice will make the pack far less divergent.

In Autumn/Winter (Fig. 5.2(b)) the situation is reversed. As the atmospheric convergence line 

shifts south of the ice edge, the pack comes under the influence of a predominantly westerly 

flow. The Ekman drift will hence transport the ice northwards, aiding in the increase in the sea 

ice extent, therefore increasing the divergence over much of the pack.

The crossing of the atmospheric convergence line and the sea ice edge should be most noticeable 

in the Ross and Weddell Seas, where the seasonal variation of sea ice extent is greatest. It has 

also been suggested (Enomoto and Ohmura (1991)) that during Winter (the time of westerly
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Figure 5.2: Schematic of the Antarctic circumpolar trough/sea ice motion for the austral (a) 
Spring/Summer (b) Autumn/Winter

wind dominance) not only has the ice extent been rapidly increased, but so has the area of open 

water. (It is worth noting, however, that this thesis has shown the open water rapid increase 

in November-December, when the open water area reaches its maximum: see Figures 4.14(d)
I

and 4.12(d)). Enomoto and Ohmura(1991) suggest that at this time “the sea ice area can respond 

immediately to changes in the wind field”. If this is so, then this study will observe this in its 

examination of the wind, temperature and sea ice concentration fields in timescales of less than 

one month, as these parameters are closely linked by many processes (Fig. 5.3). It should also 

be able to question whether the term “immediately” is valid, at least on the larger spatial scale.

Despite the possibility of such strong interactions, the timescales of these processes are unknown, 

and thus will be examined in detail in this chapter. It may be expected that the sea ice concen

tration would show an inertia to changes in the wind field because of the “smooth” surface, large 

mass and keel drag of individual floes, and because the pack may move as one unit under spa

tially homogeneous conditions, as shown by Crane and Wadhams (1996). They observed sea ice 

in the Weddell Sea of greater than 93% to behave as a rigid body with coherent motion as low 

pressure systems crossed the area. Likewise, McPhee et al. (1996) observed little concentration
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Figure 5.3: The interaction of Sea Ice Concentration, surface air Temperature and Wind Stress

change in high concentration sea ice in the vicinity of Mauds Rise even with the passing of hur

ricane force cyclones. Further demonstration of the sea ice inertia to wind forcing is made by 

Omstedt et al. (1996), who showed that in an idealised, model scenario, ice of only 0.5 metres 

thick experiencing a wind speed of 7ms""1 with inertial frequencies required over 100 hours to 

spin up to an equilibrium speed. These scenarios would suggest that on longer timescales, sea ice 

concentration may display greater variability than the wind stress. As the concentration might 

also react slowly to changes in the surface air temperature, either because existing high concen

trations prevent further freezing or cold ocean temperatures moderate the melting due to a warm 

atmosphere, sea ice concentration may also show longer period fluctuations than the surface air 

temperature. Hence the variability of the sea ice concentration may be biased towards longer 

timescales than both the wind stress and the air temperature. Such a bias is commonly known as 

a “red shift” in the frequency spectra.

Further input to the sea ice concentration spectra may be added by the oceanic forcing of the ice, 

which would have considerable bearing upon its motion, and hence variability, on longer than 

synoptic timescales.

Finally, as short term changes in the near surface temperature are synoptically driven, it is con

ceivable that the temperature field will display a red shift away from that of the wind spectrum. 

As persistent northerly winds, say, continue to blow upon a region, the air that reaches the loca

tion will have an origin that is progressively further to the north. Hence it may be expected that
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although the wind speed may vary, the atmospheric temperature will steadily change, and thus 

its spectrum will be shifted towards longer timescale variability.

If the atmospheric forcings upon the ice cause changes in the sea ice concentration spectrum, 

then changes in the relationship of the circumpolar trough to the sea ice edge should be evident 

in a number of ways. Firstly, significant differences in the frequency spectrum should occur 

between that of the Summer/Spring (trough north of the ice edge) and Winter/Autumn (trough 

south of the ice edge) sea ice concentration. Secondly, differing signals may be expected in 

separate regions (e.g., the Ross and Weddell Seas) due to the local latitude of the coast and 

ice edge, ocean forcings, and dominant thickness/distribution of the sea ice itself. Likewise, 

the distance into the pack may also see changes in the sea ice concentration spectra induced 

by the ice conditions (thicker, more closed cover in the central pack, lighter towards the ice 

edge) and the relative distance from the atmospheric convergence line. Hence investigating the 

dominant modes of temporal variability in all these areas will clarify if the biannual crossing 

of the circumpolar trough and the sea ice edge is, indeed, a significant influence upon sea ice 

concentration distribution. Furthermore, the relationship between the dominant modes for the 

sea ice, near surface temperature and the wind stress will also test the hypothesis that these 

parameters may be “red shifted” from one another.

Just as important in understanding the role of sea ice in the high latitude climate and weather sys

tem is the longer, interannual, variability of the sea ice and the overlying atmosphere. Trenberth 

(1981) observed a quasi-biennial fluctuation in the 500mb zonal mean geopotential height and 

westerly wind fields for the Southern Hemisphere. Over the sea ice region (taken by him to be 

60°S to 70°S), Trenberth’s “Australasian” sector (which encompasses much of the Ross Sea) dis

played strong biennial oscillation in the departures from the long term mean of the geopotential 

height at 500mb. This signal is evident, though with less intensity, in all other sectors. Likewise, 

the departures from the long term mean of the zonally averaged westerly wind component also 

displayed strongest quasi-biennial fluctuation in the Australasian sector.

Similarly, Enomoto and Ohmura (1992) suggest that the position of the circumpolar trough may

also display a 2-year cycle. If such a biennial cycle does exist at sea level, it is highly conceivable
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that it would also manifest itself in the variability of the sea ice concentration, for some of the 

reasons mentioned above.

More recent work has also suggested the existence of an Antarctic Circumpolar Wave (ACW) 

with a period of 4-5 years, and taking 8-10 years to encircle the continent (White and Peterson 

(1996)). They observed this wave in a number of parameters, including surface pressure, wind, 

temperature and sea ice extent. Using sea ice edge data (defined as the 15% concentration iso- 

pleth), at increments of 5° longitude, White and Peterson observed an eastward propagating wave 

of the ice edge anomaly with ranges as large as 350km. In the vicinity of 90° W, they observed a 

strong poleward retreat between 1988-91, which they attribute to “a propagating set of coupled 

anomalies”, which were moving with the ACW. If such a wave also has an impact upon the sea 

ice concentration, it should be observable in the time series of annual spectra.

Finally, it is conceivable that low latitude phenomenon such as ENSO may also contribute a 

signal to the sea ice concentration variability, as Gloersen ( 1995) and Simmonds and Jacka ( 1995) 

observed correlations between the SOI and the Antarctic sea ice, primarily when the SOI lead 

the ice anomalies. Furthermore, Gloersen et al. (1996) used Fourier techniques to filter out 

components in the Arctic sea ice concentration similar to those found in the ENSO Index.

5.2 Method

In order to examine the temporal variability of sea ice concentration, and how this relates to 

the overlying atmosphere, Fourier analysis techniques have been used. This enables the specific 

modes of variability to be extracted, which may suggest links with the dynamic and thermody

namic forcing mechanisms. It also tests the hypothesis that the sea ice is “red-shifted” in its 

frequency spectrum from the wind stress and near surface temperature.

The sea ice in this study is derived from the Defense Meteorological Satellite Program (DMSP) 

Special Sensor Microwave/Imager (SSM/I) daily data. These data, originally at 25km resolution, 

have been converted to a 2.5° resolution by a “drop in the bucket” approach, as discussed earlier 

in Section 3.5. This resolution change places the sea ice on the same grid as the European Centre
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for Medium Range Forecasts (ECMWF) daily analyses, from which the surface temperature and 

winds have been obtained. All daily data used in this study were continuous from 1988 to 1994. 

Missing values from the DMSP SSM/I data set (considered to be any point whose value was less 

than 40% of both of its temporal neighbours) were “filled” by linear extrapolation from the days 

either side of the point. The infrequent occurrences of missing data is not thought to compromise 

the integrity of the final spectral analysis.

Two further factors must be considered when performing a Fourier decomposition of the SSM/I 

sea ice dataset. Firstly, a “weather filter”, as discussed in Section 3.5, has been applied in order 

to remove any spurious sea ice concentration values that are due to high atmospheric moisture 

content (e.g., from sea spray caused by high winds, rain, etc). The weather filter is, however, 

simply a calculation of cut off values rather than a true band pass filter, and hence will have no 

impact upon the spectra of the sea ice concentration. Secondly, the errors in the data themselves 

(as discussed in Section 3.6) are considered small enough (Cavalieri (1992)suggests that random 

noise can reasonably be assumed to be less than 2%) that it should only impact minimally upon 

the spectral analysis. Furthermore, and as also discussed in Section 3.6, it becomes a matter of 

debate as to how accurate a data set must become before it can be considered true enough for 

detailed investigation.

The atmospheric data used in this analysis are the temperature and wind stress from the ECMWF 

data set. Wind stress was derived from the ECMWF wind data. In order to convert the wind data 

to a wind stress, a simple algorithm was applied:

T = CDp(u2 + v2) (5.1)

where Cd is the drag coefficient taken to be a constant (10~3), p the density of air (1.225 kgm-3) 

and u and v the east-west and north-south components of the wind speed. Although it could be 

argued that the value of Cd should be made dependant upon stability and roughness length, it was 

decided that specifying a single drag coefficient would reduce the complexity in understanding 

the final analysis that would be induced by the multiple covariance terms (and their unknown
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Figure 5.4: Plot of Sea Ice Concentration for the gridpoint at 180°E, 70°S from 1994 (Julian day 
60) to 1995 (Julian day 59). Tick marks on the abscissa show the “seasonal” divisions used in 
this thesis

sign and magnitude) that would result from using Cd(\u\, AT) (see Simmonds and Dix (1989)). 

However the inclusion of Cd = Cd{\u\, AT) will be a valuable future analysis.

The annual cycle was removed from the time series of the three data sets, thus ensuring that when 

the individual years were divided into “seasons”, these seasons were cyclic and hence suitable for 

spectral analysis. To remove the annual cycle from the data, a Fourier analysis was performed 

on the daily data for each of the years from 1988-94. The first 14 waves (representing time 

scales longer than 26 days) were retained using the techniques described in Section 3.11, and 

considered the seasonal cycle for that year. The reasons for choosing 14 waves are described in 

Appendix B. (A similar approach, involving the removal of the first 5 harmonics, was used by 

Gloersen and Campbell (1991).) This seasonal cycle was then subtracted from the original data, 

producing a new time series suitable for spectral analysis in seasonal blocks.
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Each year is divided into three seasons of 122 days in length (Fig. 5.4), these being Julian days 

60 to 181 (March - June, which will subsequently be referred to as MAMJ), 182 to 304 (July- 

October, which will be refered to as JASO), and 305 to 59 (November-February, which will be 

labelled NDJF. Where a year is referred to, this is the year for the months November/December). 

In a physical sense, these three seasons encompass the major cycles of the Antarctic sea ice far 

better than the standard four climatological seasons. MAMJ includes the rapid sea ice concentra

tion change from zero to in excess of fifty percent that occurs at the great majority of Antarctic 

sea ice points. JASO is the relatively stable Winter period, and NDJF consistently shows the 

rapid decrease in the concentration of the pack. Likewise for the Antarctic atmosphere, Enomoto 

and Ohmura (1992) showed that the rapid northward shift in the circumpolar trough, and sub

sequent crossing of the sea ice edge, typically occurs in November/December (dependant upon 

longitude), and retreats, and again crosses the sea ice edge, in May/June. Using a normal distri

bution of seasons, these crossings would be split across the seasonal boundaries and hence make 

results more difficult to interpret.

To extract the modes of variability from the detrended (first fourteen annual waves removed) 

seasonal data, Fourier methods were used. This enables complete control over the final analysis, 

and removes any cross contamination that may occur with a Blackmon (band pass) filtering 

scheme (see Appendix A). The Fourier analysis technique has been described in Section 3.11.

When examining the Fourier decomposition of the seasonal data it must be remembered that the 

detrending involves the removal the first 14 waves (period > 26 days) of the annual cycle, rather 

than from the trend in the season alone. Hence the 14 wave Fourier series which is a best fit to the 

annual cycle is not necessarily the best fit for the individual seasons, especially if the season is a 

time of rapid change. Once the 14 wave cycle has been removed from the annual data, it would 

be expected that the seasonal residual will contain at least some waves with periods greater than 

26 days.

Spatial distributions of the variance explained (VE) by the waves produced by the Fourier anal

ysis were grouped into “windows” with 5 day intervals. These were calculated for the sea ice 

region in each season, the sea ice region being defined for each year as the area of ice above
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15% concentration that had been present for at least 30 days. This eliminates any spurious, out

lying gridpoints where ice of low concentration appeared spasmodically, as well as preventing 

any misleading result at grid points where ice may have only just appeared or disappeared in 

the starting or finishing few days of each season. The mean sea ice area for MAMJ, JASO and 

NDJF, calculated as above, are shown in Figure 5.5. The mean VE for each window at each 

gridpoint was then calculated using only the years with non zero VE. This ensures the sum of all 

the “mean” windows will equal 100%.

Temporal variability was examined using mean values for each wave over prescribed regions. 

Area weighted averages were performed for the sea ice region in each season, as well as for 

prescribed sectors of the Antarctic coast. Six such sectors were chosen based on the major 

embayments and sections of consistent latitude coastline, and covered the longitudes 160°E 

to 140°W (Ross Sea sector), 140°W to 100°W (Amundsen sector), 100°W to 60°W (Belling

shausen sector), 60°W to 20°W (Weddell sector), 20°W to 40°E (Dronning Maud sector) and 

40°E to 160°E (East Antarctic sector). Likewise, to study how the characteristics of the vari

ability changes with distance from the coast, seasonal averages were constructed over 6 zonal 

bands, the most northerly consisting of sea ice edge gridpoints of at least 15% concentration 

and 30 day duration for each season. The second band contains gridpoints one gridbox south of 

the first band. Two bands represent the central pack, the first containing all points at least two 

sea ice gridboxes to the north and south, likewise the second contains 3 ice gridpoints north and 

south. The two coastal bands contain all gridboxes one and two gridpoints seaward of the coast 

respectively.

It is important to demonstrate that the response of the sea ice is found more markedly in the 

lower frequencies, and is above the noise level. To provide a summary of the “reddening”, tables 

have been constructed to give a measure of the red shift and its statistical significance. These 

have been constructed by considering the difference between the VE in the 2-7 and 20-25 day 

windows (WDIFF). These have been standardized by dividing the result into the WDIFF of 

the wind stress. Therefore, this value represents the strength of red shift away from the wind 

stress for each parameter. Statistical significance was calculated on the difference between the
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Figure 5.5: Mean (a) MAMJ (b) JASO (c) NDJF Sea Ice Concentration for ice that has existed 
for 30 days. Mean calculated only over years with a seasonal gridpoint average above zero
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WDIFF values for each of the three variables (wind stress, near surface temperature and sea ice 

concentration) using the one tailed Student f-test (see Section 3.10).

Finally, monthly Southern Oscillation Index (SOI) data were obtained from the Australian Bu

reau of Meteorology, and used to compare with interannual variability in the spectra of the sea 

ice concentration.

5.3 Results

5.3.1 Two case studies

Intuition may suggest that much of the variability of the Antarctic sea ice concentration would 

exist in the shortest timescales, however the hypothesis of this chapter is that the concentration 

will display an inertia to change. As an initial test, and to obtain a physical understanding of the 

effect of the overlying atmosphere upon the sea ice concentration, it is worthwhile examining the 

influence of specific synoptic systems upon the pack. Two case studies were arbitrarily chosen 

from the ECMWF MSLP data set for 1994, the first commencing on August 10 and the second 

on September 15. These were compared with the DMSP SSM/I data of the same resolution. Both 

cases show a cyclonic system approaching and tracking along the sea ice edge before intensifying 

and moving over the pack.

The August 1994 case study is shown in Figure 5.6. As the cyclone approaches the sea ice edge 

on August 10 (Fig. 5.6(a)) it has a central pressure of 951hPa, with the southerly reaches of the 

system extending over the outer Ross Sea pack ice. The sea ice on August 10 has a band of 

>95% concentration ice extending along the coast from the outer Ross Sea to almost 120°W, 

with the 90-95% contour extending from 90 to 180°W, north of 70°S. A tongue of ice with a 

concentration in excess of 90% extends to almost 65° S close to 150°W.

By August 11 (Fig. 5.6(b)) the system’s central pressure has dropped to 942hPa, located almost

directly over the sea ice edge. The central pack lies beneath a large meridional pressure gradient,
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Figure 5.6: ECMWF MSLP and DMSP SSM/I Sea Ice Concentration in the Amundsen Sea 
(90°W - 180°) for (a) August 10 (b) August 11 (c) August 12 (d) August 13, 1994
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and is therefore dominated by very strong easterly geostrophic flow in an arc from 120 to 150°W. 

The sea ice pack has responded with a southerly shift in the 90% contour, particularly in the 

vicinity of the 90% concentration ice tongue at 150°W, which has not only disappeared, but 

retreated south of 70°S. This southerly retreat under the prevailing strong easterlies is consistent 

with Ekman divergence of the pack, as the Coriolis forcing upon the ice is turning it towards the 

coast.

The system reaches its lowest central pressure of 936hPa on August 12 (Fig. 5.6(c)), having 

progressed eastward and extending south of the ice edge to the coast. The bulk of the pack is 

under the influence of extremely strong east to south easterly winds. As a result, the large band 

of >95% sea ice has been forced to the west and apparently dissipated, which, in reality, would 

take the form of much ridging and rafting with little time for ice production within the newly 

opened leads, thus reducing the concentration. The ice of 90-95% concentration lying between 

105 and 130°W has been forced south to 70°S under the influence of the easterlies, consistent 

with the Ekman divergence of the pack. East of 120°W, the strong southerlies have also forced 

a greater separation between the 70 and 80% contours. In the eastern Ross Sea the 95% contour 

has merged with another region of similar concentration that existed in the central Ross Sea. The 

sea ice edge has also advanced under the influence of the southerlies, both through wind forcing 

and some degree of sheet ice production in the light wind regions to the lee of the system.

By the fourth day the system has begun to weaken, filling to a central pressure of 942hPa, and has 

progressed eastwards to lie over the coast at 112°W. The pack is now experiencing lighter wester

lies over the outer reaches, with northerlies near 100°W and south westerlies extending up from 

the eastern Ross Sea. Correspondingly, the sea ice shows clear deformation in its concentration 

field. Under the influence of strong south westerlies over the previous 24 hours, the area of ice 

with concentration between 90 and 95% has been greatly diminished eastward of 127°W, save 

for one small region which lies close to the centre of the cyclone, and hence may be expected 

to be in a region of high vorticity and therefore high convergence. West of 127°W, this sea ice 

has advanced northward due to the the dominant southerlies, as well as a light wind regime that 

would have allowed some sheet ice to refreeze in the leads. The 80% contour has progressed 

northward to the west of 120°W, and south to the east of 120°W, as has the 70% isopleth. This
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is consistent with strong south easterly geostrophic forcing in the lee of the system, and strong 

northerlies in advance of the cyclone.

It would appear as though the system on days 3-4 has acted like a giant spinning brush on the 

ice. As the cyclone approaches a longitude its very strong northerlies (in excess of 16ms-1 on 

day 3) have forced the ice south, resulting in greater open water in the outer pack and effectively 

“compressing” the sea ice concentration contours. As it continues to move eastward the inner 

pack becomes dominated by south easterlies of around 10ms-1, causing the ice to disperse north 

westward. This results in lower concentrations to the east, and a dispersed, but still relatively 

high concentration, to the west of the central pressure. Concentration changes are not large, 

however they are clear and well defined.

The second case study covers the period between September 15 and 18, 1994 (Fig. 5.7). Located 

off Enderby Land and the Amery Ice Shelf in East Antarctica, the system progressed eastwards, 

beginning north of the ice edge, moving over the outer pack, before skirting back along the ice 

edge again. On the first day of the sequence (Fig. 5.7(a)), the cyclone has its centre located just 

north of the sea ice edge, with a central pressure of 955hPa and a wide trough extending to the 

north north-west. Over the pack the flow is predominantly easterly. The sea ice extends to around 

62° S, with the 50% contour skirting 60°S. A large region of sea ice with concentration between 

90 and 95% lies south west of the cyclones centre, with a narrow strip to the south south-west, 

and only a relatively small area of >95% sea ice well to the west.

By September 16 (Fig. 5.7(b)) the cyclone has progressed south east to lie almost directly over 

60°S, 60°E. Although the central pressure has reduced slightly to 958hPa, the the system has 

become more intense, especially in the regions above the sea ice. This has resulted in much 

deformation of the pack. The ice edge and 50% contours in the vicinity of the systems centre 

have both retreated south, whilst to the west the 50, 70 and 80% regions have all advanced 

northward under the prevailing strong southerlies. Some of this progression may well be due 

to the dispersal or deformation of the 90-95% concentration sea ice, which has effectively been 

removed from east of 50°E. The narrow band that previously existed to the south of the system 

has also been completely removed under the easterly flow, although it is worth noting that in
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Figure 5.7: ECMWF MSLP and DMSP SSM/I Sea Ice Concentration off East Antarctica (0° - 
90°E) for (a) September 15 (b) September 16 (c) September 17 (d) September 18, 1994
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Figure 5.8: Temperature at 2 metres above the surface on September 17, 1994, 0-90°E

the area effected by the strong northerlies in the east of the system, the 90-95% regions have 

increased marginally in size.

The system shifts course, weakens to 964hPa central pressure, and begins to head east north-east 

by September 17 (Fig. 5.7(c)). The isobars have also become less congested, aided by the greater 

separation between the cyclone’s centre and the Antarctic plateau which is close to the coast in 

East Antarctica. The sea ice edge beneath the system centre has shifted marginally southward. 

The sea ice beneath the eastern and western sides of the system is experiencing northerly and 

southerly wind forcing respectively. The regions experiencing northerly winds display a small 

southward shift in the ice edge and the 50% contour, with a large southerly shift of the 70% 

contour east of 78°E. The 80% isopleth has also shifted south west in response to the strong 

north easterly winds, although in the vicinity of the Amery Ice Shelf it has advanced to the north 

leaving a greater region of lower concentration ice by the coast. Correspondingly, the area of 

ice between 90 and 95% concentration in this region has diminished in size. To the west of 

the system, the 50%, 70%, and 80% contours have all moved northwards under the influence of 

strong southerly winds.
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Also worth examining is the sea ice well to the west of the September 17 system in the area 

between 15 and 45°E, as this region has undergone a large increase in the area enclosed by the 

90% concentration contour, but most noticeably, a very large increase in the area of ice above 

95%. Such spatially expansive and rapid changes in the sea ice concentration may be related to 

the surface air temperature regime (Fig. 5.8). As the system has moved eastward a light southerly 

flow has been induced over the pack, drawing colder air from off the continent. This colder air, 

coupled with the weak pressure gradient and hence low wind speed, is able to establish a thin 

cover of ice in the open water between floes. The low wind speed is important, as with stronger 

winds the new ice formed will tend to force the frazil ice crystals to the leeward end of any lead, 

and hence a thin ice cover is unlikely to form. This process may be seen to continue on September 

18 (Fig. 5.7(d)), with the >95% region increasing even further in size under the influence of a 

very weak westerly flow.

The system by this stage has tracked eastwards along the sea ice edge, with the central pressure 

increasing by 2 hPa. The sea ice edge has remained in much the same position, as have the 50 

and 70% contours. The 80% contour in the vicinity of 80°E has moved southwards under the 

influence of the northerlies, and has even rejoined with another region of equal concentration 

under the easterlies flowing near the coast. To the west of the centre of the cyclone, the pack is 

under a predominantly south to south easterly regime. The result is a small northerly shift in the 

50, 70 and 80% regions. It is also interesting to note the approaching cyclone centred at 0°. The 

strong southerly flow emanating from the system has visibly reduced the area of the 90-95 and 

>95% regions in the vicinity of 60°S, 15°E.

It is clear from the September 15 case study that changes in the sea ice concentration occur under 

the influence of the system, and like the August 10 case, there is a breakdown of the high sea ice 

concentration regions as the cyclone passes. Concentration reduces in front of the system, and 

appears to be swept behind the cyclone, especially when it is at its most intense. The September 

situation also shows an increase in concentration under calmer conditions when the ice comes 

under the dominant influence of the temperature rather than wind regimes, though it should be 

emphasised that the changes in concentration observed were relatively small in magnitude. In 

both cases, small changes in the sea ice extent were shown to the west of the systems, similar
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to that observed by Carleton and Fitch (1993), associated with the strong cold southerly winds. 

Changes in the sea ice concentration were also similar in magnitude to those observed in the 

Arctic during the passage of synoptic systems (Maslanik et al. (1995)), with typical concentration 

changes of less than 5%.

These case studies show clear, yet small magnitude, changes in the sea ice concentration with the 

passing of strong cyclonic systems. It is also reassuring to see the logical match-up of the SSM/I 

sea ice concentration and ECMWF MSLP. It should be noted that over the sea ice pack, the 

ECMWF MSLP pressures could conceivably be lower than analysed (Watkins and Simmonds 

(1995)), as the analysis scheme has a solid sea ice cover over all sea ice of greater than 50% 

concentration (Fernandez et al. (1996)).

5.3.2 Time Periods of Variability

The two case studies presented suggest that there are small changes in sea ice concentration as 

synoptic systems, and the broader scale atmospheric conditions, influence the pack. In order to 

examine the spatial distribution of the sea ice concentration variability for each 4 month “season”, 

the temporal VE was separated into 5 day intervals. Seven year (1988-94) averages were then 

made for each of these 5 day windows for the three seasons (MAMJ, JASO, NDJF). To aid in 

interpretation, the spatial mean values were then calculated over the sea ice area (taken as all 

gridpoints in a given season that contained sea ice of greater than 15% concentration for more 

than 30 days), and the results presented in Table 5.1.

Season MAMJ

Sea Ice

The MAMJ sea ice concentration VE displays greatest values in the 2-7 day periods, and lowest 

in the greater than 26 day timescales, although it should be noted that 14 wave detrending proce

dure removed most of the longer than 26 day variability. (It must be remembered that removing
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SEASON Days 2-7 Days 8-13 Days 14-19 Days 20-25 Days 26+

Area Weighted Averages for Sea Ice Concentration

MAMJ 28.8 28.7 15.8 20.8 5.9
JASO 33.5 31.7 13.5 17.4 3.9
NDJF 31.1 22.2 12.1 20.1 14.4

Area Weighted Averages for Wind Stress

MAMJ 66.4 21.1 6.9 5.2 0.4
JASO 68.1 20.5 5.6 5.4 0.4
NDJF 64.3 22.1 6.7 5.3 1.4

Area Weighted Averages for Temperature

MAMJ 45.3 28.1 13.6 12.1 1.0
JASO 46.1 31.3 11.5 10.1 1.0
NDJF 53.3 25.3 9.4 8.5 3.5

Table 5.1: Area weighted average values of the total VE for each 5 day window, for the Sea Ice 
Concentration, Wind Stress and Temperature

the greater than 26 day timescales from the annual data does not guarantee that such periodicities 

will be zero for any subset of the annual data.) The 20-25 day window however, displays higher 

values than its neighbouring windows. It is worthwhile examining each of these separately to 

gain an understanding of the spatial distribution of the sea ice concentration VE.

The 2-7 day window (Fig. 5.9(a)) displays an average value of 28.8% (Table 5.1), with many 

small, highly localised, pockets of VE in excess of 40%, particularly in the central pack off East 

Antarctica. Closer to the ice edge, the VE has relatively low values, generally less than 20%. In 

the Amundsen and Bellingshausen Seas the outer gridpoints show very low VE values. This is 

despite the Bellingshausen Sea only having the Antarctic Peninsula separating it from a region 

where the VE is in excess of 20%. It is also worthwhile noting the region of VE less than 20% off 

Dronning Maud Land, in the north eastern Weddell Sea, approximately in the region of formation 

of the Weddell polynya.

The 8-13 day window has uniform VE to the ice edge of between 25 and 25%, with a mean value 

virtually identical to that of the 2-7 day window (28.7%). The 14-19 day window continues the
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Figure 5.9: Average MAMJ (a) 2-7 (b) 20-25 day VE for Sea Ice concentration

decline in VE values, with an average of 15.8%, again with a near uniform distribution. However, 

in the central Amundsen and Bellingshausen Seas, there are large regions of VE with percentages 

greater than 20%, peaking at 38% in the western Bellingshausen Sea.

Of considerable interest is the 20-25 day VE (Fig. 5.9(b)). Unlike the previous windows, this 

shows an increase in the VE, with an average value of 20.8%, peaking at 51% in the eastern 

Bellingshausen Sea. This peak region is localised, only occurring close to the Antarctic Penin

sula. Values greater than 20% occur consistently in the eastern Weddell, the Amundsen and the 

Bellingshausen Seas. East Antarctica, particularly off Wilkes Land, shows VE of generally less 

than 20%.

The 26+ day window displays little VE, with an average value of only 5.9%. Such a low value is 

reassuring when compared to the results of the Blackmon filter (see Appendix A), which allowed 

such a large amount of this “de-trended” data to pass.

163



80

Figure 5.10: Average MAMJ 8-13 day VE for the Wind Stress

Wind Stress

The wind stress VE shows a markedly different signal from that of the sea ice. The 2-7 day 

window (not shown) displays almost uniform VE right to the sea ice edge, averaging 66% for 

the entire pack, and peaking at over 76% just north of the Amery Ice Shelf. Such high values 

suggest that the wind stress is almost totally dominated by synoptic time scale phenomena.

The 8-13 day window (Fig. 5.10) displays an average value of 21%, with a small number of 

gridpoints exceeding 30%. Many of these occur over the inner to central pack, whilst lower 

values tend to occur over the outer pack and off East Antarctica (the region off Wilkes Land 

in particular). Reasons for this may be twofold. Firstly, off Wilkes Land (which encompasses 

known high wind regions such as Cape Denison/Commonwealth Bay (Mawson (1915))), the 

extreme katabatic events may result in a large degree of the variance occurring in the shorter 

2-7 day timescales. The outer pack region is less variable in the 8-13 day window because it is 

relatively close to the sea ice edge. Hence, on the larger scale, it might be expected to be highly 

baroclinie, and therefore induce changes in pressure, and hence wind, that would typically occur
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in less than 8 days. Likewise, the surface temperature difference between the sea ice region 

(which may be very cold due to temperature inversions over the snow/ice interface) and the 

open ocean/open pack (with its relatively warm sea surface temperatures) may induce localised 

convection, and hence surface winds, in short timescales. In the MAMJ season, with its rapid 

advance of the sea ice, it is conceivable that such cells may progress forward with the ice edge. 

In March and April, when the ice is advancing rapidly (particularly in regions such as the Ross 

Sea), these cells may only remain in a region for a matter of days. Hence it is possible that this 

results in the majority of the VE being in the 2-7 day window.

The remaining windows explain increasingly less of the variance. The 14-19 day and the 20-25 

day windows both have similar average values of 6.9 and 5.2% respectively. The 14-19 day (not 

shown) displays even coverage of VE of less than 10%, whereas the 20-25 day (not shown) has 

a scattered pattern of low VE. The 26+ day window (not shown) shows virtually no VE at all, as 

most is removed by the detrending procedure.

Temperature

The 2-7 day window for the near surface temperature (Fig. 5.11) displays VE of over 40% above 

much of the central to outer pack. The average value over the entire pack is 45.3%. Regions of 

lower VE are predominantly close to the coast in the Ross, Weddell and Bellingshausen Seas.

The 8-13 day window (not shown) displays a uniform coverage, with VE values generally be

tween 20 and 40%, with an average of 28.1%. There are no regions of consistently high or low 

values. Similarly, the 14-19 day window (not shown) shows little variation, with an average 

value over the entire sea ice area of 13.6%, save for the Bellingshausen and western Amundsen 

Seas which display VE of greater than 20%, with a maximum of 29% occurring at 70°S, 90°E. 

This further suggests that these regions are unique in their atmospheric properties.

The 20-25 day window (not shown) displays almost uniform coverage of less than 20% VE, and 

an average of 12.1%. This value is only 1.5% less than the average for the 14-19 day window. 

The 26+ day window explains virtually none of the variance.
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Figure 5.11: Average MAMJ 2-7 day VE for the Temperature at 2 metres above the surface

Season JASO

Sea Ice

The JASO 2-7 day sea ice concentration VE (Fig. 5.12(a)) shows a considerably different pattern 

from that of the MAMJ 2-7 day window. Whereas the MAMJ distribution (Fig. 5.9(a)) showed 

VE of less than 20% in the Bellingshausen and Amundsen Seas, the JASO shows consistent 

values above 20% in the same region, and over virtually all of the sea ice area. This degree of 

variability extends right to the sea ice edge in most locations, with a resulting average value of 

33.5%. The 30% contour extends from the coast to the ice edge between 0 and 120°E, and also 

forms a leeward wave from the tip of the Antarctic Peninsula. In the Bellingshausen Sea, the 30% 

contour is further from the ice edge than in any other location, except, arguably, the Ross Sea. 

The Ross Sea “strip” of 20-30% VE, which occurs west of the dateline to the coast of Victoria 

Land and south to the ice shelf, corresponds with the region which shows most rapid open water 

formation in November/December. This is discussed further in Section 5.4.3.
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Figure 5.12: Average JASO (a) 2-7 (b) 8-13 (c) 20-25 day VE for the Sea Ice concentration
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Maximum VE occurs at the ice edge, with values of 59% at 60°S, 135°W, and 57% at 59°S, 

28°E, with relatively large areas in excess of 40%. Unlike the MAMJ distribution, which showed 

only very small, isolated locations with such a degree of variability, JASO displays at least four 

large regions of organised, high VE. These occur at 70°S, 150°E ; 65°S, 70°E ; 65°S, 20°E and 

the largest, which stretches from 10°W to 5°E and ranges in latitude from 60°S to 69°S. This 

encompasses much of the Weddell Polynya area, and will be discussed further in Section 5.4.3.

The 8-13 day window for the sea ice concentration (Fig. 5.12(b)) displays similar characteristics 

to that of the 2-7 day window, with an average value only 1.8 percentage points lower (31.7%). 

The differences between these two windows are worth noting. Whereas the 2-7 day plot showed 

VE greater than the mean in the vicinity of Mauds Rise, the 8-13 day window displays below 

average values. Conversely, in the western Ross Sea, the 8-13 day window shows relatively high 

VE, whereas in the 2-7 day case it is below the mean. This reversal in the relative values between 

the two windows is seen in a number of regions (e.g., western Amundsen Sea, north of the Amery 

Ice Shelf), although less dramatically than in the Ross Sea or over Mauds Rise.

The JASO 14-19 day window (not shown), like its MAMJ counterpart, displays low VE in all 

regions, with only isolated pockets having values above 20%. Average value over the sea ice 

area is 13.5%.

The 20-25 day window (Fig. 5.12(c)) is also similar to its MAMJ counterpart (Fig. 5.9(b)) in that 

it displays greater variability than the 14-19 day window, with average values of 17.4 and 13.5% 

respectively. Furthermore, small regions with VE of greater than 30% occur in both seasons, 

particularly in the vicinity of the sea ice edge. A number of differences are seen between these 

two figures. The JASO 20-25 day VE shows most of its high values close to the sea ice edge, 

eastward from 120°E in an arc to 60°W. Peak value is 49% at 60°S, 60°W. Much of this arc 

corresponds with locations where the ice edge is advancing northwards in the Winter months, or 

where sea ice pack of less than 90% concentration has been established (see Figure 4.4). In the 

MAMJ equivalent window the high VE is distributed over much of the sea ice zone. However, 

the two main regions where it does not display VE of greater than 20% (western Weddell Sea 

and offshore from Wilkes Land (Fig. 4.2)) correspond with areas of closed pack, as was the case
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Figure 5.13: Average JASO 2-7 day VE for the Wind Stress

for JASO. Similarly, much of the area of VE greater than 20% occurs where the sea ice edge 

advances during the season.

Wind Stress

The 2-7 day window for the JASO wind stress (Fig. 5.13) shows a uniform coverage of VE values 

between 60 and 80% everywhere over the sea ice domain. Mean value is 68%, with a peak of 

81% at 60°S, 112.5°E, however there are only three areas where the VE drops below 60%. These 

occur in the south west comer of the Ross Sea, in a small area east of the Antarctic Peninsula, 

and at the coast off north west Dronning Maud Land.

The VE for the 8-13 day window (not shown) has values generally greater than 20% over most 

of the Ross and eastern Weddell Seas, and less than 20% off East Antarctica and the eastern 

Bellingshausen Sea. Mean value over the sea ice region is 20.5%.
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Figure 5.14: Average JASO 2-7 day VE for the Temperature at 2 metres above the surface

The 14-19 and 20-25 windows for the JASO wind stress (not shown) display VE between 5 

and 20% over approximately half of the sea ice region, with average values of 5.6 and 5.4% 

respectively. The 14-19 day window shows an even distribution of the 5-20% VE, whereas the 

20-25 day window displays most of its VE in the arc from 90°E, eastwards to 60°W. Neither 

window, however, appears to have strong organisation in its spatial distribution. The 26+ day 

window displays little VE (average value 0.4%).

Temperature

The 2-7 day VE for temperature at 2 metres above the surface is shown in figure 5.14. Values are 

generally in excess of 40% over the sea ice region (excluding the coast), resulting in an average 

VE for this window of 46.1%. Peak values occur over the outer edges of the JASO pack, with a 

maximum VE of 77% at 57.5°S, 42.5°E. VE lower than 40% are found close to the coast around 

the entire continent with the largest area encompassing much of the Ross Sea and regions directly
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to its east and west, with the minimum value of 30% occurring in the western Ross Sea close to 

Cape Adare. The Amundsen and Bellingshausen Seas are also low VE regions.

The 8-13 day window (not shown) of VE displays values between 20 and 30% over most of 

the sea ice region north of East Antarctica, close to the dateline in the Ross Sea, in the eastern 

Weddell Sea and at the coast in the Amundsen Sea. Values greater than 30% occur over the 

remainder of the pack, which constitutes the greater proportion of the sea ice zone. Highest 

values generally occur furthest north, close to the sea ice edge. The mean value is 31.3%.

The VE for the 14-19 day window (not shown) displays few areas with values greater than 20%, 

and a mean value of only 11.5%. It is interesting, however, that the areas showing relatively high 

VE for this window (greater than 15%) exist in the Ross and Weddell Seas, both of which have 

relatively low VE in the 2-7 and 8-13 day windows. The 20-25 window (not shown) displays a 

less coherent pattern, with highest values occurring both at the coast and at the ice edge. The 

Weddell, Bellingshausen and western Ross Seas all display VE slightly above the average value 

of 10.1%.

Season NDJF

Sea Ice

The 2-7 day window for the NDJF sea ice concentration (Fig. 5.15(a)) differs from its MAMJ and 

JASO counterparts in that it displays less structure in the distribution of the VE, save for a band 

greater than 40% off East Antarctica. As the mean value over the sea ice zone is 31.1%, it could 

be argued that the Ross Sea “strip” following the dateline is below average, and hence similar in 

nature to the JASO 2-7 day sea ice case. Likewise, the region to the north east of the Weddell 

Sea, close to 65°S, 15°W, shows VE of less than 20% and therefore is similar in magnitude and 

location to that of the MAMJ 2-7 day ice window.

Other regions of interest include the belt of high VE in the vicinity of the ice edge, although it 

should be remembered that throughout this season the ice edge is in a state of retreat, and that
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(a) 2-7 Day (b) 20-25 Day

Figure 5.15: Average NDJF (a) 2-7 (b) 20-25 day VE for Sea Ice Concentration

the sea ice may have only remained in these regions for close to the 30 day minimum duration 

required to be included in the variance analysis. Even so, the sea ice close to the retreating sea ice 

edge would tend to have very low concentration, and hence it is most susceptible to rapid change. 

The other area of note encompasses the tip of the Antarctic Peninsula. Here the VE exceeds 60% 

with a peak value of 70% at 65°S, 65°W. It is possible that this region may be displaying such 

high synoptic timescale variability due to thinner ice being advected and deformed by passing 

systems, a result of the warming trend observed on the Antarctic Peninsula (King (1994)

The 8-13 day window (not shown) has little organisation in its VE distribution. Small regions 

of higher VE occur in the vicinity of the outer pack, however there exists an uneven spread of 

values around the mean of 22.2%. In fact, this mean value shows a significant difference from 

the 8-13 day mean values for both the MAMJ and the JASO VE (see Table 5.1). In both these 

other seasons the mean value for the 8-13 day window is only 0.1 and 1.8 percentage points 

respectively lower than their 2-7 day mean. In the NDJF case, however, this has increased to 8.9 

percentage points.
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The NDJF 14-19 day window (not shown) displays low VE, with values below 20% over the 

entire sea ice domain, and an area weighted average of only 12.2%. As for all other seasons, 

however, the 20-25 day sea ice concentration VE (Fig. 5.15(b)) displays far higher values than 

the 14-19 day window, with a mean of 20.1%. This is comparable in magnitude to the 8-13 day 

mean (22.2%). Peak value for the 20-25 day window is also high compared to the other seasons, 

with a maximum of 40% at 60°S, 42.5°E. In the Amundsen and Bellingshausen Seas, VE greater 

than 25% occurs in the outer reaches of the 30 day sea ice pack. Likewise, equally high variance 

also occurs in the central pack in an arc from 0 to 30°W (in the region of the Weddell Polynya), 

as well as occurring close to the coast off the remainder of Dronning Maud Land. The two major 

seas show quite different characteristics in this window. The Ross Sea displays high VE, with 

values over 25% not uncommon, whilst the Weddell Sea displays low values, often below 15%. 

The pack off East Antarctica also has below average VE.

The variance explained by the 26+ day window (not shown) is also high, with a mean value 

of 14.4%; again greater than for the 14-19 day window. Such a large value for the 26+ day 

window confirms that this season is one of large (temporal and spatial) scale change in the sea 

ice concentration and extent, as suggested in Section 5.2. Peak values occur in the vicinity of the 

Weddell Polynya (68°S, 20°W), whereas VE of less than 5% is located off Wilkes Land (East 

Antarctica). Higher values (above 15%) generally occur in the mid pack, though again it must be 

remembered that the “pack” is actually taken as any gridpoint that contained sea ice for at least 

30 days. By February, this mid point will actually be in the vicinity of the true sea ice edge. The 

VE for the central Weddell Sea is, like its 14-19 day counterpart, lower than the average VE.

Wind Stress

Wind stress VE for the NDJF 2-7 day window (Fig. 5.16) is similar to that shown for the previous 

seasons, however the NDJF displays many features far more clearly. Mean VE over the sea ice 

region is 64.3%, with values in excess of 60% extending right to the limit of the NDJF pack. 

Maximum VE of 78% occurs close to the Antarctic Peninsula, at 65°S, 72.5°W. VE lower than 

the mean occurs close to the coast in all regions, apart from a small strip to the east of the 

Greenwich meridian. In this location VE of less than 60% extends to almost 60°S. Major regions
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Figure 5.16: Average NDJF 2-7 day VE for the Wind Stress

of low VE also include the eastern Weddell Sea, the Amundsen Sea and the western Ross Sea, 

which may well be expected with the circumpolar trough being located at its most northerly point 

during this season (Fig. 5.1).

The 8-13 day period (not shown) displays an even spread of values over much of the sea ice 

domain. Mean VE is 22.1%, with a peak of 39%. Higher than average variability occurs in the 

central pack. The 14-19 day window (not shown) displays VE of less than 10% over much of 

the Weddell Sea and over the pack off Dronning Maud Land. Lower values occur east of 60°E , 

extending to the Antarctic Peninsula. Mean value is 6.7%, which is only marginally higher than 

that for the 20-25 day VE (not shown), which has a mean of 5.3% and is distributed irregularly 

over the sea ice region.

The final window is the 26+ day (not shown). As in all previous seasons it shows very low values, 

however, like its sea ice counterpart for NDJF, its magnitude is more than three times that of the 

previous season. Again this highlights the months from November to February as a significant 

time of change at the high southern latitudes.
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Figure 5.17: Average ND JF 2-7 day VE for the Temperature at 2 metres above the surface

Temperature

Surface temperature VE for the 2-7 day window is shown in Figure 5.17. Mean value over the sea 

ice region is 53.3%, considerably higher than for the same window in the two previous seasons 

(MAMJ 45.3% and JASO 46.1%). Above average values are observed over the outer reaches of 

the pack area, with a peak value of 76% at 57.5°S, 10°W. The NDJF has large regions of high 

(greater than 60%) VE in the outer pack, and few regions of low value (less than 40%) close to 

the coast. This is in direct contrast to the 2-7 day window for the previous two seasons, which 

both displayed large areas of relatively low VE in the Ross and Weddell Seas. The primary area 

of high VE occurs east of 0° longitude, and corresponds with much of the area of the most rapid 

ice decay and ice edge retreat in November/December.

The 8-13 day mean VE of 25.3% is considerably lower than the previous seasons equivalent 

(31.3%). This window, despite a narrow range of values, contains its highest percentages (greater 

than 26%) over the Weddell Sea and to its north east. A smaller organised region also exists north 

east of the Amery ice shelf. The 14-19 day window (not shown) also has a mean value which
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is far less than for previous seasons (9.4%). However there are two large regions of organised 

high VE. The first exists off the coast of Dronning Maud Land, and the second stretches from 

the eastern Ross Sea and over the sea ice pack in both the Amundsen and Bellingshausen Seas. 

Values lie between 10 and 14%, however a peak of 19% is recorded in the western Amundsen 

Sea. The 20-25 day window (not shown), although only having a mean 0.9 percentage points 

lower than the 14-19 day window, displays greater spatial homogeneity.

The 26+ day window (not shown), displays higher mean VE than its MAMJ and JASO coun

terparts. The Weddell Sea consistently displays VE greater than 5%, however the peak (20%) 

occurs in the Bellingshausen Sea. This is another manifestation of the unique nature of the NDJF 

season.

5.4 Discussion

The results show a number of general trends and patterns in the sea ice concentration VE data. 

Most notable is the strong red shift in the frequency spectrum of the sea ice concentration when 

compared to the spectra of the surface temperature and wind stress. This is shown in Table 5.1, 

where the mean seasonal VE for the sea ice concentration over the pack is lower in the 2-7 day 

window than for the wind stress or near surface temperature. Conversely, the 20-25 day sea ice 

VE is greater than either of the other parameters. Such a red shift in the sea ice concentration 

VE spectrum indicates strong thermal and dynamical inertia to changes in the temperature and 

the wind fields.

The magnitude of the red shift of the spectrum of the sea ice from that of the wind stress field is, 

however, surprisingly large. One would assume that the wind forcing upon the ice would con

stantly be changing the sea ice concentration, and that the inertia to changes in wind stress would 

only be on timescales of hours, hence the spectra of the two may be reasonably similar. However 

Table 5.1 shows this not to be the case, with the wind stress spectrum displaying the largest dif

ferences from the sea ice concentration VE. It could be speculated that the sea ice itself is moved 

fairly rapidly by the wind stress, but that the rate of change of the concentration at a specific
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location is a separate mechanism. As strong winds associated with a passing synoptic system 

force the ice, the ice may bank up, in which case the concentration will rapidly increase. Further 

pressure will result in ridging and rafting. Once such ridging and rafting occurs it may well take 

several days for the internal ice stress to “relax” enough (working against internal friction and 

refreezing) for such deformations to separate and the concentration to be reduced. Hence the 

concentration would be red shifted. Another possibility is simply that the sea ice, if relatively 

thin and easily transported, will move as one complete unit with only small and localised changes 

in sea ice concentration. Hence the Eulerian satellite observation will not see large concentration 

changes in short periods of time, but rather longer term variability associated with the rates of 

freezing in the areas of ice production, such as the latent heat polynyas, the so called “ice fac

tories”. The moderating effects of the cold ocean water will also restrict sea ice concentration 

change due to warm air temperatures. Recent work by Wu et al. (1997a,b) found changes in sea 

ice extent of less than 3% when the dynamics of the sea ice motion were completely removed 

from a sea ice model coupled to a general circulation model, further highlighting the importance 

of thermodynamics to the ice pack. Likewise, Fichefet and Morales Maqueda (1997) found that 

predicted ice extent and concentrations changed little in the absence of sea ice dynamics. How

ever, it must be remembered that in some earlier sea ice models dynamics has been shown to 

greatly effect the seasonal cycle of sea ice concentration and extent (e.g., Hibler (1979), St x 

:ossel, Lemke and Owens (1989)).

The red shift in the sea ice concentration VE spectrum may also indicate that oceanic temper

ature and currents influence changes in the sea ice concentration. Large and van Loon (1989) 

examined drifting buoy data for the Southern Ocean during the First GARP Global Experiment 

(FGGE), and found ocean surface drift patterns to be on an even larger spatial scale, with more 

low frequency oscillations, than those of the wind. They suggest that the drift is effectively a 

low pass filter response that is advected away from local forcing, and that the buoy drift may be 

representative of the currents, rather than any direct wind forcing. Although this drifting buoy 

array was located north of 60° S, it would appear logical that a sea ice floe (with such a large keel 

depth with respect to its sail height) would also behave in a similar manner, thus reinforcing the 

apparent “red shift”.
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Figure 5.18: Difference between the NDJF 20-25 and 14-19 day windows for the Temperature 
at 2 metres above the surface

The sea ice VE also displays a 14-19 day window minimum/20-25 day local maximum. In all 

seasons the maxima occurs in the 2-7 day window and decreases as the timescales lengthen, 

until reaching the 20-25 day cycles (Table 5.1) which displays an increase in the VE. In the 

NDJF season, the magnitude of the 20-25 day variability is large enough to be comparable to the 

“more synoptic” 8-13 day variability. Comparison with the wind stress and surface temperature 

mean values show no such 20-25 day increase, and one would assume that there must be some 

other forcing causing such a change. However, despite their mean values displaying a decreasing 

trend, the NDJF 20-25 and 14-19 day surface temperature VE difference (Fig. 5.18) shows a 

number of regions of positive anomaly (i.e., greater VE in the 20-25 day window). The majority 

of these regions occur over the outer reaches of the 30 day sea ice limit, where the sea ice of 

greater than 15% concentration has existed for only marginally longer than 30 days. The reason 

it is not observed over the sea ice may well be associated with the ECMWF analysis scheme 

(Nuret and Chong (1996)), in which the sea ice of greater than 55% is used to create a mask 

which the model will assume is completely ice covered. It is conceivable that such a shutdown 

of surface heat fluxes and change in surface albedo may have some effect upon the cycle of
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Figure 5.19: Sea Ice floes circulating in oceanic eddies in the Weddell Sea (central image point 
56.6°S, 6.5°W), October 5, 1994. Image produced from the Spacebome Imaging Radar C/X- 
Band Synthetic Aperture Radar (SIR-C/X- SAR) onboard the space shuttle Endeavour. Image 
dimension is 240 km by 350 km. Eddies approximately 50km in diameter

the analysed surface temperatures, as it has been shown (Watkins and Simmonds (1995)) that 

surface temperature displays a rapid response to changes in sea ice concentration. During the 

NDJF season there would be a rapid retreat of the 55% isopleth, and hence an equivalent rapid 

change from effectively 100% to 0% sea ice concentration in the ECMWF model surface. Hence, 

for this season, it is probably wisest to consider only those outlying surface temperature values. 

These would suggest that there is a similar 20-25 day cycle in the surface temperature, associated 

with the rapid increase in daylight hours at high latitudes, and increased southerly advection of 

heat.

The annual cycle of the SST close to the ice edge may also induce an increase in the 20-25 

day window VE. It may be argued that, as the ECMWF temperature data showed greatest 20-25 

day VE in the vicinity of the ice limit, what is really being observed is a mirroring of the SST. 

However further study would be needed to test this.
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Another possible driving force behind the 20-25 day local maximum in the sea ice concentration 

may well the surface ocean forcing, and, in particular, that associated with Antarctic Circumpo

lar Current (ACC). The ACC exists as multiple narrow jets, embedded between density fronts 

(the Sub-antarctic to the north, and the Polar front to the south) located between 50 and 60°S. 

These fronts have been observed to move laterally by as much as 100km in 10 days (Nowlin and 

Klinck (1986)). Associated with the ACC are mesoscale energetic eddies, which Nowlin and 

Klinck (1986) suggest have variability in the open ocean associated with baroclinie instability 

of the narrow jets. Inoue (1985) showed such variability on timescales of 20-50 days, which 

explained 90% of the current variance at the majority of his moorings in the Drake Passage. 

Likewise, Bryden and Heath (1985) examined energetic eddies on the northern edge of the ACC 

in the Southwest Pacific and found variability over temporal scales of 20 days, with significant 

poleward heat transport in periods of between 20 and 50 days. TOPEX/POSEIDON observations 

by Griindlingh (1995) observed four eddies in the Southern Ocean with phase speeds (drift rates) 

of around 3cms-1. Assuming these eddies were between 50 (as observed in Fig. 5.19) and 200 

km in size gives typical periods of 20 to 77 days respectively. The more recent work of Gille and 

Kelly (1996) state that “Sea surface height variance maps indicate that the Southern Ocean is a 

region of intense eddy activity”, with typical timescales of the order of 34 days. These studies 

suggest that such energetic eddies sprouting off the ACC, with typical timescales in excess of 

three weeks, are prevalent in the mid to high latitudes of the Southern Ocean. The sea ice floes 

may be transported with such eddies (Fig. 5.19, Ionov (1995)) due to their relatively large keel 

depth. Such a motion would induce localised divergence and convergence over the typical eddy 

timescales, and may contribute to the local maxima observed in the 20-25 day timescales.

The results above display three major areas of difference for the calculated VE for the sea ice 

concentration. The first is the temporal difference between the individual seasons. Second is the 

differences between the marginal, middle and coastal pack ice zones, and the third is the clear 

definition in the VE between the various sectors surrounding the continent. It is also conceivable 

that there may be significant anomalies between the individual years, as it is likely that the sea 

ice concentration would show periodicities in its interannual frequency spectra associated with 

the quasi biennial oscillation (QBO), the ACW and ENSO phenomena. These differences are 

examined in greater detail in the following sections.
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5.4.1 Seasonal Differences

Table 5.1 shows that there are large differences in the mean temporal spectra for the sea ice 

concentration between the individual seasons. For example, the JASO area weighted average for 

the 2-7 day window is higher than the 2-7 day window for the other seasons, yet far lower than 

these for the 20-25 day interval. Likewise, the NDJF may be viewed as being red shifted from 

the other spectra, with more of its variability falling in the longer timescales. MAMJ is unique 

in that its 2-7 day and 8-13 day windows are virtually identical in value. It is clear that there are 

differing forces at work in bringing about these anomalies.

Figures 5.20(a)-(c) show the mean difference of the VE, for each wave, between NDJF and 

JASO, NDJF and MAMJ, and JASO and MAMJ respectively. From Figures 5.20(a) and (b) the 

differing nature of the NDJF season is apparent. Below wave number 5, NDJF contains more 

VE than the other seasons. It would be fair to argue that this is simply a result of the detrending 

not completely removing the wavenumbers lower than 5, and hence the NDJF must compensate 

by “adjusting” its spectrum. However, the fact that the detrending procedure does not remove 

most of such wavenumbers in only one of the three seasons is worthy of note by itself. It is clear 

that the 14 wave Fourier fit to the annual sea ice concentration cycle at each gridpoint struggles 

to represent the trend for the NDJF season. This may be due to the rapid sea ice edge retreat, 

and hence extremely rapid concentration change (see Fig 4.12(c)) resulting in very high values 

for the lower wavenumbers. The physical reason for this rapid retreat may be associated with the 

circumpolar trough crossing the sea ice edge in late Spring.

As discussed in Section 5.1, the Spring time easterly wind field will act to produce a southerly 

(convergent) component into the ice motion. It must be remembered that the ice may be expe

riencing competing forcings from the coastal katabatics, from sea ice production in the coastal 

(latent heat) polynyas, and from the ocean currents. The net effect will being a weakening in 

the divergence of the sea ice pack. Hence it would be reasonable to expect that the inner pack 

would be more stable in its concentration, thereby reducing the VE in the larger wavenumbers. 

Figures 5.20(a) and (b) both indicate a reduction (% 1 percentage point) in the wavenumbers 6 

to 16 (periods 7 to 20 days) for NDJF when compared to the JASO months.
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Figure 5.20: Mean (over the sea ice area) Sea Ice Concentration VE difference between (a) NDJF 
and JASO (b) NDJF and MAMJ (c) JASO and MAMJ for all waves
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(a) ND JF - JASO (b) ND JF - MAMJ

(c) JASO - MAMJ

Figure 5.21: 2-7 day Sea Ice Concentration VE difference between (a) NDJF and JASO (b) NDJF 
and MAMJ (c) JASO and MAMJ
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It should be remembered that these graphs pertain to the entire sea ice area. The reduction in 

the divergence is only likely to occur over the inner to central pack, as the outer reaches would 

tend to be under the influence of northerly (highly divergent) and southerly (highly convergent) 

winds, and hence have a stronger synoptic signal. Therefore high VE might be expected for the 

short period waves in the outer pack, and low VE for the same waves in the central pack. This 

is observed in Figure 5.15(a). When the NDJF 2-7 day sea ice concentration VE is compared 

with its JASO counterpart (Fig. 5.21(a)) it becomes clear that there has been a large change in 

the forcing upon the central to inner pack.

A corresponding change in the forcing is not observed when the NDJF and MAMJ 2-7 day win

dows are compared (Fig. 5.21(b)), as these seasons experience similar variations in the position 

of the circumpolar trough. (In MAMJ the ice edge will be shifting northwards, crossing the 

atmospheric convergence line in late Autumn, and likewise the advancing circumpolar trough 

crosses the sea ice edge in late Spring during the NDJF season.) However, a similar image to 

Figure 5.21(a) occurs when MAMJ and JASO are compared (Fig. 5.21(c)). Over virtually the 

entire sea ice area the MAMJ 2-7 day VE is less than that of the JASO, suggesting that while the 

circumpolar trough is situated at its most southerly extent in March/April, the prevailing easter

lies cause a reduction in the divergence, and hence the VE in the shorter periods. This may be 

tempered somewhat by the semi annual oscillation of the circumpolar trough (van Loon (1967)), 

which results in a northwards shift in the trough in May/June, hence re-introducing a westerly 

component to the wind field (see Fig. 5.2).

During JASO the sea ice edge is advancing towards its most northerly position, and the atmo

spheric convergence line is again approaching its most southerly location, and hence always 

remains south of the ice edge. As a result there will be a general easterly (convergent) flow over 

the inner pack, and a westerly (divergent) wind regime over the remainder of sea ice region. 

Such high divergence (particularly in August/September) is supported by Figure 4.11, in which 

the mean maximum sea ice concentration is shown to occur more than a month before the mean 

maximum sea ice area. However, in the 2-7 day window for the JASO season there are no large 

VE values in the vicinity of the sea ice edge. This would suggest that either the outer pack is 

under the influence of fairly constant westerlies, or there is some other constant westerly forcing
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acting when the wind forcing is reduced. As Fig. 5.13 suggests, wind stress is explained by the 

2-7 day window over the JASO sea ice pack right to the ice limit. However, if this wind stress 

is due almost entirely to the generally divergent westerly flow, rather than alternating northerly 

(divergent) and southerly (convergent) winds (and the associated implication of large concentra

tion changes) experienced further south, then it is conceivable that the spectrum of the outer pack 

may be “redder” than for the central to inner pack. (This is discussed further in Section 5.4.2.) 

Similarly, the 2-7 day window of JASO surface temperature (Fig. 5.14) also shows largest vari

ability in the outer pack. However, at the lower latitudes of the ice region, changes in temperature 

would be expected to cause relatively long timescale changes in sea ice concentration as it slowly 

melts ice, rather than rapidly freezes open water.

If another forcing is maintaining a constant divergence, and hence reducing the short timescale 

changes in the JASO outer pack ice VE, then it may be associated with the ACC. Meehl (1982) 

shows the observed ocean current for July and October to have eastward to north eastward 

streamlines in the vicinity of the sea ice limit around much of the continent. At times of re

duced wind stress such currents may continue to move the sea ice northwards, and hence restrict 

the degree of “banking up” when new cyclonic systems start pushing sea ice up from the south 

west. This would hence limit the magnitude of the sea ice concentration change, and may reduce 

the synoptic timescale VE.

Clearly from the discussions presented above there exists many relationships between the vari

ability of the sea ice concentration and its distance into the pack. These relationships are worthy 

of further examination.

5.4.2 Changes in Variability with Distance into the Pack

In order to examine the latitudinal differences in the VE for each wave, averages were made for 

all wave numbers, for the three seasons, over 6 latitudinal bands. The first band is located at the 

ice edge (IE) and the second the band of ice one gridpoint further south (IE2). The two central 

pack bands (areas) were constructed from, firstly, all those gridpoints at least 2 gridboxes south 

of the ice edge and two gridboxes from the coast (CP2), and secondly, a similar area which was 3
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Band MAMJ JASO NDJF
Ice T02 Tau Ice T02 Tau Ice T02 Tau

IE 9.4 99 1.6 1.0 7.7 99 1.5 1.0 4.7 99 1.3 1.0
EE2 6.899 1.7 1.0 4.5" 1.8 1.0 6.4" 1.4 1.0
CP2 7.2 95 1.8 1.0 2.8" 2.0 1.0 7.9 99 1.3 1.0
CP3 3.6"' 1.8 1.0 2.8"' 2.0 1.0 3.3" 1.3 1.0
CB2 11.2" 1.8 1.0 3.5 95 1.8 1.0 6.4" 1.3 1.0
CB 3.5 " 1.9 1.0 2.8"' 2.1 1.0 4.8" 1.4 1.0

Table 5.2: Red Shift of the spectra in the latitudinal bands standardized by the Wind Stress. De
termined by the difference between the 2-7 and 20-25 day VE windows (WDIFF), divided into 
the WDIFF value for the Wind Stress (Tau). The significance level of the Sea Ice Concentration 
minus surface air Temperature WDIFF values are shown in superscript, with values not signif
icant labelled ns. The difference between the WDIFF for the Sea Ice Concentration and Wind 
Stress is always significant at the 99% confidence level, as is the surface air Temperature minus 
Wind Stress values for all but the NDJF CP3 case

gridboxes from both coast and open water (CP3). The two coastal bands were constructed from 

all those sea ice gridpoints adjacent to the coast (CB), and those gridpoints one gridbox north 

of the coast band (CB2). Averages were made for all these bands for the sea ice concentration, 

wind stress and temperature at 2 metres above the surface. A summary of this section may be 

seen in Watkins and Simmonds (1997).

To provide a measure of the red shift for each band, and to indicate the statistical significance of 

the results, a summary is presented in Table 5.2.

MAMJ

The graphs of the mean MAMJ VE over the sea ice sectors plotted against wave number are 

presented in Figure 5.22. These show a significantly weaker red shift close to the coast, as may 

be seen in Table 5.2. The opposite may have been expected to be the case, as the outer pack 

could be considered the region of lightest ice concentration, and hence most susceptible to wind 

and temperature forcing.

In all bands, peak VE for the sea ice concentration occurs at wave number 6. Values for IE, EE2 

and CP2 range between 10.8 and 11.4%, whereas the CB gridpoints have a mean VE of only 

9.7%. The relationship of these peaks to the corresponding plots of the temperature at 2 metres
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Figure 5.22: Average VE for all wave numbers for MAMJ Sea Ice Concentration, Temperature
at 2 metres elevation and Wind Stress for (a) IE (b) IE2 (c) CP2 (d) CB
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and the wind stress is also worth noting. For IE, IE2 and CP2, the sea ice concentration VE has 

a maxima approximately 3 and 7 percentage points above that of the corresponding temperature 

and wind stress (although there is a secondary peak in the CP2 temperature and wind stress at 

wave number 12 (period approximately 10 days)). As the graphs asymptote there remains a clear 

separation between the three variables, with temperature having highest VE in the shorter wave 

numbers, and the sea ice concentration the lowest.

In the CB plot, however, maximum VE for the sea ice concentration is only 1.5 and 5.5 percent

age points different from the temperature and wind stress respectively. A close relationship exists 

between the surface temperature and the sea ice concentration VE at increasing wave numbers, 

with the two graphs rarely more than 0.25 percentage points apart. The wind stress also has a 

spectrum closer to the sea ice than for more northerly bands. This appears to be a result of the 

sea ice concentration VE showing marginally lower values, whilst the wind stress and the surface 

temperature have had their spectra shifted slightly towards the longer period waves. Although 

not shown, the CB2 sea ice spectrum is far more red shifted from the wind and temperature than 

those of the CB (see Table 5.2).

The physical reason for the reduction in the CB band sea ice concentration red shift may stem 

from several factors. As the ice edge and atmospheric convergence line (the centreline of the 

circumpolar trough) cross, the coastal bands are influenced by strengthening easterlies. These 

would reduce the divergence in the coastal bands (particularly the CB2 band, where the katabatic 

influence is weaker), whilst inducing much ridging and rafting. The exposed open water would 

then be susceptible to refreezing due to the lowering surface air temperature, however this would 

not be instantaneous as the competing strong easterlies and katabatics would force the frazil ice 

to the lee of any lead. Such competition on shorter timescales would result in more synoptic 

variability, and thus smaller red shift.

The large red shift in the outer pack reflects the change in the ice and atmospheric conditions 

as the atmospheric convergence line and the sea ice edge cross, with near surface temperatures 

often too close to freezing to cause any great concentration change, and the ice bands moving 

homogeneously.
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Figure 5.23: Average VE for all wave numbers for JASO Sea Ice Concentration, Temperature at
2 metres elevation and Wind Stress for (a) IE (b) CP2 (c) CP3 (d) CB
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JASO

The VE spectra for the JASO wind stress, near surface temperature and sea ice concentration for 

the IE, CP2, CP3 and CB2 bands are presented in Figure 5.23, showing a large red shift in the 

outer pack when compared to the central and inner bands. In contrast to the MAMJ case, it is 

the gridpoints closest to open water that display the anomalous sea ice concentration VE spectra, 

rather than those closer to the central pack or coast.

For the band at the sea ice edge, sea ice VE peaks at over 11 % for wave number 6 (period approx

imately 20 days), 6 percentage points higher than for the surface temperature, and 8% greater 

than the wind stress. Clearly this is a very strong red shift in the spectrum. However, further 

south not only does the magnitude of the ice VE peak reduce, but the near surface temperature 

peak increases. The wind stress spectrum remains reasonably similar over the entire pack. The 

net effect is to greatly reduce the mid to coastal pack VE red shift (Table 5.2).

Such a reduction in the southerly long wave bias may be linked to the relative locations of the sea 

ice edge and circumpolar trough, as during JASO the atmospheric convergence line is located 

to the south of the sea ice edge, placing the outer pack in a general westerly, divergent, flow. 

The coastal regions would experience a mean easterly, thus inducing southward Ekman forcing 

upon the ice and working against the northerly forcing induced by new ice production and the 

katabatics. The central pack, however, may be under the influence of a more variable wind and 

temperature regime, thus inducing a broader spread in the VE spectrum. Under southerly winds, 

any open water created may be expected to refreeze more rapidly as frazil ice is created (and 

pushed to the lee of the lead) during the event, relaxing back into the lead as wind speeds reduce, 

whereas in the case of a northerly there may be less rapid ice production due to the warmer 

temperatures. Hence the variability of the temperature forcing may be the key to the sea ice 

concentration variance in the central pack, as suggested by the CP2 surface air temperature and 

sea ice concentration VE spectra (Fig. 5.23(b)).

Figure 5.23(a) shows the bands closest to the sea ice edge displaying a large red shift, with

relatively high sea ice concentration VE shown in the wave numbers corresponding to periods of

>20 days. As for MAMJ, this may reflect the lack of formation of new ice due to “warm” air
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temperatures, and only slow melting due to the moderating effect of the cold ocean surface. It is 

also worth noting that similar long timescales of variability are observed in the eddies associated 

with the Antarctic circumpolar current (Inoue (1985), Gille and Kelly (1996)).

NDJF

Figure 5.24 shows the NDJF mean VE for each wave for the bands IE, CP2, CB2 and CB. It 

is clear that for this season the red shift remains strong over the entire sea ice pack, although it 

should be remembered that this is a time of relatively small sea ice area, and hence bands may 

overlap. The strongest red shift occurs in the central pack, rather than the outer edges as seen in 

the other two ‘seasons’ (Table 5.2). This may well be linked to the rapid sea ice retreat during 

these months, as the sea ice may well reach a minimum close to that of the central pack bands. 

Hence it may be expected that these bands will have undergone greatest sustained change over 

the season, change that may be more analogous to the outer bands in previous seasons.

Secondly, the central pack is the most likely to be effected by the northward advance, and sub

sequent ice edge crossing, of the circumpolar trough’s convergence line during NDJF. The shift 

from westerlies to easterlies around November (Enomoto and Ohmura (1992)) will have resulted 

in a more compact central sea ice pack as the ice divergence lessens. The central pack may 

then be expected to be less susceptible to synoptic timescale forcing, and thus have its spectrum 

skewed towards the longer timescales. Again, it is conceivable that there may be some oceanic 

forcing involved which induces variability in the >20 days (wave number 6) timescales.

The VE for wave numbers below 30 (period <4 days) is the highest for all seasons. Close to 

the ice edge, this may be due to the very open pack being highly susceptible to the cyclones that 

move over the ice edge as the circumpolar trough tracks southward. At the coast the divergent 

flow off the continent (often a result of combined geostrophic and katabatic processes (Murphy 

and Simmonds (1993))) may well aid in the break up, and northward transport, of newly formed 

coastal ice, resulting in large synoptic timescale variability. When katabatics are not present the 

prevailing easterlies, with the subsequent southward Ekman transport, may then force the ice 

coastward.
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Figure 5.24: Average VE for all wave numbers for NDJF Sea Ice Concentration, Temperature at
2 metres elevation and Wind Stress for (a) IE (b) CP2 (c) CB (d) CB2
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5.4.3 Regional Changes in Sea Ice Variability

From Section 5.3.2 it is clear that the distribution of sea ice concentration VE is far from ho

mogeneous over the entire pack. To obtain an appreciation of the spatial anomalies, the sea ice 

region for each season has been divided into six sectors. These encompass the Ross, Amundsen, 

Bellingshausen and Weddell Seas, as well as the sea ice areas off the coast of Dronning Maud 

Land and East Antarctica. The mean (for all years) spectra were then calculated over each sector 

for every season, enabling comparisons between the regions.

Section 5.3.2 also revealed broad scale anomalies at two other locations. Firstly, the region in the 

vicinity of Mauds Rise (64°S, 2°E), and secondly, in the western Ross Sea, which encompasses 

the “strip” of sea ice that first breaks out in the late austral Spring/early Summer. These two 

regions may have anomalies generated by two quite separate processes, namely oceanographic 

(for the Mauds Rise region) and atmospheric (for the Western Ross Sea), and are worthwhile 

examining separately.

Anomalies in the vicinity of Mauds Rise are seen in Figures 5.9(a) (VE lower than the mean), 5.12(a) 

(a large region of high VE relative to the mean over the pack), 5.12(b) (VE lower than the mean) 

and 5.15(a) (VE lower than the mean). Smaller anomalies may be observed in Figures 5.9(b) 

and 5.15(b). Figures 5.21(a) and (c) also show the large mean VE differences between the sea

sons in the vicinity of Mauds rise. These anomalies are all observed in the vicinity of the Weddell 

Polynya, which Comiso and Gordon (1987) observed as an effective reduction in the sea ice con

centration to as low as 37%, often recurring several times in a Winter season. The monthly 

averages for the SSM/I period (see Figure 4.2) do not show any significant reduction in the con

centration of ice in this region, however, they do show large variations in the extent and shape of 

the 90% isopleth occurring in the short time between months. Hence it is worthwhile examining 

a single year.

The sea ice concentration 2-7 day VE for 1992 is shown in Figure 5.25(a). A large region of 

synoptic variability exists in the vicinity of Mauds Rise with values typically in excess of 40%. 

The corresponding sea ice concentration time series for the grid point at 64°S, 2°E is shown in 

Figure 5.26. Clearly the concentration does not reach an equilibrium, but rather fluctuates by up
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Figure 5.26: Time series of Sea Ice Concentration for JASO, (a) 1992 (b) 1990
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to 10% every few days. Other years, such as 1990 (Fig. 5.25(b)) appear to reach an equilibrium, 

only to have sudden drops in concentration to values as low as 30%, and equally sudden returns 

to the quasi-equilibrium value. It would appear as though this region is experiencing strong 

forcing on the sea ice, be that through atmospheric, or, more likely, oceanographic origin.

The contours of high 2-7 day VE observed in the JASO season are of similar shape to the eastern 

boundary of the Weddell Gyre (as shown by Deacon (1979)). Such a high vorticity region may 

well be wind induced, in which case the Coriolis forcing will cause divergence at the surface, 

removing ice from the region as it forms, as well as inducing the Ekman upwelling of the warmer, 

deeper waters (Martinson et al. (1981)). Such a process would be self perpetuating in Winter and, 

as Figure 5.12(a) suggests, would have timescales similar to those of the atmospheric circulation. 

This may be because the ocean in the vicinity of Mauds Rise is climatologically one of a shallow 

pycnocline (region of rapid density increase with depth). Strong winds may aid the existing 

Weddell Gyre to increase surface velocities in the vicinity of the tight eastern boundary, thus 

inducing upwelling and a raising of the pycnocline. If this reaches the surface it will release 

large amounts of heat (hence the term ‘sensible heat polynya’ (Comiso and Gordon (1987))) by 

venting to the atmosphere and melting some of the sea ice present. The melting will in turn 

release fresh water, thus weakening the convection and depressing the pycnocline, allowing the 

surface to cool. The consistent cold temperatures during the JASO season would result in new ice 

formation. The gyre will tend to make this pack divergent, hence when the next cyclonic system 

passes it may induce strong forcing on the ocean surface as well as the ice (and its associated 

keel stirring) and hence induce the upwelling of warm water once more, causing a change in the 

concentration as ice is both melted and advected out of the region.

A similar effect may occur in the warmer months, which would account for the low 2-7 day 

VE in the region of the gyre during NDJF (Fig. 5.15(a)), and the high 20-25 day NDJF VE 

(Fig. 5.15(b)). During this time the surface air temperature will be warmer, and hence there 

may be less chance of sea ice forming between synoptic events, thus reducing the 2-7 day VE 

signal. Such an effect is may be seen in Figure 5.27, which shows the sea ice concentration on 

December 14, 1996. North of Dronning Maud Land the sea ice has first broken out in the central 

pack rather than simply retreating from the ice edge, the result of ice divergence caused by the
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Figure 5.27: Sea Ice distribution for December 14, 1996. Darker regions correspond to higher 
concentration ice

gyre, doming of the pycnocline and warmer surface temperatures. These processes would be 

compensated somewhat by the large release of fresh water upon the melting of the pack, which 

will depress the pycnocline and hence prevent the warmer deep waters reaching the surface. It 

is also possible that the 20-25 day VE signal is enhanced by eddies within the Weddell Gyre, 

such as those observed by Gordon (1978). In general, the Mauds Rise region has been shown 

to be one of high sensitivity to changes in both oceanic and atmospheric forcing in coupled 

ocean-atmosphere models (O’Farrell and Connelly (1997) Gordon and O’Farrell (1997),).

It is worthwhile comparing these results to those of Kottmeier and Sellmann (1996), who ex

amined the spectra of the ice drift and geostrophic winds in the Weddell Sea. They found that 

during all seasons, the wind and ice motion spectra displayed maxima in the periods between 

1 and 7 days. This would tend to agree with the results shown for sea ice concentration in the 

vicinity of the Weddell Gyre. However it must be remembered that ice motion and the change in 

sea ice concentration are two distinct characteristics of sea ice variability, and obviously cannot 

be treated as the same. Indeed, Kottmeier and Sellmann (1996) state that far from the coast (i.e., 

over deep water), speed ratios are independent of drift divergence on spatial scales of 100km. 

Furthermore, Vihma et al. (1996) suggest that the dependence of ice motion on wind varies re

gionally within the Weddell Sea, with the wind in the western regions only explaining 40-50% 

of the temporal sea ice motion variance.
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Figure 5.28: Winter cyclone system density for Winter, from Jones and Simmonds (1993). The 
contour interval is 0.5 x 10-3 cyclones(deg.lat.)-2. Light and heavy stippling denotes area above 
1.0 and 3.0 respectively

The second region displaying unique characteristics is in the western Ross Sea, which, as Fig

ure 5.27 shows, is also a region of early Summer sea ice break out. Differences from the mean 

may be observed in Figures 5.12(a) (low 2-7 day sea ice concentration VE), 5.15(a) (low 2-7 day 

sea ice concentration VE) and 5.25, which shows the low VE in this region for an individual year 

(1992). The distinction between the spectra of this region and that of the Mauds Rise area is the 

observable anomalies in the wind stress and temperature variability (e.g., Figs. 5.13, 5.14), with 

low VE over the western Ross Sea being displayed for both variables.

The low VE for all variables would appear to be linked to the cyclone tracks over this region. 

Despite the Antarctic circumpolar trough being situated at its most southerly location during 

Winter, Jones and Simmonds (1993) objective cyclone climatology (Fig. 5.28) shows relatively 

low system densities in the western Ross Sea. This is further reflected in their Winter cyclone 

tracks, which skirt north of the region. Likewise, Leighton (1994) showed July and October 

cyclonicity (a measure of the mean number of hours a cyclone remains in a 5° x 5° gridbox) 

as less than 12 hours for the Ross Sea. Both these studies would suggest that the passage of 

individual cyclones over the western Ross Sea is infrequent, a suggestion reflected in the low 

synoptic timescale VE in both the JASO wind stress and temperature.
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Furthermore, the western Ross Sea is not only a region of low cyclone density, but also an area 

of north to north westward flowing surface currents (Meehl (1982), Moritz (1988), Keys et al. 

(1990)). Moritz (1988) observed drift patterns from buoy tracks that suggested a clockwise 

gyre centred at 73°S, 155°W. Such a gyre would also aid in clearing ice from the region in the 

early Summer, though it is unlikely it would be associated with any upwelling of warmer deep 

waters over the western Ross Sea as this region is largely located over the continental shelf. 

The resulting combination of northward ocean surface flow along the western Ross Sea creating 

an open and divergent pack, and low cyclone density, thereby supplying irregular atmospheric 

forcing, may well produce the necessary conditions for the low 2-7 day VE observed. Such 

conditions would also appear to explain the rapid break out of the sea ice in this region in early 

Summer.

Clearly the Mauds Rise and western Ross Sea regions show distinct variation from the mean. 

Likewise the high JASO 2-7 day VE (Fig. 5.12(a)) in the western Amundsen Sea also corre

sponds to the region of high cyclone system density in the Jones and Simmonds (1993) Winter 

climatology (Fig. 5.28), further suggesting a strong link between the atmosphere and the sea ice 

variability in specific regions. Hence it is worthwhile examining the six main sectors (as defined 

in Section 5.2) surrounding the continent for each of the seasons. To assist in showing the bias 

of the sea ice concentration towards longer timescales of variability, and to clarify the distinction 

between the sectors, Table 5.3 gives a summary of the red shift (as defined in Section 5.2) for all 

seasons and regions.

MAMJ

The mean spectra for the wind stress, near surface temperature and sea ice concentration over 

the entire sea ice area during MAMJ are shown in Figure 5.29, with the corresponding spectra 

for each of the six sectors shown in Figure 5.30.
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Sector MAMJ JASO NDJF
Ice T02 Tau Ice T02 Tau Ice T02 Tau

Weddell Sea 4.8*5 1.9 1.0 3.7*8 2.0 1.0 4.6" 1.4 1.0
Droning Maud Land 9.9" 1.9 1.0 3.0" 1.6 1.0 44.8" 1.2 1.0
East Antarctica 3.4" 1.6 1.0 3.6** 1.7 1.0 2.9" 1.3 1.0
Ross Sea 10.3" 1.6 1.0 4.8*8 2.0 1.0 6.1" 1.4 1.0
Amundsen Sea 158" 1.6 1.0 4.7" 2.0 1.0 7.9" 1.5 1.0
Bellingshausen Sea 8.6*» 1.9 1.0 4.3*8 1.8 1.0 3.9" 1.4 1.0

Table 5.3: Red Shift of the spectra in the six Antarctic sectors standardized by the Wind stress. 
Determined by the difference between the 2-7 and 20-25 day VE windows (WDIFF), divided into 
the WDIFF value for the wind Stress (Tau). The significance level of the Sea Ice Concentration 
minus surface air Temperature WDIFF values are shown in superscript. The difference between 
the WDIFF for the Sea Ice Concentration and Wind Stress is always significant at the 99% 
confidence level, as is the surface air Temperature minus Wind Stress for all but the Amundsen 
Sea MAMJ and Dronning Maud Land NDJF, which have significance levels of 98%

Wind Stress 
Temp, at 2m 
Concentration

10 IS 20 25 30 35 40 45 50 55 60
Wave Number

Figure 5.29: Average VE for all wave numbers for MAMJ Wind Stress, Temperature at 2 metres 
elevation and Sea Ice Concentration for the sea ice region
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Figure 5.30: Average VE for all wave numbers for MAMJ Wind Stress (solid line), Temperature 
at 2 metres elevation (light dashed line) and Sea Ice Concentration (heavy dashed line) for the 
(a) Weddell Sea (b) Dronning Maud Land (c) East Antarctica (d) Ross Sea (e) Amundsen Sea (f) 
Bellingshausen Sea
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The mean spectra for the sea ice region (Fig. 5.29) clearly show the red shift of the sea ice 

concentration from that of the wind stress and near surface temperature. Peak wind stress occurs 

at wave number 8 (period 15 days), with a steady decrease to just over 1% VE at wavenumber 60, 

indicating a heavy bias towards the shorter timescales. A small secondary peak at wavenumber 

12 (period 10 days) is found in the spectrum of the near surface temperature, which, though 

clearly red shifted from the wind stress, still displays much of its variability in timescales of less 

than 7 days (wavenumbers 17 to 60) (e.g., Figure 5.11). The sea ice concentration VE fails to 

show such a peak at wavenumber 12, reserving most of its variability to the lower wavenumbers, 

with peak value at wavenumber 6 (period 20 days) of 10.9%. At the higher frequency end of the 

spectrum values drops to less than 0.5% for all wavenumbers above 38 (period 3 days).

The sea ice concentration regional spectra show large variation in peak value, ranging from 9.6% 

for the ice off East Antarctica, to 14.1 % for the Amundsen Sea. Correspondingly, the Amundsen 

Sea shows lowest, and East Antarctica highest, VE in the synoptic timescales. In all cases peak 

value occurs at wave number 6, except for the Bellingshausen Sea, where peak value occurs at 

wave number 5. As there is such variation between the sectors it is worthwhile examining each 

individually.

Figure 5.30(a) shows the spectra for the Weddell Sea. The sea ice variability has few distinct 

peaks, and displays only a modest red shift from that of the near surface temperature (Table 5.3). 

Worth noting is the slight “bulge” in the sea ice spectrum at wave number 8, which reflects the 

unusual peak in the wind stress at the same period (15 days). These characteristics may well 

be linked to the low cyclone densities observed by Jones and Simmonds (1993) in the southern 

Weddell Sea, coupled with the large Weddell gyre of the surface currents. The gyre would tend 

to shift sea ice from the southern Weddell northward, keeping the pack divergent and susceptible 

to freezing with the very low temperatures at such latitudes (hence the considerable similarity of 

the temperature and sea ice spectra). The wind stress peak at 15 days suggests that the synoptic 

forcing on the ice at this time of year is not as important as the seasonal change in the temperature 

and movement by the gyre.

Further to the east, off Dronning Maud Land, the sea ice spectrum is shifted towards the longer 

period waves (Fig. 5.30(b)). As for the Weddell Sea sector, there is a “bulge” in the sea ice plot
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matching peaks in both the wind stress and temperature at wave number 8 (period 15 days), as 

well as a secondary peak in the temperature at wave number 12 (period 10 days). The longer 

timescale similarity between the sea ice and the temperature spectra is to expected, as the region 

off Dronning Maud Land is very much in a sea ice growth phase during MAMJ, and hence 

changes in sea ice concentration are largely dependant upon the freezing of new ice, rather than 

the redistribution of old. A very similar picture may be painted for the sea ice regions off East 

Antarctica (Fig. 5.30(c)). Again the temperature and sea ice spectra show considerable similarity 

due to the development of the new pack after Summer, however there is far more variability in the 

sea ice in the shorter period waves than for the pack off Dronning Maud Land, as is also shown by 

the reduction in red shift in Table 5.3. This may have two contributing factors. Firstly, Leighton 

(1994) shows the entire East Antarctic region experiencing high cyclonicity (up to 82 hours) for 

the month of April, suggesting the region experiences a great deal of synoptic forcing. This is 

supported by the relatively “flat” wind stress spectra in Figure 5.30(c), with few large peaks at the 

lower wavenumbers. Secondly, Enomoto and Ohmura (1990) show the atmospheric convergence 

line crossing the sea ice edge and moving over the pack off East Antarctica in May/June. This 

would suggest that the pack would become more divergent and hence susceptible to synoptic 

forcing, as well as providing much open water for new ice formation by freezing. The tendency 

for the cyclones to be closer to the coast may also aid in the development of strong wind events 

(Murphy and Simmonds (1993)), which enhances the coastal production of sea ice.

In the Ross Sea (Fig. 5.30(d)) there is again a strong red shift of the sea ice variability away from 

that of the near surface temperature and wind stress. Spectra for the wind stress and surface air 

temperature display three matching peaks in their spectra. These occur at wave numbers 12, 16 

and 19 (corresponding to variability with periods of 10, 8 and 6 days respectively). Of these, 

only wave number 12 is reflected in the sea ice concentration spectrum. This may be a reflection 

of the sparse cyclone tracks over the Ross Sea (Jones and Simmonds (1993)), producing forcing 

at longer than synoptic timescales.

The Amundsen Sea (Fig. 5.30(e)) displays the strongest red shift of all regions and seasons (Ta

ble 5.3), with the sea ice VE peaking at over 14% for wave number 6 and the corresponding
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temperature and wind stress peaks having values of 8.6 and 4.2% respectively. At high frequen

cies the VE drops to very low values (e.g., 0.22% at wave number 59). Comparisons of the 

spectra show a strong peak at wave number 12 in the wind stress, which is reflected by a small 

peak in the sea ice VE. A similar small peak is seen at wave number 15. The strong red shift 

in the Amundsen Sea may at first appear difficult to explain, as it might be expected that this 

region is driven by synoptic activity, as is reflected in the wind stress spectrum which shows 

many peaks in the wave numbers 20 to 40 (6 to 3 days). Such a spectrum is consistent with 

the results of Leighton (1994), who showed (for April) a 60 hour cyclonicity for the region, a 

climatological low of 977hPa and significantly, a 14 hour cyclone immobility (the highest value 

shown by Leighton for April for any region), where immobility is a measure of the mean length 

of time a cyclone remains in a 5° x 5° gridbox.

However, the Amundsen Sea in MAMJ is a sector of strong sea ice extent advance, coupled 

with a rapid increase in ice concentration, as can be seen in the monthly plots of sea ice con

centration in Figure 4.2. This may be due to Antarctic circumpolar trough being south of the 

ice edge (Enomoto and Ohmura (1990)) earlier in the year than for most sectors, thus forcing 

the ice northward (Figure 5.2) early in MAMJ. The immobility of the cyclones may also aid in 

rapid ice formation, as the air temperature would remain low for extended periods and hence 

the number of degree cooling days would be high. This would enable, by Stefan’s Law (see 

Eqn. 2.1), a solid (and thus resistant to short timescale melt or wind break up) cover to grow 

quickly. Such a rapid concentration increase may also quickly establish a closed pack, thus of

fering little opportunity for any short timescale concentration change for the remainder of the 

season. Furthermore, Jacobs and Comiso (1997) suggest that changes in the sea ice extent in this 

region may be influenced by changes in ocean circulation. Hence oceanic processes, with their 

longer timescale variability, may contribute to the longwave bias. The strong synoptic activity in 

the region (Leighton (1994)), and hence the high frequency VE for the atmospheric parameters, 

may be a factor in inducing the extreme value of the sea ice red shift presented in Table 5.3.

The spectra for the Bellingshausen Sea (Fig. 5.30(f)) of near surface temperature and sea ice 

concentration show close similarity for all but wave numbers 5 and 6, indicating a strong link
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Figure 5.31: Average VE for all wave numbers for JASO Wind Stress, Temperature at 2 metres 
elevation and Sea Ice Concentration for the sea ice region

between the two variables. The Bellingshausen Sea, like the Amundsen, also shows much vari

ability in the synoptic wave numbers for wind stress despite the fact that the Bellingshausen Sea 

is recognised as a region of strong cyclolysis (Jones and Simmonds (1993)). Correspondingly, 

the sea ice spectrum has small peaks at wave numbers 12, 18 and 21. It should be stressed, how

ever, that the sea ice spectrum for the Bellingshausen Sea still displays much of its variability 

in the longer period waves, (e.g., Fig. 5.9(a)) which again may be linked to the rapid tempera

ture induced sea ice advance in this region (as the circumpolar trough in this region shows only 

small intraannual latitudinal variation (Enomoto and Ohmura ( 1990))) establishing a cover that 

remains constantly high. Such high concentration may also be a result of the eastward flowing 

ocean surface currents trapping the sea ice in the embayment created by the Antarctic Peninsula. 

Such stability would limit the possibility of short timescale changes to the sea ice concentration.
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Figure 5.32: Average VE for all wave numbers for JASO Wind Stress (solid line), Temperature 
at 2 metres elevation (light dashed line) and Sea Ice Concentration (heavy dashed line) for the 
(a) Weddell Sea (b) Dronning Maud Land (c) East Antarctica (d) Ross Sea (e) Amundsen Sea (f) 
Bellingshausen Sea
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JASO

The mean spectra for all the sea ice gridpoints in JASO is shown in Figure 5.31, and the individual 

sector spectra in Figure 5.32. It is apparent from these results that the magnitude of the peak 

values have been reduced. Furthermore there has been a reduction in the red shift between the 

variables when compared to those shown for MAMJ (Table 5.3). At the higher frequencies of 

the sea ice VE spectrum, values are consistently greater (mean VE for wavenumbers 51-60 for 

JASO; 0.36, MAMJ: 0.33) suggesting greater (proportional) synoptic timescale variability during 

JASO. It is clear that during the JASO season the sea ice concentration at most gridpoints has 

reached a quasi equilibrium (e.g., Fig. 5.25), thus, with little growth phase possible, the VE for 

the longer period waves is reduced.

Examination of the spectra for the Weddell Sea (Fig. 5.32(a)) clearly shows the close association 

of the sea ice concentration and the near surface temperature in the longer period waves. Between 

wave numbers 8 and 15 (period 15-8 days) the two spectra match closely, with two peaks at 

wave numbers 9 and 11 appearing clearly in both. This may well be due to the divergent nature 

of the ocean surface in the Weddell Sea, with both the Antarctic circumpolar trough being at its 

most southerly points during the season (Fig. 5.1) (resulting in a general westerly flow (Fig. 5.2)), 

coupled with the underlying Weddell gyre. Both these forcings will tend to cause the sea ice to 

diverge, thus opening the pack. During the JASO season the atmospheric temperatures will be 

extremely low, thus the exposure of open water will result in refreezing. It would appear that 

this process of divergence and refreezing takes place on longer than synoptic timescales. This 

may be due to the leads slowly widening whilst frazil ice, formed in the open water, is forced 

to their lee side. When wind speeds reduce it may take some time for this ice to relax back into 

the lead and coagulate to form a thick enough cover for the satellite to “see”, and thus alter the 

observed concentration. Overall, however, the sea ice concentration and surface air temperature 

plots diverge at wavenumbers less than 8 and greater than 26, with the sea ice clearly red shifted 

from the temperature spectrum.

Off the coast of Dronning Maud Land (Fig. 5.32(b)) there is again a similarity between the spectra 

of the sea ice concentration and temperature at timescales just longer than synoptic. However,
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peaks in the temperature at wave numbers 11 and 14 are not reflected in the sea ice spectrum. 

The spectrum for the wind stress displays more variability in the synoptic timescales than for the 

Weddell Sea, which is possibly a reflection of the high July to October cyclone immobility in 

this area (as shown by Leighton (1994)), thus giving cyclones more time to effect change in the 

sea ice concentration. This may explain why this region shows smallest red shift of any season 

in any sector (Table 5.3).

East Antarctica (Fig. 5.32(c)) displays the greatest separation of the sea ice concentration and 

temperature spectra for the JASO season, which reflects the northerly nature of the pack and thus 

the higher atmospheric temperatures. The synoptic timescale VE in the sea ice concentration 

displays lower values than that for Dronning Maud Land, though far higher for wave numbers 

7-8 (period 15-18 days). Greater forcing may have been expected in the 2-7 day timescales 

off East Antarctica during JASO, as Jones and Simmonds (1993) showed this region to be of 

high cyclone system density and strong cyclogenesis. The key may lie in the cyclone tracks 

presented by Jones and Simmonds (1993), which, north of regions such as the Amery Ice Shelf, 

show the cyclone centres passing over the outer reaches of the pack. This would place the 

majority of the pack under prevailing easterlies, which, due to the Coriolis forcing, would greatly 

reduce the divergence of the sea ice and thus maintain a closed pack for much of the season. 

However, in such a scenario the outer pack would be more highly divergent (and also synoptic in 

its timescale of change) as it experienced strong northerly and southerly forcings. The final sea 

ice concentration spectrum is most likely a balance of these influences.

The wind stress spectrum for the Ross Sea (Fig. 5.32(d)) shows a number of sharp peaks which 

are reflected in the sea ice spectrum for wave numbers 13, 17, 27, 35 and 44 (periods 9, 7, 5, 4 

and 3 days). From wave numbers 7 to 28 (17 to 4 days) the spectra of temperature and sea ice 

concentration show similarity. Compared to the mean over the entire sea ice region, however, the 

Ross Sea sea ice spectrum displays more variability in the 20-25 day timescales (wave numbers 

5 and 6). These observations fit with a region of low cyclone density (hence longer time periods 

between strong forcing), ocean currents and an atmospheric convergence line over the sea ice 

zone that keeps the pack divergent. This has been observed in the southern Ross Sea region 

for the cyclone system densities (Jones and Simmonds (1993)), for the Antarctic circumpolar
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trough over the sea ice (Enomoto and Ohmura (1990)) and for the ocean surface currents (Meehl

(1982)).

The Amundsen Sea sector (Fig. 5.32(e)) shows a strong red shift of the sea ice concentration 

away from the wind stress and temperature (Table 5.3). There are also many sharp peaks in the 

wind stress plot that correspond to peaks in the sea ice concentration VE (e.g., at wave numbers 

25, 26 40 and 57). However, for wave numbers 7 to 32 there is a strong similarity between that 

of the temperature and the sea ice. The greatest difference between the Amundsen Sea spectrum 

of sea ice concentration and the mean JASO ice spectrum (Fig. 5.31) occurs in the 20-25 day 

timescales. Although the Amundsen Sea has the highest cyclone numbers of all the regions 

during Winter, it also has its atmospheric convergence line close to the sea ice edge for virtually 

the entire year. Hence, although the strong synoptic forcing is observed in the small peaks in 

the sea ice spectrum, the fact that the circumpolar trough is so far north means that the zonal 

component of the wind is predominantly easterly, thus producing a southward forcing upon the 

ice which will restrict its divergence from the coast, thus inducing stronger VE in the longer 

period waves.

Finally the Bellingshausen Sea (Fig. 5.32(f)), as for its MAMJ counterpart, displays unique prop

erties. Firstly, the large peak/shallow trough in the temperature spectrum at wave numbers 12 

and 10 respectively is unmatched in both the sea ice and the wind stress spectra. Secondly, the 

spectrum for the wind stress is skewed towards the longer period waves when compared to the 

other regions. As Jones and Simmonds (1993) show, this is a region of high cyclolysis, and as 

a result cyclones will be weakening as they enter and dissipate over this region. Correspond

ingly, the sea ice edge remains close to the atmospheric convergence line, suggesting that much 

of the pack will experience predominant easterlies, and hence the pack will have reduced diver

gence. Surface currents also force the sea ice eastward at this time (Meehl (1982)), and hence the 

Antarctic Peninsula and mainland will be acting as physical buffers to any southerly or easterly 

movement of the sea ice. This results in a pack that is under the influence of many forcings and 

thus is complex in its spectral structure, however it is clear that temperature plays a major role in 

influencing the pack in this region in periods longer than 5 days.
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Two factors emerge from these JASO sectors. Firstly, the near surface temperature and sea 

ice concentration variability are more closely matched than for other seasons. This may be 

due to the temperatures being constantly below freezing, resulting in a high number of degree 

cooling days (see Eqn. 2.1), and hence open water will show a strong response to near surface 

temperature. Secondly, the magnitude of the red shift is smaller than for other times of the year, 

due primarily to there being no sea ice concentration growth phase to add in large changes over 

longer timescales, and to the high synoptic time scale wind stress forcing (Table 5.1).

NDJF

The mean spectra for NDJF over the sea ice region and the individual sectors are shown in 

Figures 5.33 and 5.34 respectively. Noticeable are the extremely high values of the lowest wave 

numbers, in particular wave number 5 which peaks at 11.2% in the mean sea ice spectrum. 

However this is hardly surprising as the season NDJF is one of extremely rapid sea ice retreat 

with many gridpoints dissolving from very high concentrations to open water in timescales of 

far less than one month. Also worth noting is the rapid decline in the VE of the mean sea 

ice concentration spectrum after wave number 6, with values dropping below that of its JASO 

counterpart at wave number 7. Coupled with this is the high values at the opposite end of the 

spectrum when one compares the two seasons (e.g., the final 30 waves (period less than 4 days) 

have a mean value of 0.51 % for NDJF, whereas the JASO mean for the same wave numbers is 

only 0.47%), all suggesting that the synoptic influence upon the sea ice in the NDJF season is 

high. However Figure 5.34 makes it clear that there are still large differences in the spectra for 

the sea ice between the individual sectors, though it should be emphasised that for some regions, 

such as off Dronning Maud Land, virtually all of the sea ice has disappeared by the end of 

December thus skewing the spectrum towards the low wave numbers. It should be remembered 

that averages are only taken over the area of sea ice that has existed for at least 30 days. Red shift 

over the sectors is also higher than for the JASO season (Table 5.3), reflecting the break up of the 

sea ice, and the shift of the circumpolar trough north of the ice edge and subsequent reduction in 

the pack divergence. Both these factors contribute to the increase in longer timescale variability.
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Figure 5.33: Average VE for all wave numbers for NDJF Wind Stress, Temperature at 2 metres 
elevation and Sea Ice Concentration for the sea ice region

Figure 5.34(a) shows the spectra of wind stress, near surface temperature and sea ice concentra

tion for the Weddell Sea. As for the mean spectra plot, it shows very high values at wave number 

5, associated with the rapid decrease in the sea ice concentration. This may be linked to the 

northerly shift in the Antarctic circumpolar trough. Enomoto and Ohmura (1990) show the sea 

ice edge at 30°W shifting well to the south of the atmospheric convergence line, thus inducing a 

mean easterly wind over the Weddell pack. Coriolis turning will result in a southerly forcing on 

the ice, thus resulting in a less divergent sea ice zone. This will aid in the rapid shift of the ice 

edge position, and the corresponding reduction in the sea ice concentration. Coupled with the 

increase in air temperature at this time, large concentration changes are induced in timescales of 

longer than synoptic, but less than 26 days.

Compared to previous seasons in the Weddell Sea, the synoptic timescales show high sea ice con

centration VE. Despite the persistent easterlies reducing the divergence, the sea ice pack remains 

relatively open (Fig. 5.5(b)) during these months. This enables forcing from the atmosphere to 

have rapid effect (e.g., temperatures in much of the region will hover around the freezing point, 

and thus colder temperatures/pack refreezing may be associated with passing synoptic events.
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Figure 5.34: Average VE for all wave numbers for NDJF Wind Stress (solid line), Temperature 
at 2 metres elevation (light dashed line) and Sea Ice Concentration (heavy dashed line) for the 
(a) Weddell Sea (b) Dronning Maud Land (c) East Antarctica (d) Ross Sea (e) Amundsen Sea (f) 
Bellingshausen Sea
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Likewise, an open pack is also susceptible to large changes in concentration as the winds can 

(locally) force the pack together or apart due to the increased open water area, which effectively 

provides space into which floes can move.)

The spectra for the sea ice pack off Dronning Maud Land is shown in Figure 5.34(b). This region 

is one of very rapid sea ice retreat as the sea ice to the north-west, in the vicinity of Mauds Rise, 

breaks out early in the Summer season, leaving the Dronning Maud region relatively exposed 

to forcing from the north. The rapid ice edge retreat in December, and hence the great number 

of sea ice points that experience drastic changes to their concentration in timescales of less than 

30 days, results in the extremely high peak value (13.3%) for wave number 5. As with the 

Weddell Sea, the atmospheric convergence line moves well to the north of the sea ice edge, thus 

contributing significantly to the rapid ice edge retreat as the easterly winds impart a southerly 

forcing upon the ice. Again there is a rapid drop in the VE after wave number 5, and hence 

the shorter timescales display higher VE than for the JASO season. This is primarily due to the 

open pack (a result from the early break Summer out), occurring in a region of high cyclone 

immobility, as shown by Leighton (1994). Such persistent synoptic forcing increases the short 

timescale VE of the wind stress, thus inducing the extremely high red shift observed in Table 5.3. 

Table 5.3 also indicates the close proximity between the near surface temperature and the wind 

stress spectra.

Figure 5.34(c) shows the VE spectra for the sea ice concentration off the coast of East Antarctica 

Although the wind stress and temperature appear similar to those for the other sectors, the sea ice 

concentration VE is markedly different. Not only is the peak value (8.6%) lower than all other 

regions, but it occurs at wave number 6, rather than wave number 5. Again there is a rapid drop 

in the VE at the higher frequencies, however this is not as great as for the other sectors. Again, 

this may be associated with the semi annual oscillation of the Antarctic circumpolar trough. 

When compared to the Weddell and Ross Seas, the circumpolar trough rarely (both in time and 

space) extends far north of the East Antarctic sea ice edge during NDJF, suggesting the influence 

of the easterlies may be weaker than for those sectors with large ice edge/circumpolar trough 

separations, and thus there is less southward forcing. Secondly, as the coast of East Antarctica is 

so far north, imposing a limit of averaging over sea ice that has remained in place for a minima
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of 30 days means many outlying gridpoints are “lost” to the averaging process, and hence the 

means are weighted towards those points trapped by the coast. Furthermore, the katabatics in this 

region, with the Antarctic plateau so close to the coast, may add to the longer period variations in 

near coastal sea ice concentration. Such dominance by the coast in the sea ice VE spectrum may 

also contribute to this sector having the highest values in the synoptic timescales of any region 

in any season. Not only does the 2-7 day window contain 38% of the VE, but the 8-13 day 

window contains over 23%. Hence over 60% of the VE is contained in timescales of less than 2 

weeks. The combination of thin, relatively open pack and the fact that East Antarctica displays 

the highest values for cyclone system density for any sector (Jones and Simmonds (1993)) must 

be considered key factors in such a spectrum. The result is the lowest value for the sea ice 

concentration red shift of any sector for any season (Table 5.3).

The Ross Sea spectra (Fig. 5.34(d)) are similar in appearance to that of the mean NDJF spectra 

presented in Figure 5.33. Peak values for both the sea ice and the temperature occur at wave 

number 5, indicating the rapid retreat of the sea ice edge (aided by the crossing of the sea ice 

edge and the atmospheric convergence line) and the associated change in the concentration. Few 

of the peaks in either the wind stress or the temperature spectra are reflected in the spectrum of 

the sea ice concentration VE. However, compared to the previous seasons, the NDJF sea ice VE 

has higher values in the shorter period waves. This may be associated with the early break out 

of the sea ice from the Ross Ice Shelf, which is assisted by the strong northward flowing current 

along the western coastline of the Ross Sea (Moritz (1988)).

Figure 5.34(e) shows the NDJF VE for the Amundsen Sea. As for the majority of the regions, 

the sea ice concentration VE displays a strong peak at wave number 5, indicating the rapid sea 

ice concentration change and ice edge retreat. Greater variability occurs in the high frequencies 

than seen in the other seasons, with over 51% of the VE existing in timescales of less than 13 

days. This may well be linked to the development of coastal polynyas in the region, which appear 

as early as November. Such polynyas effectively remove the high concentration/longer period 

VE ice blocked against the coast, in turn exposing much open water with the potential for short 

timescale change by periodically sub freezing temperatures. By January/February the sea ice 

pack in the Amundsen Sea becomes very open (see Figures 4.1 and 4.2) which, coupled with
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a relatively high cyclone immobility in the region (Leighton (1994)), would also contribute to 

a high synoptic timescale forcing. The temperature spectrum displays a peak at wave number 

16, the reason for which is unclear, and there appears to be no substantial reflection in the sea 

ice spectrum. Overall, the temperature spectrum remains similar to the previous season (JASO), 

however, the wind stress tends towards lower VE in the higher wave numbers.

Unlike previous seasons where the Bellingshausen Sea VE displayed unique properties, during 

NDJF the spectra (Fig. 5.34(f)) is similar to all other sectors. Again there is the evidence of strong 

sea ice edge retreat and concentration decrease, with a peak at wave number 5 in the sea ice 

concentration VE, followed by a rapid decline in the variability. At the shorter period end of the 

sea ice spectrum the values are second only to those off East Antarctica in magnitude, and with 

over 34% of the VE in the 2-7 day period. This may be due to the relatively small amount of sea 

ice in the Bellingshausen Sea from December to February, coupled with the strong cyclonicity 

in the region (Leighton (1994)). As in the Amundsen Sea, the atmospheric convergence line 

remains close to the ice edge throughout NDJF, and thus one may expect a large number of 

alternating northerly and southerly wind events over the Bellingshausen pack, inducing synoptic 

timescale variability. Ocean currents flowing towards and along the Antarctic Peninsula might 

also be aiding in the break up of the pack by forcing the ice northward.

It is clear from all the sectors that the break up of the sea ice and retreat of the ice edge induces 

variability in the sea ice concentration of the order of 20 to 25 days. The subsequent lower con

centration ice is hence susceptible to both temperature and wind forcing by the passing cyclones, 

which is reflected by the consistently high synoptic variability.

5.4.4 Interannual Variability

Throughout this chapter the VE spectra have been presented as means taken over the years from 

1988 to 1994. These enable comparisons of the sea ice concentration to the wind stress and the 

near surface temperature, but explain little about its interannual variability. By examining the 

spectra for the individual years, comparisons may be made to other atmospheric anomalies, such 

as ENSO (see Fig. 5.35), and short term trends may be examined to determine any change in the
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Figure 5.35: Southern Oscillation Index for the years 1987-1995

forcings upon the pack. As the sea ice concentration has been shown to be an effective low pass 

filter of the atmospheric and oceanic processes at the high southern latitudes, such interannual 

variability of the its VE spectra may well be an important indicator of change in the Antarctic 

environment.

In order to compare the spectra from the individual years, summations of the VE were made for 

each interval of ten waves, for each year. This was done for the total sea ice area, for the Ross 

and Weddell Seas (the two basins in which greatest interannual variability may be shown) and 

for the sea ice off the coast of East Antarctica. Hence by comparing the year to year differences 

in the 10 wave bands, some comment can be made in regard to the year to year changes in the 

forcings upon the ice.

MAMJ

The interannual variability of the MAMJ spectra are shown in Figure 5.36. In all cases (except for 

the Ross Sea) it is clear that 1989 has a bias towards the higher wave numbers/shorter timescales
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when compared to all other years. This is especially noticeable in the Weddell Sea, with VE for 

the first 10 wave numbers dropping from the 7 year mean of over 50% to only 33%. Similarly, 

the wave numbers 31-40, 41-50 and 51-60 all increased by almost 10%. The Ross Sea appears 

as a case unto itself. In 1991 it displays a large red shift, with values in the 1-10 wave window 

increasing to the highest value seen in the 7 years (64.5%), and the corresponding 11-20 window 

decreasing in value to the lowest value observed in MAMJ of 19.5%.

Although it is difficult to determine a direct link with the anomalous 1991 Ross Sea red shift, 

SOI for the same period averages -12.1, peaking at -19.3 for the month of May (Fig 5.35). The 

years 1993-94 display equally strong SOI, with a peak in the VE values occurring in 1994. 

Smith and Steams (1993) noted that it was lagged correlations, rather than direct, which showed 

the most significant relationship between the high southern latitude temperature and pressure 

anomalies and the SOI. These lags were of the order of 10 months for temperature, and 12 

months for pressure. Likewise Simmonds and Jacka (1995) showed correlations between the 

SOI and the sea ice extent assuming their largest magnitude when the SOI lead the ice anomalies. 

Furthermore, Simmonds and Jacka (1995) noted that it was Spring sea ice extent in the Pacific 

which showed closest correlation with the SOI, and hence MAMJ may not have been expected 

to show a strong SOI/VE relationship. However it is apparent that the Ross Sea shows highest 

VE in the wavenumbers from 1-10 for all sectors after 1990, corresponding with the period of 

extended negative SOI values.

There are no trends apparent over the total pack area, with only a small rise in the wave num

bers 1-10, and correspondingly a small decrease in the VE for wave numbers 10-20. A similar 

response is observed for the Weddell Sea and East Antarctica. The Ross Sea, however, expe

riences an increase of 2% per year for wave numbers 1-10 (trend significant at just under the 

90% confidence level), and a decrease in wave numbers 11-20 (period 6-12 days) of 1.6% per 

year (trend significant at over 95%), suggesting that sea ice is slowly becoming more dominated 

by longer period waves. Whether this implys more northerly cyclone tracks (inferring a shift in 

the position of the Antarctic circumpolar trough, resulting in more dominant easterly winds and
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Figure 5.36: Mean VE for MAMJ wave numbers 1-10, 11-20, 21-30, 31-40, 41-50, 51-60 for
each year 1988-94 for the (a) Total Sea Ice Area (b) Ross Sea (c) Weddell Sea (d) East Antarctica
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thus a southerly (convergent) Ekman drift of the ice), colder temperatures leading to a more con

gested/solid pack, or a strengthening of oceanic influences, is unclear and may only be resolved 

by examining a longer time series.

The VE has also been examined to determine the presence of any quasi-biennial oscillation sig

nal, as observed by Trenberth (1981) in the 500mb zonal mean geopotential height and westerly 

wind fields for the Southern Hemisphere, or the existence of an ACW (period 4 years) as observed 

by White and Peterson (1996). In all graphs there is the suggestion of a biennial oscillation, with 

alternating years of weak and strong VE. This is clearest in the Ross Sea and off East Antarctica. 

The ACW signal is only (arguably) apparent in the Weddell Sea 10-20 and 30-40 wave windows. 

The graphs also fail to show any clear evidence of the Weddell Sea/Ross Sea anti-correlation, as 

observed in the historical proxy pressure records by Villalba et al. (1997).

JASO

The JASO plots of the mean variance explained for the individual years are shown in Figure 5.37. 

As for MAMJ, the JASO VE displays a shift away from the longer period waves in 1989 for all 

regions with the exception of the Ross Sea. In the Weddell Sea and off East Antarctica, the 

low values for the first ten waves extend into 1990. Also of note is the red shift in 1988 in the 

Weddell Sea, East Antarctic and total ice area graphs, as well as the large increase/decrease for 

the 1-10/11-20 windows for 1991 in the Weddell Sea. Unlike MAMJ however, the Ross Sea does 

not appear to display individual characteristics.

The decrease in the 1989 VE for the first ten waves in the total area, Weddell Sea and off East 

Antarctica may again be linked to the SOI. Figure 5.35 shows large positive values for the SOI 

(indicating a La Nina phase) occurring between 1988 and 1989, matching the troughs in the sea 

ice concentration wave number 1-10 VE for not only JASO, but also for MAMJ. Such a decrease 

in the first ten waves would suggest greater short timescale variability during such strongly pos

itive phases of the SOI. This is shown most strongly by the Weddell Sea in 1990, as this is the 

only region and time when the wave numbers 1-10 (period > 12 days) total VE drops below that
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Figure 5.37: Mean VE for JASO wave numbers 0-11, 10-21,20-31, 30-41,41-50, 51 -60 for each
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219



of the wave numbers 11-20 (period 6-11 days). Coupled to this is the large increase in the 21-30 

window (period 4-6 days) in 1990, suggesting considerable synoptic timescale variability.

The only significant trends (at over 90%) in these time series occur in the Ross Sea, with wave 

numbers 11-20 (period 6-11 days) displaying a decrease of 0.7% per year over the 7 years, and 

the 41-50 and 51-60 wave windows (periods 3 and 2 days respectively) with increases of 0.3 and 

0.4% per year. This is similar to the MAMJ trend in the Ross Sea, however this only showed 

a significant increase in wave numbers 1-10. However the JASO Ross Sea VE still suggests 

changes in the synoptic timescales.

As for MAMJ, there appears a biennial component in the sea ice VE, primarily in the Ross and 

Weddell Seas. A far weaker signal is observed off East Antarctica. An ACW (period 4 years) is 

not strongly discernible in the total ice graph, nor any of the regions. The East Antarctic 11-20 

day window is the only exception.

NDJF

The NDJF interannual VE is shown in Figure 5.38. It is clear from all the plots that the first 

ten waves dominate the season, meaning many grid points will undergo large changes in the 

20+ day timescales. Correspondingly, the wave numbers higher than 10 show greatly reduced 

VE when compared to previous seasons, with values typically in the range of 20% for the wave 

numbers 11-20, whereas the JASO and MAMJ values were typically 25 and 30% respectively. At 

the opposite end of the spectrum, the upper wave numbers (31-60) show remarkably consistent 

values from year to year, especially over the total ice area, and the Ross and Weddell Seas.

The year 1988 displays low values for the VE in wave numbers 1-10, and correspondingly, large 

values in the higher frequencies. This shift towards the synoptic timescales is strongest in the 

Weddell Sea, with the wave numbers 1-10 and 11-20 reaching virtually identical values, and the 

21-30 window (period 4-6 days) having a VE of over 16%; the highest VE for a 21-30 window 

for any year in any sector. This may be related to the anomalously long sea ice season in the 

Weddell outer pack in 1988, where sea ice in NDJF remained for up to 57 days longer than the
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Figure 5.39: The 1988 NDJF sea ice season length anomaly

mean (Fig 5.39). Such long lasting sea ice, of relatively low concentration and far enough north 

to be exposed to the strong cyclone tracks that skirt the high (>2000 metres) ranges of Palmer 

Land in the southern half of the Antarctic Peninsula, (as shown by Jones and Simmonds (1993) 

for 1985-89), may well be expected to return a highly synoptic signature. Again, as for MAMJ 

and JASO, this decrease in the VE of the first 10 waves may be linked to the strong La Nina 

phase that occurred between 1988 and 89 (Fig. 5.35), as the 1988 NDJF season encompasses 

the 1988-89 austral Summer. As the sea ice concentration VE is such an effective low pass filter 

of the high latitude weather, this would further suggest that stronger synoptic forcing of the ice 

occurs in strongly La Nina years, and hence weaker short timescale forcing exists in years of 

intense El Nino . This may be the result of a weakening in the Hadley circulation during El Nino 

(due to cooler sea surface temperatures in the west Pacific), particularly in the south western 

Pacific and thus north of the Ross Sea, drawing the Ferrei circulation/Polar front further north 

during the austral Summer. The result would be few cyclones directly over the pack, and thus 

weaker synoptic timescale influence. Then opposite may be true for strong La Nina phases.
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The ND JF plots also display a number of statistically significant trends. In the Ross Sea, both 

the 41-50 and 51-60 windows (period 2-3 days) display small increasing trends of 0.4 and 0.5% 

per year respectively, significant at the 95% confidence level. The Weddell Sea displays the 

greatest significant change of the regions considered. Wave numbers 1-10 (periods >12 days) 

display an increasing trend of 4.2% per year, significant at the 90% level. Correspondingly, the 

21-30, 41-50 and 51-60 windows (periods 2-4 days) display decreases of 1.3, 0.4 and 0.6% per 

year respectively, with the 41-50 and 51-60 windows being significant at 95% confidence level. 

The final region to show a significant decrease (at the 95% level) is East Antarctica, with wave 

numbers 11-20 (periods 6-11 days) having a trend of -1.8% per year. This reduction in synoptic 

timescales again may reflect the sustained El Nino period from 1990 onwards (Fig. 5.35). The 

plots for NDJF all display little biennial oscillation, with oscillations far smaller than for the 

other seasons. Similarly, the ACW 4 year period is only weakly discernible in the Ross and 

Weddell Seas wave numbers 1-10.

5.5 Chapter Summary

By examining two case studies, and then investigating the composite of all years (1988-94) sea 

ice concentration, wind stress and near surface temperature for each of three “seasons” (the 

growth phase of the sea ice from March to June, the stable winter season from July to October, 

and the decay stage from November to February) a picture has emerged of a sea ice pack highly 

variable in many timescales, and driven by both atmospheric and oceanographic forcings. These 

forcings are interweaved, and result in a complex and non linear system of sea ice creation, 

deformation and destruction from within the pack.

The two case studies showed the clear effect of a cyclonic system passing over the pack ice 

zone. With gale strength winds, the ice is forced in a direction similar to the geostrophic flow, 

whilst as the wind forcing weakens the Ekman divergence draws the pack further to the left of 

the atmospheric velocity. While it must be remembered that the sea ice concentration changes 

in the two case studies were relatively small, it was still clear that a cyclonic system alters the 

nature of the pack as it passes overhead. On its leading edge, a cyclone transports ice southward,
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hence reducing the concentration. South of the system, the high concentration ice is dispersed 

and transported west, before being pushed northward on the trailing edge of the low with a cor

responding concentration increase. With weaker winds, the easterlies closer to the coast appear 

to create a southerly (Ekman induced) shift in the ice concentration, creating higher concentra

tions closer to continent. Even lower wind speeds would appear to allow the temperature field to 

dominate the wind stress in governing the sea ice concentration, as thin ice (such as nilas) is able 

to form between the leads.

A spectral examination of the sea ice concentration, wind stress and near surface temperature 

was performed to quantify, and express in a general framework, the links observed in the case 

studies. For all seasons a strong red shift occurs in the spectrum of the sea ice concentration 

away from that of the wind stress and temperature at 2 metres above the surface. The sea ice drift 

appears to be, in part, a low pass filter of the wind stress. This may well be a result of the large 

keel depth of the ice with respect to its sail height, as well as the inertia of such large masses. It 

also must be noted that this study is focusing on sea ice concentration, which, conceivably, will 

not always change due to wind stress but rather may remain reasonably constant and move as 

one unit under spatially homogeneous conditions. The Eulerian view would hence observe small 

changes in the sea ice concentration as the slow moving sea ice (typically 2% of the wind speed 

(Thorndike and Colony (1982))) passes below. Largest changes to the sea ice concentration may 

be caused by temperature changes. Again, the spectra for all seasons display a red shift of the sea 

ice concentration away from the temperature at 2 metres elevation. This may be due to the large 

energy loss required to freeze seawater, the lack of open water to freeze if the pack is already 

of high concentration, or the cold ocean temperatures moderating any melt caused by a warmer 

atmosphere. The observed result is a large thermal inertia. The temperature spectra reflect those 

of the sea ice concentration far more closely than the wind stress. It is conceivable, therefore, 

that the majority of the larger magnitude sea ice concentration change, when considered over a 

large spatial scale, due to the temperature even on timescales of less than one month.

It is also clear from all the spectra that the near surface temperature is red shifted from that of the 

wind stress, probably due to the time lag in transporting warmer or colder air from one location 

to another. Hence wind may fluctuate in strength on short timescales as a system passes, however
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temperature will increase gradually as warmer, more northerly origin air is drawn to a location, 

and then decrease as cooler, southern origin air arrives.

The sea ice concentration spectra also shows a quasi peak in the 20-25 day period that was not 

observed for either of the atmospheric variables. There appear to be two contributing factors. 

Firstly, longer timescales may be induced by the lack of formation of new ice due to “warm” air 

temperatures, or slow melting due to the moderating effect of the cold ocean surface. However, 

the JASO spectrum for sea ice concentration still shows a large 20-25 day component, despite 

being a season of predominantly stable sea ice concentration. This suggests a second contributing 

factor; an oceanic component. Like the sea ice concentration, energetic eddies spinning off 

the Antarctic circumpolar current are observed to have typical timescales of greater than 20 

days (Inoue (1985), Bryden and Heath (1985), Gille and Kelly (1996)). It is therefore possible 

that such eddies would induce localised divergence/convergence and hence concentration change 

within the pack on longer than synoptic timescales.

The differences between the seasons in the 20-25 day VE window was observed to be just one 

of many seasonal anomalies. Each of the three seasons showed a clear bias towards a section 

of the VE spectrum, as may be expected when the seasons were chosen to coincide with the 

mean growth, stable and decay stages of the sea ice concentration. NDJF displayed greatest 

variability for any season in the wave numbers below 5 (>20 days) emphasising the dominance 

of the longer timescale sea ice retreat, and far lower than the other seasons in the wave numbers 

6-25 (period 5-20 days). In time scales of 2-5 days, however, NDJF was again the season to 

show greatest VE, a result, presumably, of this being the season of lowest sea ice concentration 

and hence the most susceptible to large rapid change. The following season, JASO, confirmed 

its relatively stable state by displaying the greatest VE for any season in the wave numbers 10-30 

(period 4-12 days). The dominance of these largely synoptic timescales in a season of such high 

sea ice congestion may be surprising, however when the two case studies are considered (with 

the slow divergence of the pack as the cyclones pass over, and the refreezing between systems), 

and it is remembered that this is a time of slow ice edge change, such dominance of the 4-12 

day period becomes logical. The season MAMJ displays the greatest VE for any season in the 

wave numbers 6-9 (period 13-20 days), emphasising the fact that the circumpolar trough initially
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lies to the north of the sea ice, and hence, despite relatively low ice concentrations early in the 

season, cyclonic systems will tend to be concentrated away from the pack ice zone. Later in the 

season, as the trough shifts south and crosses the ice edge, the concentration increases steadily 

as temperatures fall and the ice edge advances, aided by the Ekman divergence of the southerly 

shifted lows. These two factors would be expected to skew the spectrum away from the shorter 

timescales.

The above comments are made in connection with the entire pack. Large anomalies may occur 

between specific sectors around the continent, and with distance from the coast and ice edge. In 

MAMJ, peak red shift of the sea ice concentration spectrum away from the temperature or wind 

stress occurs in the outer pack, with a greatly reduced shift closer to the coast. In JASO the outer 

bands again display greatest red shift away from the wind and temperature spectra. This may 

be due to the persistent westerlies, and hence Ekman divergence, as the Antarctic circumpolar 

trough shifts south of the ice edge. This would keep the outer pack open and susceptible to 

longer timescale concentration changes, possibly induced by the energetic eddies from the ACC, 

and possibly from the moderating effect of the cold ocean surface temperatures. The central and 

coastal bands all show a greatly reduced red shift, particularly from the temperature. As was 

observed in the case studies, the persistent low temperatures during JASO would result in any 

open water in the pack refreezing, and hence any changes in the temperature will be reflected, 

albeit still red shifted, in the sea ice concentration spectrum. Finally, the NDJF latitudinal bands 

show strongest red shift in the central pack, rather than outer pack as observed for the other 

seasons, due to the packs rapid change in concentration as the circumpolar trough moves to the 

north and forces the ice edge southwards. The sea ice also displays high VE, relative to the other 

seasons, in the shorter timescales (<4 days) for all bands.

When regional anomalies around the continent were examined great difference between the spec

tra were observed. In the vicinity of Mauds Rise/the Weddell Polynya, anomalous high JASO 

VE occurs that closely matches the eastern boundary of the Weddell Gyre. This would suggest a 

region where sea ice concentration is kept low by the upwelling of the warmer deep waters, and 

hence makes the pack more susceptible to being “cleared out” of the polynya with each passing 

synoptic system. The divergent nature of the gyre, as well as the melting and freezing associated
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with the rise and fall of the pycnocline, would also have a large influences on the variability in 

such a region. In the western Ross Sea the sea ice VE spectrum is opposite of that in the Weddell 

Polynya region, with a low 2-7 day signal most likely due to atmospheric rather than oceanic 

processes. Cyclone tracks pass to the north of the western Ross Sea, rarely travelling over the 

region itself, hence the area is dominated by the longer/larger scale flow, which is reflected in the 

spectra by greater long timescale variability.

In the Amundsen Sea the spectra for MAMJ shows the highest VE in the longer timescales for 

any of the regions, indicating the rapid early growth in the sea ice edge at this time. Conversely, 

during NDJF, the Amundsen Sea displays more than half of its VE in timescales of less than two 

weeks, which may be a reflection of the development of coastal polynyas in this region. In the 

Bellingshausen Sea the sea ice spectrum displays unique properties in both MAMJ and JASO 

associated with strong cyclolysis in the region, the bank up of ice in the embayment with the 

Antarctic Peninsula, and a close relationship with the surface temperature. In NDJF however, 

the Bellingshausen Sea displays strong 2-7 day VE (second only to the East Antarctic sea ice), 

consistent with it being a region of low sea ice concentration coupled with strong cyclonicity. 

The Weddell Sea displays association with surface temperature in all seasons, particularly in 

JASO, aided by the loosening of the pack by the divergent Weddell Gyre and the position of the 

circumpolar trough. The location of the circumpolar trough would appear to have implication for 

the rapid advance and retreat of the sea ice edge in the Weddell Sea, with the red shift remaining 

strong for both ice edge movement seasons suggesting longer timescale forcing dominating the 

pack. The sea ice northward of Dronning Maud Land has similar characteristics to that of the 

Weddell Sea, although it displays more synoptic timescale VE in JASO which is linked to the 

high cyclone immobility in the region. A strong red shift occurs in the other seasons, most no

table in NDJF when the eastern edge of the Weddell Polynya causes an early break out and rapid 

retreat of the ice edge. In the East Antarctic sector, many unique characteristics are observed. 

Primarily, East Antarctica displays strong synoptic timescale forcing in both MAMJ and NDJF, 

with the NDJF VE for periods less than 2 weeks summing to over 60%, possibly related to the 

region having highest cyclone system density for this time of year. Despite this, all seasons still 

show red shifts away from the temperature and wind stress. The final sector considered is the 

Ross Sea. During JASO the Ross Sea shows a bias towards the longer timescales in all three
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variables. Such a bias is indicative of the region having low cyclone densities,and hence less 

periodic forcing, despite the fact that the Ross Sea Gyre will tend to keep the pack divergent, as 

will the atmospheric convergence line lying over the ice.

These interactions between the ice and the atmosphere are the mean of the years from 1988 to 

1994 inclusive. Observations of the interannual variability in the sea ice concentration spec

trum show a quasi-biennial oscillation in all seasons, supporting the atmospheric observations of 

Trenberth (1981). A quadrennial cycle, as suggested for an Antarctic circumpolar wave (White 

and Peterson (1996)), is far less apparent, however it must be remembered that the analysis 

was performed on only seven years of data. There is also some indication that low VE for the 

longer period waves corresponds with positive values of the SOI, suggesting that during El Nino 

episodes there is a decrease in synoptic timescale forcing of the sea ice concentration.

This spectral study of the sea ice concentration and its interaction with the atmosphere suggests 

the sea ice pack interacts non linearly (and furthermore, there may be “switch on” mechanisms) 

with its forcings, with the degree of interaction dependant upon many factors, including the 

concentration of the sea ice itself. In general, the surface temperature has a far greater effect 

upon the variability of the concentration than one may at first consider. Passing cyclones may 

well cause rapid change in the concentration, but these changes would appear to be only small 

in magnitude. The background atmospheric flow (dependant upon the position of the Antarctic 

circumpolar trough, as suggested by Enomoto and Ohmura (1990)) and atmospheric tempera

ture would appear to have greatest influence on the sea ice concentration, as the thermal and 

dynamical inertia of the ice effectively acts as a low pass filter upon the high frequency, synoptic 

timescale, atmospheric variations. Thus there occurs a strong red shift of the sea ice concentra

tion away from that of the wind stress and near surface temperature. Oceanic effects may also 

play a part in determining the variability of the sea ice, both through surface currents and ener

getic eddies. Regional and latitudinal variations in the spectra are large, reflecting the complex 

and varying nature of the forcings upon the pack.
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Chapter 6

Sensitivity of Numerical Prognoses to Sea 

Ice Distribution

6.1 Introduction

The previous chapter examined the timescales on which the atmospheric variables of temperature 

and wind stress influenced the sea ice concentration. The speed at which the sea ice in turn forces 

the atmosphere, by influencing the degree of low level warming, moisture advection and by baro

clinie effects amongst others, is a relative unknown. It is clear that on extended timescales, sea 

ice plays a pivotal role in the climate of the high latitudes (e.g., the prescribed sea ice concentra

tion experiments of Mitchell and Senior (1989) and Simmonds and Budd (1991)). However, on 

synoptic time and space scales it is far less obvious that changes in sea ice concentration would 

produce discernible changes in the high latitude weather. This chapter will address the sensitivity 

of synoptic systems at high southern latitudes to sea ice characteristics, and hence suggest the 

importance of sea ice concentration to Numerical Weather Prediction (NWP) models.

Currently, many forecast and analysis models prescribe a constant slab of sea ice at high latitudes 

(Table 6.1). This is surprising, as studies have long shown (e.g., Andreas (1980)) that leads and 

polynyas in the pack have considerable effect upon the overlying atmosphere by impacting upon
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the transfers of heat, moisture and momentum from the ocean to the atmosphere. Ledley (1993) 

suggests that sea ice is such an effective insulator that energy transfer between the ocean and 

the atmosphere can be reduced by 1 to 2 orders of magnitude in Winter. Hence lead fraction 

and the onset of freezing of new ice can have large impacts upon the total energy exchange. 

Maykut (1982) showed that absorption of shortwave energy in leads during the Arctic Summer 

resulted in annual net radiation totals for the region which were twice those over the ice. Further 

complications are added through the many feedback processes induced by the pack (Kellogg 

(1975)).

Studies have shown that even relatively small regions of open water may have an effect upon 

the atmospheric state of a particular region (Andreas and Murphy (1986)). The Antarctic pack 

contains much open water (Gloersen et al. (1992)) year round, and is far from being a solid 

static cover. Surrounding the Antarctic, the highest concentration sea ice forms in the mid pack, 

congested by the winds flowing off the continent. This leaves large regions of open water close 

to the coast. These coastal, or latent heat, polynyas are the first oceanic regions to be encountered 

by the cold and dry continental airmass as it flows off the continent, and therefore will supply the 

greatest turbulent heat flux. North of the central pack, the sea ice thins due to the higher surface 

temperatures and the increase in divergent cyclonic activity. There often occurs a rapid sea ice 

concentration gradient at the ice edge, which may or may not enhance the baroclinie nature of 

the region. All these components are linked by the many feedback processes occurring in the 

pack.

These factors suggest that the distribution and concentration of sea ice may have an effect upon 

the synoptic scale weather at the high latitudes. The pack’s impact upon climate has been exam

ined in a number of studies (e.g., Mitchell and Senior (1989), Simmonds and Budd (1991)), and 

the effects well documented. However, studies examining the effect of sea ice on synoptic time 

and space scales have been few (e.g., Ross and Walsh (1986), Roch et al. (1991), Andersson and 

Gustafsson (1994), Gmmbine (1994)), and have either been made with low resolution or sim

ple models, or only examined a a basic ice modification (see Section 2.4.2). Furthermore, these 

studies have been conducted in the Northern Hemisphere. It may be that the response of the high 

southern latitude synoptic systems differs from their Northern Hemisphere counterparts, as was
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found for the climatological study of Murray and Simmonds (1995). They found that the sensi

tivity of cyclone numbers and storm tracks to ice concentration was markedly different between 

the hemispheres. This may well be due to the the Antarctic’s lack of a constraining equatorward 

landmass and the strong Antarctic circumpolar trough.

This chapter will address, in part, the question of the importance to high latitude weather of 

spatial variations of sea ice concentration. This should not only tell us the speed of synoptic 

reaction to changes in sea ice concentration, but also the worth of real time sea ice data to NWP. 

A summary of this chapter may be found in Watkins and Simmonds (1995).
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6.2 Method

The Melbourne University General Circulation Model (MUGCM) was used to examine the effect 

of sea ice upon the high latitude atmosphere within synoptic time and space scales. A summary 

of this model, and how it parameterises processes in the sea ice region, is given by Simmonds 

(1985) and Simmonds et al. (1988). A further summary may be found in Section 3.1 of this 

thesis.

The experiments in this study were designed to test the rate of “spinup” of the model’s synoptic 

systems to instantly imposed sea ice concentration anomalies. The rate of this adjustment then 

has implications for the sensitivity of the atmosphere to differing sea ice concentrations and 

hence to determine the potential value of including real time sea ice observations into NWP 

models. Five day forecasts for July were performed with sea ice concentrations set at 0, 10, 25, 

50, 80, and 100%. A further experiment was performed using a typical July distribution of sea 

ice from the DMSP SSM/I. This realistic distribution of sea ice was the same for all runs in order 

to ensure a consistent ice cover for all forecasts. These experiments are subsequently refered to 

as C00, Cio, C25, C50, C80, Ci00 and Cssmi respectively.

The generic sea ice distribution chosen was the DMSP SSM/I observation made for July 15, 

1989 (Figure 6.1). The reason for choosing a single day was twofold. Firstly, it is a mid month 

observation in a year of average sea ice conditions (as observed from Gloersen et al. (1992)). An 

average concentration for the month was not used, as it was felt this would effectively “smooth 

out” too much of the daily signal of the sea ice concentration, and hence not be true to a realistic 

daily observation of the pack. Secondly, this day contained few missing data points in the original 

observations and hence, with a reliable area weighted average concentration of 77%, is able to be 

compared to the 80% slab ice forecast. Therefore any deviations in the atmospheric state from 

the C8o runs will be invariably due to the truly realistic distribution of the sea ice concentration. 

This is important, as this chapter aims not only to test the effect that differing spatial sea ice 

concentrations may have upon the overlying atmosphere, but also how a different ice distribution 

may influence the circulation. If there is no discernible difference between the forecasts made 

with the generic sea ice distribution, and those made with a constant concentration slab of sea
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Figure 6.1: Sea ice distribution for July 15, 1989

ice, then it would appear that for contemporary numerical weather prediction the use of real 

time sea ice observations may be unwarranted. If not, then the reward is an improvement in 

forecast/prognoses skill.

To initiate the forecasts, the Australian Bureau of Meteorology’s Global Assimilation and Prog

noses (GASP) 31 wave analyses (Bourke et al. (1990), Seaman et al. (1995)) were used, as 

described in Section 3.8. Twenty two GASP initial conditions were used for each of the seven 

sea ice specifications to ensure that results were above the noise level. These initial conditions 

were every third day from July 1990 and July 1991. Such spacing was selected in order to add a 

degree of independence to the forecasts. In order to allow adequate statistical testing of the re

sults, the procedure of Simmonds and Lynch (1992) was followed, with analysis performed upon 

the ensemble of experiments generated with different initial conditions. These composites were 

created from the mean (over the 22 realisations) of all the five day averages, with the standard 

t-test (Simmonds (1981)) used to test for statistical significance.

The “control” run for each forecast was considered to be the Cioo (solid sea ice cover) progno

sis. The assessment of the forecasts, including the calculation of the Root Mean Square (RMS)
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forecast error, is performed against the GASP analyses. Two case studies are also performed in 

order to investigate, albeit subjectively, the response of individual cyclones to the switch on of 

various sea ice concentrations.

6.3 Results

6.3.1 Two case studies

To examine the possible impact upon NWP of prescribing realistic distributions of sea ice con

centration, the detailed evolution of two forecasts was considered. These two cases were chosen 

as those which exhibited the two most intense cyclonic systems observed over the pack in July 

of 1990 and 1991.

July 11991

The deepest system occurred on July 1 1991 (Fig. 6.2(a)). Located in the central Weddell Sea 

over close pack (Fig 6.1), this cyclone had a central pressure (CP) of 935hPa, which filled to 

941hPa after one day as the system moved south-east (Fig. 6.2(b)). A shallow yet expansive 

trough also formed to the north. The system tracked along the coast, and by day three (Fig. 6.2(c)) 

had filled to a CP of 962hPa, with an elongated trough extending to the north-east. By day five 

(Fig. 6.2(d)) the system has become very large with two central regions. The deepest of these 

assumed a CP of 955hPa.

The corresponding first day of the C00 forecast has the system central pressure (CP) of 940hPa 

located to the east of the day one analysis (Fig. 6.3(b)). A shallow trough extends to the west, 

splitting into a second system. There is no trough to the north as appears in the analyses. By day 

three (Fig. 6.3(c)) even larger differences are discernible. Rather than a semi-structured system 

lying to the west of Dronning Maud Land, the C0o cyclone has an elongated shape with influence 

maintained over the entire Weddell Sea. However, the CP has been well forecast with a value
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of 959hPa, a difference of only 3hPa, and just northward, of the GASP analysed CP. By day 

five (Fig. 6.3(d)) the C0o forecast correctly split the system into two central regions, though both 

further east of the GASP analyses. The CP for the deepest of the two systems is 957hPa, which 

compares well with th GASP value of 955hPa.

The C50 day one forecast (Fig. 6.4(b)) displays clear differences from the C0q. The system has 

split into two distinct entities with the primary cyclone displaying a CP of 948hPa (8hPa higher 

than for the C0o ), and a broad trough to the north-east. By day three (Fig. 6.4(c)) the main body 

has moved further east along the coast, with the 968hPa contour only partially filling the Weddell 

Sea, whereas in the C0o forecast it encompassed the entire region. CP however, is identical to 

the GASP value at 962hPa, 3hPa shallower than the C0orun, and located in a similar position to 

the GASP analysis, west of Dronning Maud Land. Day five (Fig. 6.4(d)) again shows a similar 

pattern to the C0o, although the secondary central region is to the north and shallower. The main 

cyclones CP is only 2hPa deeper than the C0o forecast, and is identical to that of the GASP 

analyses (955hPa).

Although the C0o and the C50 forecasts appear similar, there are many subtle differences as a 

result of changing the sea ice concentration. When the distribution of the sea ice concentration 

is also changed in the Cssmi run (Fig. 6.5), a distinctly different pattern emerges. Day one for 

the Cssmi forecast (Fig. 6.5(b)) sees the CP increased to 951hPa and its position shifted east 

of the other forecasts. The system structure has also altered, with the cyclone becoming more 

trapezoidal in shape. Such large differences in CP and system structure are worthy of closer 

investigation.

Figure 6.6 shows the difference between the Cssmi and C50 forecasts at day one. The region of 

largest difference is in the vicinity of the cyclone, with a maximum anomaly of 5.3hPa. Large 

positive anomalies are observed throughout the Weddell Sea and extend to 60°S. Such an expan

sive region of influence results from a shift in the position of the system, as well as changes in 

the central pressure. Likewise, the large positive anomaly in the Ross Sea is due to changes in 

the CP and relative position for another intense system. The regions where the two other major 

systems existed on these days show only small pressure reductions. However, considering their 

locations (off Enderby and Wilkes Lands) are host to little sea ice, the difference in the surface
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Figure 6.2: Global Assimilation and Prediction (GASP) system mean sea level pressure (MSLP) 
analyses for (a) July 1 (b) July 2 (c) July 4 (d) July 6, 1991. Contour interval 8hPa
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Figure 6.3: MSLP for (a) GASP July 1 initial conditions, and C0o forecasts for (b) July 2 (c) July
4 and (d) July 6 1991. Contour interval 8hPa
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Figure 6.4: MSLP for (a) GASP July 1 initial conditions, and C50 forecasts for (b) July 2 (c) July
4 and (d) July 6 1991. Contour interval 8hPa
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Figure 6.5: MSLP for (a) GASP July 1 initial conditions, and Cssmi forecasts for (b) July 2 (c)
July 4 and (d) July 6 1991. Contour interval 8hPa
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Figure 6.6: MSLP forecast difference between Cssmi and C50 for July 2, 1991. Dashed contours 
denote negative values

characteristics for the two forecasts would be negligible. Over the rest of the sea ice zone there is 

a general decrease in the surface pressure. The reductions in MSLP over the Antarctic continent 

appear to be a consequence of the requirement for conservation of mass.

By day three of the Cssmj forecast (Fig. 6.5(c)) the system is located in a similar position to the 

original GASP analysis, with the 968hPa contour matching the GASP analysis more closely than 

for either of the slab ice forecasts. The system is far weaker over the Weddell Sea than for the 

C5o or Coo case studies, and the CP is slightly higher than for the GASP (962hPa), at 963hPa. 

It may be argued that the Cssmi forecast simulates the structure more realistically than do either 

of the constant concentration scenarios. Day four sees the system split into two distinct entities, 

with the main central region located in close proximity to that of the C50 forecast, with a CP 

fractionally lower at 954hPa. The secondary cut off low is further north than either the C00 or 

C50, and has a CP of 968hPa, a value which lies between those of the two slab forecasts.

Clearly from the July 1 case study, sea ice concentration has a noticeable affect upon the indi

vidual cyclone studied in very short timescales. Furthermore, Figure 6.6 shows large differences
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between the slab and generic ice forecasts after just one day, with the MSLP anomaly occurring 

not only the immediate vicinity of the cyclone, but spread over vast regions. The generic sea ice 

distribution forecast also appears to display characteristics different from those of the slab ice 

runs.

July 31,1990

The second case studied in detail (July 31, 1990) has an intense system of CP 947 hPa located 

off Dronning Maud Land (Fig. 6.7(a)). After one day the analyses show this system to have 

weakened dramatically (Fig. 6.7(b)), with two cyclones developing with CP of 960 and 969hPa, 

at longitudes 10°E and 70°E, respectively. A vorticity maximum still exists in the approximate 

location of the old system, as is suggested by the sharp curvature of the 984hPa isobar in the 

trough to the east. By day three the system has spread significantly, with a broad region of 

surface pressure below 976hPa extending along the East Antarctic coast (and “dipping” into 

Prydz Bay) between 30 and 90°E. Lowest pressure is 968hPa. Day five of the forecast period 

sees the cyclone reforming at the location of the eastern vorticity maximum that occurred on day 

three, close to 90°E. Although the influence of the system extends west to almost 30°E (as it did 

at day three), the central region of the system is confined to approximately 30° of latitude centred 

at around 65°S, 85°E, with a CP of 957hPa.

The model simulates the weakening of the system extremely well. The Coo forecast has the more 

westerly system smaller and further south than in the analyses, with a CP of 961hPa (Fig. 6.8(b)). 

A shallow trough extends to the east, and includes a secondary feature with a CP of 968hPa in 

the vicinity of the GASP vorticity maximum. The system to the east has a CP of 976hPa, and is 

located just north of 60°S, at 60°E longitude. Its areal extent exceeds that of the GASP analysed 

low closer to the coast, as well as being more elongated. Day three, however, displays quite 

different structure to that in the GASP analyses. Rather than a long narrow region of MSLP of 

976hPa hugging the coastline, the C0o displays a new system forming close to 85°E and extending 

north from the coast, with a CP of 959hPa at 55°S. Although this may appear erroneous, it must 

be noted that this system extends northward from the vicinity of the GASP day three pressure 

minimum/vorticity maximum. By day five, the system appears to have reorganised itself and
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(a) July 31 (b) August 1

(d) August 5(c) August 3

Figure 6.7: GASP MSLP analyses for (a) July 31 (b) Aug 1 (c) Aug 3 (d) Aug 5, 1990. Contour 
interval 8hPa
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Figure 6.8: MSLP for (a) GASP July 31 initial conditions, and C0o forecasts for (b) Aug 1 (c)
Aug 3 (d) Aug 5, 1990. Contour interval 8hPa
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(a) July 31 Initial Conditions (b) August 1 C50 Forecast
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(c) August 3 C50 Forecast (d) August 5 C50 Forecast

Figure 6.9: MSLP for (a) GASP July 31 initial conditions, and C50 forecasts for (b) Aug 1 (c)
Aug 3 (d) Aug 5, 1990. Contour interval 8hPa
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(a) July 31 Initial Conditions (b) August 1 Cssmi Forecast
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(c) August 3 Cssmi Forecast (d) August 5 Cssmi Forecast

Figure 6.10: MSLP for (a) GASP July 31 initial conditions, and Cssmi forecasts for (b) Aug 1 (c)
Aug 3 (d) Aug 5, 1990. Contour interval 8hPa
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deepened to a low of 952hPa, located between 90 and 120°E, with a CP of 953hPa at 60°S. This 

is further east of the GASP analysed system, and is 4hPa deeper.

The C50 forecast at day one (Fig. 6.9(b)) has the system in the same location as in the C00 case, 

yet with a deeper CP of 970hPa, although this is still lhPa shallower than the GASP value. The 

cyclone to the west is now a clear cutoff system with a CP of 963hPa, located approximately 

2° further north than in the C0o forecast, and displays an elongated trough extending to the 

east/south-east, with no secondary pressure maxima. By day three (Fig. 6.9(c)), the main system 

is again drawn out to the north, as for the C0o case, rather than extending along the coast as in 

the GASP analyses. The CP is only lhPa lower, and located in virtually the same location as 

the Coo, however the structure of the system itself has changed from the Coo, with a small saddle 

existing in the centre, rather than a simple elongated oval shape. A distinct trough also extends to 

the east. Day five (Fig. 6.9(d)) sees this trough become a breeding ground for cyclolysis, as the 

system re-emerges with a CP of 960hPa (a pressure 3 and 7 hPa shallower than the GASP and 

Coo forecasts respectively), located at 60°S, 95°E. As for day three, the system has a different 

structure to that of the C0o forecast, with a far shallower central region, and a trough extending 

to the west.

The Cssmj forecast displays a different situation. Day one (Fig. 6.10(b)) shows the west system 

with a CP of 964hPa, and a wide trough extending to the east, almost linking with the easterly 

system. The cyclone itself is larger than in previous forecasts, and has its 966 hPa contour far 

smaller in size than the GASP analyses. The east system has a similar shape and structure to that 

of the C5o, however its CP has dropped to 969hPa, a depth identical to that of the GASP analysis, 

although in this case its size is actually larger than that of the analyses. Despite the similarity 

between the Cssmj and the C50 forecasts, it is worthwhile to examine the difference between the 

prognoses (Fig. 6.11). In the vicinity of the two cyclones, the largest differences occur close 

to the midpoint between the systems, with a pressure difference of over 3.5hPa. This suggests 

it is not so much the magnitude of the CP that is effected by changes in ice concentration, but 

rather it is the position and structure of the surrounding pressure distribution that experiences 

greatest influence. The 2hPa contour extends to the west a considerable distance, encompassing
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Figure 6.11: MSLP forecast difference between Cssmi and C50 for August 1, 1990. Dashed 
contours denote negative values. Contour interval 1 hPa

the region of the more westward system. This region has far more ice coverage than that of the 

easterly cyclone, and hence would be more greatly effected by changes in the ice concentration.

It is also worth noting the small cut-off system to the north of the Antarctic region, located 

between the two systems mentioned above. In the GASP analyses it shows a pressure of only 

996 hPa covering only a very small region, however in the Cssmi this region has expanded in 

size considerably. This demonstrates the possibility of relatively large changes in forecast soem 

distance north of the sea ice edge, in regions that may affect shipping or sub-Antarctic islands.

Day three (Fig. 6.10(c)) for the Cssmj shows a different response than either of the slab ice fore

casts. Rather than an elongated system extending northwards from the coast, the Cssmj displays 

a cut off low with a CP 958hPa located at 55°S, 85°E. This CP is only marginally different from 

that of the GASP analysis (957hPa). A secondary minima is also formed closer to the coast. 

The trough extending to the east in the C50 forecast is also no longer apparent, replaced by two 

pockets of low pressure. There would appear to have been a general increase of the MSLP in this 

region, as might be expected as the ice concentration is so much higher, and therefore the low
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level warming greatly decreased, in the Cssmi. This pattern is also seen at day five (Fig. 6.10(d)), 

with the system dissipating in the Cssmi forecast compared to that of the C00 and C50 scenarios. 

CP has filled to 963hPa (C00 : 953hPa, C50: 960hPa), although its location has remained similar 

to that of the other forecasts. A broad trough (976hPa) now extends from almost 130°E to west 

of 60° E.

In summary, it is clear from both of these case studies that the models atmosphere shows sen

sitivity to the sea ice characteristics in the one, three and five day forecast depth, position and 

structure of cyclonic systems. Clearly the Cssmi forecasts showed many different characteristics 

than did the pure slab ice scenarios, particularly as the forecast period progressed into the later 

days. It is also apparent that this is a highly non linear system, as increases/decreases in the sea 

ice concentration did not automatically transpire as a decrease/increase in the systems CP. This 

would suggest that effects other than simple low level warming and subsequent convection have 

a significant contribution over the sea ice zone. Similarly, Reed and Simmons (1991) noted that 

changes in the surfaces fluxes did not neccesarily correspond to large pressure changes for an 

explosively deepening cyclone in the Atlantic. Hence regional baroclinicity, such as described 

by Wu and Simmonds (1993) for the Weddell Sea, may well be a large contributor for cyclone 

development, further suggesting that the distribution of the sea ice is an important parameter on 

synoptic timescales.

6.3.2 Forecast Ensemble Response

This preliminary examination suggests that lows are sensitive to sea ice conditions on short time 

scales. However, as indicated earlier, for the results to have any physical meaning we need to 

determine whether the sensitivity is above the noise level. Hence the forecast ensemble response 

(composites compiled from the 22 initial conditions for each concentration) to changes in sea ice 

conditions are presented.
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Figure 6.12: Temperature anomaly (taken as the difference from the Cioo case) at the 0.991 
sigma level for (a) Coo (contour interval, 1 K) (b) C80 (contour interval, 0.5 K). Stippling denotes 
significance at the 95% significance level

Low Level Temperature

The initial impact of the reduction of sea ice concentration is to increase the surface atmospheric 

temperature (taken as the temperature of the lowest model level) over the entire pack. In the 

most extreme scenario of the complete removal of all of the sea ice (Coo) the composite average 

difference from the control (Cioo ) shows warming of up to 12K (Fig. 6.12(a)), statistically sig

nificant (at the 95% confidence level) over the majority of the sea ice region. Largest anomalies 

occur close to the coast, decreasing to a IK warming at the former location of the ice edge. It 

is clear that the lower atmospheric levels are reacting quickly to this (albeit extreme) altered sea 

ice state. In the case of the C8q forecasts (Fig. 6.12(b)) the anomaly is weaker, although it still 

exceeds 3K over a sizable area, with statistical significance mainly confined to the South Atlantic 

yet still encompassing a considerable proportion of the pack. Again the greatest warming occurs 

in the coastal to central sea ice zone. Very small (and statistically insignificant) increases in low 

level temperature occur over the continent.

250



y * ' \//i

O'//

ssmi

Figure 6.13: Sensible heat flux anomaly (taken as the difference from the Cioo case) (contour 
interval, 10 Wm'2) for the (a)C8o (b)Cssmi five day average composites. Stippling denotes sig
nificance at the 95% confidence level. Dashed contours denote negative values

IXirbulent Heat Fluxes

The cause of the surface warming over the ice is the turbulent heat fluxes. Figure 6.13(a) shows 

the composite anomaly for the C80 sensible heat flux. It is immediately clear that there has been 

a very strong increase in the heat flux over the entire sea ice domain, with values over most of 

the central to outer pack in excess of 20Wm-2. Largest anomaly of over 86Wm-2 occurs in 

the western Ross Sea with secondary peaks in the Bellingshausen Sea and off East Antarctica at 

60°E of 48 and 50Wm-2 respectively. Highest values occur close to the coast. The sensible heat 

anomalies are statistically significant at the 95% confidence level, extending to the sea ice edge. 

A narrow band of negative anomaly exists north of the sea ice edge.

The SSM/I composite anomaly (Fig. 6.13(b)) shows the maximum sensible heat flux increase 

over the outer reaches of the pack, with a greatest anomaly of over 86Wm-2 in the outer Amund

sen Sea. Values in excess of 70Wm-2 also occur north of the Ross Sea, and in the north western 

Weddell Sea. Unlike the C80 composite the highest values do not occur at the coast, rather they
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Figure 6.14: Latent heat flux anomaly (taken as the difference from the Cioo case) (contour 
interval, 5 Wm'2) for the (a)C80 and (b)Cssrm five day average composites. Stippling denotes 
significance at the 95% confidence level. Dashed contours denote negative values

occur in the outer pack where the sea ice concentration has dropped below the consistently high 

July values, as shown in Figure 6.1. The Cssmi anomalies are significant over most of the sea ice 

pack, with those regions not displaying significance being confined to the high sea ice areas close 

to the coast. Smaller negative anomalies occur just north of the pack edge which are a result of 

atmospheric “saturation”, as will be discussed in Section 6.4.1.

These results show clearly that the spatial distribution of the Cssmi sensible heat flux anomaly is 

opposite to that of the C8o (and the other slab forecast scenarios, which are not shown).

The latent heat flux anomalies for the C80 and Cssmi are shown in Figure 6.14. The C80 anomaly 

(Fig. 6.14(a)) displays a peak value of over 27Wm-2 in the western Ross Sea, in an almost 

identical location to its sensible heat flux maximum. Two secondary peaks of 18Wm-2 occur in 

the Weddell Sea and off East Antarctica. Over the pack, values are typically between 5 and 15 

Wm-2 and are statistically significant over the majority of the ice area. North of the pack there 

is again a narrow band of negative values.
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The latent heat flux anomaly for the forecasts performed with the SSM/I data are shown in 

Figure 6.14(b). Regions of high concentration close to the coast in the Ross and Weddell Seas and 

the Atlantic sector exhibit only small increases in the anomaly, whereas in the slab ice forecasts 

the maximum change was observed in these areas. Significant anomalies occur in the central 

pack, with maxima occurring towards the outer zones with values close to 25Wm-2. Small 

regions of negative anomaly occur north of the ice edge.

Figures 6.13 and 6.14 show that the majority of the total turbulent heat flux anomaly is in the 

sensible component. They also demonstrate the clear difference sea ice distribution makes in 

the flux of turbulent heat between the ocean and the atmosphere in such short timescales, as 

when comparing the C8o and Cssmi anomalies it should be remembered that the area weighted 

mean July 15 sea ice concentration is 77%, virtually identical to the slab 80% used for the C8o 

forecasts.

Vertical Profile of Temperature

As a result of these surface heat flux anomalies, changes are induced in the atmospheric temper

ature structure to a considerable height. Figures 6.15(a-d) show the C0o, C50, C80 and the Cssmt 

anomalies, respectively, for the zonally averaged temperature. In all cases, the removal of the 

sea ice has resulted in significant warming over the ice domain, with the C0o anomaly showing 

a (significant) IK increase extending vertically above 600hPa, and horizontally in a zonal band 

from 57 to 82°S, with a maximum of over 5K at 69°S. The C50 plot displays a smaller impact, 

with significant vertical warming to just over 650hPa and a maximum anomaly at the surface 

of 3K located at the coast. The C8o anomaly has a smaller magnitude warming than either the 

C0o of C50, with the IK contour extending to 800hPa at 70°S. This IK warming is statistically 

significant at the 95% confidence level, and encompasses the entire sea ice region. The SSM/I 

scenario also displays only modest warming, with a 1K increase to 850hPa, though significant 

change still extends to almost 700hPa, reaching this peak just south of 60°S. It is interesting to 

note that this peak extends higher and further north than for the C80. Furthermore, the IK con

tour extends from 72°S to almost 60°S, whereas the C80 has a similar magnitude warming shifted 

further south, from just over 75 to 61°S.
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Figure 6.15: Meridional cross-section anomaly (taken as the difference from the Ci0o case) of
zonally averaged temperature for the (a) C00 (b) C50 (c) C8o (d) Cssmi five day average compos
ites. Stippling denotes significance at the 95% confidence level. Contour interval is 1 K
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Figure 6.16: Meridional cross-section anomaly (taken as the difference from the Ci0o case) of 
the zonally averaged u- component of the wind for the (a) C00 (b) C50 (c) Cssmi five day average 
composites. Stippling denotes significance at the 95% confidence level. Contour interval is 
0.25ms-1. Dashed contours denote negative values

Vertical Profile of Wind

With such organised anomalous horizontal temperature gradients occurring so rapidly, it may be 

expected that significant changes will be induced in the wind fields. The zonal average east

ward wind anomalies for the C00, C50 and Cssmi five day average composites are shown in 

Figures 6.16(a-c). Significant westerly anomalies are observed above the ice in all experiments, 

with the maximum of 1.25ms-1 in the C0o forecasts, decreasing to 0.25 in the Cssmi scenario. 

Above 700hPa there are easterly anomalies between 50 and 75°S. Changes in the surface winds 

are significant at the 95% level in all cases, however the anomalies at higher altitudes fail to 

reach such a high level of confidence. Still, it is clear that a change in the sea ice concentra

tion induces increases in the westerlies at the surface, and a subsequent decrease in the upper 

level westerly strength, and thus increase the vertical wind shear. Considering the distribution
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of the temperature profile, the wind structure is the result of changes in the thermal wind, the 

new north-south temperature gradient inducing change in the east-west wind shear profile. The 

resulting reduction of the westerly component extends well into the stratosphere.

Temporal Evolution of Warming and Wind above Leads

One of the aspects of the high latitude interactions being addressed in this thesis is the time scales 

of the dominant processes. The thermal spinup to instantaneous changes in sea ice concentra

tion is of great interest in determining the nature and rate of the atmospheric adjustment to the 

alteration of sea ice boundary conditions. To examine in detail the temporal evolution of the 

atmospheric warming above the pack, a sequence showing the average daily zonal crossections 

of temperature anomaly for the C50 experiment (Figs. 6.17(a-e)) is shown. After the first day 

(Fig. 6.17(a)) a 3K warming is evident near the surface close to 70°S and, correspondingly, a 

IK warming extends to around 750hPa. The region of statistical significance encompasses this 

entire area, extending even further north than the IK contour to almost 55°S. A small significant 

region of cooling also occurs in the interior of the continent, however it must be remembered that 

the Antarctic plateau extends to approximately 700hPa, hence any values below this, and south 

of 80°S may be considered statistical interpretations and should be ignored.

By day two (Fig. 6.17(b)) the region experiencing a 3K warming has increased, encompassing 

latitudes from 65 to 73°S at the surface, and extending up to 890hPa. The IK warming has 

advanced only marginally at the surface, but now extends to 690hPa above 73°S. The region 

of significant warming has remained reasonably static at the surface, reaching north of the sea 

ice edge to 54°S. At altitude, the significant warming extends to over 700hPa and has spread 

equatorward at lower levels, extended 5° further north at 800hPa.

As time progresses and the intrusion of warm air into the atmosphere continues, the IK contour 

reaches the 700hPa level by day three (Fig. 6.17(c)), by which stage the 70°S zonal band is 

experiencing a 4K or greater heating at the surface. The IK warming occurs over a broad area 

between 58 and 79°S. Significance at the surface extends northwards of this, to 54°S, and above
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Figure 6.17: C5q meridional cross-section anomaly (taken as the difference from the Ci0o case) 
of zonally averaged temperature for (a) day 1 (b) day 2 (c) day 3 (d) day 4 (e) day 5. Stippling 
denotes significance at the 95% confidence level. Contour interval is 1 K
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Figure 6.18: Meridional cross section of zonal mean temperature anomaly from the July clima
tological run using 50% sea ice concentration of Simmonds and Budd (1991). Control climate 
produced with a sea ice concentration of 100%. Stippling denotes significance at the 95% confi
dence level

700hPa it stretches from 58 to 78°S, a distance in excess of 2200km. It is also interesting to note 

that the cooling over the Antarctic plateau has begun to reduce in magnitude and area.

Days four and five (Figs. 6.17(d-e)) show a consolidation, with the areal extent of the surface 

warming not expanding significantly, a strengthening of the warming in the mid troposphere, and 

an increase in the extent of the region experiencing a 2K warming at 800hPa. The 1K contour 

on day four extends to 640hPa, at which height it lies almost directly above the southern-most 

coastal regions. The 4K warming at the surface covers a width of almost 5° in latitude near 

the coast. The region of statistically significant warming now reaches equatorwards to 52°S at 

900hPa, interestingly further north than at the surface, suggesting northwards warm air advection 

at height. The regions of statistically significant warming also suggest that the advection and 

convection associated with the increase in temperature is capped by the tropopause. On day three 

the greatest altitude for the warming (600hPa) is at 77°S. Days one and two also showed highest 

warming over the coastal latitudes. However, by day four this pattern has completely reversed 

with the highest altitude attained by the statistically significant warming (550hPa) occurring 

between 55 and 65°S. Likewise for day five, the significant warming peaks at over 300hPa at 

49°S. Such a pattern is consistent with the increase in the height of the tropopause away from 

the poles. If the significant increase in temperature is indeed trapped by the tropopause, it may 

be safely assumed that the warming is strongly convective in nature and hence we may expect to 

see equally significant changes in surface pressure.
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Figure 6.19: Concentrations of 5/xm surface water droplets observed above an Arctic Lead. Dis
tance origin is arbitrary. From Andreas et al. (1990)

It is worthwhile comparing these results with the climatological cross section of Simmonds and 

Budd (1991). Figure 6.18 shows the meridional cross section of temperature anomaly for their 

model climatology, which was performed with a 50% sea ice concentration boundary condition. 

(Their control used a solid (100%) sea ice cover.) Surface warming of at least IK extends from 

80°S to 56°S, and reaches a maximum altitude of almost 550hPa. Maximum warming at the 

surface is 6K above 70°S. The region of significant warming extends further northwards to close 

to 50°S, and up to 400hPa, with some significant cooling in the stratosphere, above the continent. 

These results show similarity with those of days 4 and 5 in the forecast composites. Although 

the magnitudes of the warming are typically smaller in the composites by 1 to 2K, the location of 

the maximum (above the coast), and the pressure levels of the temperature contours, show strong 

similarity suggesting that much of the long term effect of opening sea ice leads in a pack occurs 

in the first few days.

Furthermore, it is interesting to compare the results shown in Figure 6.17 with the observations of 

Andreas et al. (1990), who observed large plumes of condensate particles (5//m water droplets) 

rising above Wintertime Arctic sea ice leads (Fig. 6.19). These particles have been raised by 

thermal energy in convective plumes to a maximum height of 4km (approx 620hPa), with the 

bulk of the particles occurring below 2.5km (approximately 750hPa), which was the extent of 

the IK warming observed after day 1 in the forecast experiment. Furthermore, the results of
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Andreas et al. (1990) confirm the suggestion from the forecast experiments that heat and moisture 

lost from open water in Winter is not trapped in the boundary layer by the strong inversion over 

the sea ice region, but may reach well into the mid troposphere in short timescales. It should be 

stressed, however, that Andreas et al. (1990) were unable to determine the length of time the lead 

had been open, and hence the plume may be the result of a longer than 5 day forcing.

The result of such large and rapid changes in the temperature structure is a change in the thermal 

wind. Figure 6.20 shows the mean C50 meridional cross-section anomaly of zonally averaged 

«-component of the wind at the end of each forecast day. Despite such a clear structure in the 

wind anomaly, the changes are not statistically significant at the 95% confidence level. This is an 

indicator of the extremely high variability of the winds rather than a suggestion that the results 

are a matter of chance, as Figure 6.20 clearly shows a natural and logical progression through 

the five days with the same features enhanced through time.

After the first day (Fig. 6.20(a)), the westerly anomalies have been strengthened at the surface 

between 70°S to 53°S, and to the 750hPa height. Maximum value at the surface is 0.6ms-1, 

occurring at 63°S over the outer pack ice. A reduction in the westerly anomaly occurs above 

this, and to the top of the atmosphere, with largest decrease of 0.2ms-1. As time progresses 

there is a only marginal shift in the latitudes that experience an increase in the surface westerly 

anomaly. Likewise, the magnitude of the maximum anomaly at the surface increases to 0.7ms-1 

by day two, and only reaches 0.8ms-1 by day five. The height to which an increase occurs also 

remains relatively unchanged after the first day, hovering between 700 and 800hPa, however 

there is an intensification of the wind anomaly as the days progress.

Such structure in the wind anomaly patterns, with an intensification of the westerly anomalies, is 

consistent with changes induced in the thermal wind. As may be seen in Figure 6.17, the greatest 

temperature anomaly remains located at or above the mean location of the coast (%70°S ) from 

day one to day five. Hence changes in the temperature anomaly will only result in a change in 

the magnitude, but not the location, of the horizontal temperature gradients. Therefore only an 

intensification of the westerly wind anomaly would be expected.
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Figure 6.20: C50 meridional cross-section anomaly (taken as the difference from the Cioo case) 
of zonally averaged «-component of the wind for (a) day 1 (b) day 2 (c) day 3 (d) day 4 (e) day 
5. Stippling denotes significance at the 95% confidence level. Contour interval is 0.1 ms-1
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It is also worth noting that the changes in the structure of the wind occur evenly over the pack 

ice zone, rather than directly over the coast as seen for the warming (Fig. 6.17). This, again, is 

completely consistent with a change in the thermal wind, as is the nature of the changes over the 

continent. Figure 6.17 clearly shows a positive surface temperature gradient south of the coast, 

and a negative gradient from the southern-most sea ice points to past the sea ice edge. Hence the 

thermal wind must be positive to the south, and negative to the north of the coast. As the thermal 

wind uT is simply ug(p2) - ug(p\), (where ug is the geostrophic wind), then the temperature 

gradients must result in a surface decrease/increase in the u- component wind shear over the sea 

ice/continent.

Surface Pressure

With such considerable low level warming and changes in the horizontal temperature structure, 

a signal may be expected in the surface pressure field. Figure 6.21 shows the surface pressure 

anomaly for the C0o, C25, C80 and Cssmi five day average composites. When all the sea ice 

is removed (Fig. 6.21(a)) surface pressure is decreased by as much as 7hPa, with maximum 

reductions occurring over the Ross and Weddell Seas. Over the continent there is an increase in 

the surface pressure of around lhPa, peaking at over 2hPa over Dronning Maud Land. This 

increase of surface pressure in the interior is associated with simple mass balance. Surface 

pressure anomalies over the 5 days in the C25 forecast (Fig. 6.21(b)) show a decrease everywhere 

over the sea ice region, with minima of over -5 hPa. Even though the pressure reductions are 

sizable, given the great variability in the domain (e.g Jones and Simmonds (1993)) the changes 

are significant only over a small region in the eastern Weddell Sea. It should be noted, however, 

that the MSLP is reduced over all of the sea ice zone. This large scale response is discussed is 

Section 6.4.3.

The C8o anomaly (Fig. 6.21(c)) also shows a decrease in surface pressure over the entire sea ice 

domain, and an increase over the continental interior. Maxima and minima occur at identical 

locations to the C0o and C25 forecasts.
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(c) Cgo (d) Cssmi

Figure 6.21: Surface pressure anomaly (taken as the difference from the Cioo case) for the (a) 
Cqo (b) C25 (contour interval, 1 hPa) and (c) C8o (d) Cssrni (contour interval, 0.5 hPa) prognoses. 
Stippling denotes significance at the 95% confidence level. Contour interval is 1 hPa. Dashed 
contours denote negative values
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As this study is concerned with the possible impact of real-time satellite sea ice observations on 

NWP, it is of interest as to how the pressure field is influenced by a typical distribution of ice 

(Cssmi)- Figure 6.21(d) shows negative anomalies everywhere over the sea ice domain, with a 

number of regions in the central pack exhibiting pressure reductions of over lhPa. Unlike the 

C8o forecast, neither the Ross nor Weddell Seas exhibit large anomalies, however this may not 

be as surprising as it may first appear. Both seas are host to very high sea ice concentrations 

(Fig. 6.1) with ice fractions for July typically greater than 90%. Hence when compared to the 

control (with its 100% concentration) there is only a small increase in the area of open water. The 

largest pressure decreases occur off Dronning Maud Land and East Antarctica, with the regions 

of greatest anomaly being to the north of those in the C8o forecast. A region of relatively large 

pressure decrease also occurs in the region between the Bellingshausen and Amundsen Seas, a 

feature that is not present in any of the slab ice composites. The zero contour is also further north 

than in the other forecasts, and in some locations extends into the mid latitudes. A small increase 

in surface pressure is evident over most of the continent, as well as to the north of the sea ice 

edge, where the magnitude of the MSLP anomalies are far higher than observed in the C80.

As another measure with which to quantify the response of the model atmosphere to the instanta

neously imposed sea ice anomalies, Figures 6.22(a-d) show the anomalies, averaged over the sea 

ice domain, of the four basic quantities at the end of each forecast day. The plot of the average 

surface atmospheric temperature anomaly (Fig. 6.22(a)) shows the rapid nature of the low level 

warming. Most of the temperature increase occurs within the first day, with a quasi-equilibrium 

attained after 72 hours. Of interest is the difference between the slab ice forecasts and the Cssm, 

runs. The average daily temperatures over the generic distribution are lower than any of the other 

forecasts, often displaying over 0.5K difference from the C80 composite.

This difference from the C80 response is not as easily observed in the gross statistic of average 

sensible heat flux over the sea ice domain (Fig. 6.22(b)), despite differences in their distribution 

(Fig. 6.13) (this, again, may be related to the saturation hypothesis). The Cssmi essentially tracks 

the plot of the C80 response for the entire five days, always remaining above 20Wm-2. When it 

is considered that the area weighted average sea ice concentration in the Cssmi is 77%, then the 

similarity to the C80 run may well be expected. All other anomaly values remain greater than
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Figure 6.22: Anomalies averaged over the sea ice domain for all forecasts for the (a) Temperature 
at the 0.991 sigma level (b) Sensible heat flux (c) Latent heat flux (d) MSLP, where pressure 
reductions greater than 2.8, 2.4, and 1.8 hPa have significance at the 95, 90, and 80% confidence 
levels, respectively
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20Wm-2, further indicating the essential role of any open water in the pack, with largest values 

occurring for the complete removal of the sea ice with magnitudes as large as lOOWm-2 after one 

day. As with all forecasts, the initial ‘surge’ is tempered after the first day as feedback effects 

reduce the surface/lowest model layer temperature difference and hence the magnitude of the 

sensible heat flux. Similar behaviour is observed for the latent heat flux (Fig. 6.22(c)). The surge 

in the first day is again apparent, as is as the similarity between the Cssmi and C80 contours. The 

magnitude of the anomalies of latent heat flux are far less than that of the sensible heat flux, as 

would be expected with such low vapour pressures at these latitudes, and hence low evaporation 

rates.

The behaviour of the MSLP anomalies, when averaged over the sea ice domain, is shown in 

Figure 6.22(d). An approximate linear increase in the anomaly with concentration holds for 

all but the Cssmj forecasts. Maximum pressure differences are achieved after (in all but the 

Cssmi case) 3 days, with reductions ranging from 3.7hPa for the C0o composite to l.OhPa for 

the Cssmj. As an aid to understanding the results, the pressure reduction required for 95, 90 and 

80% confidence have been calculated to be 2.8, 2.4 and 1.8hPa respectively. (Although each 

forecast has a corresponding value for its significance, these values are similar enough to be 

considered equal. Hence only one value is used to demonstrate each confidence level.) It can 

be observed that only the lower concentration forecasts show significance at the 95% confidence 

level, however it is still apparent that there is a clear signature derived from the sea ice in all 

cases. Further, it should be noted that the primary interest is the response time of the atmosphere 

to changes in sea ice concentration, and again the MSLP is reacting rapidly for a parameter 

with such inertia. It is conceivable that if more than 22 realisations were considered then these 

anomalies would become statistically significant, as the signal appears highly consistent.

RMS Error

Though the primary purpose of this chapter is to examine the synoptic timescale sensitivity to 

the distribution of sea ice, the quantification of changes of forecast skill, as measured by RMS 

error, also adds to our assessment. Figure 6.23 shows the average RMS error for the surface 

pressure forecast between 50°S and the coast for all runs bar the Qo and C2s cases. All scores are
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Figure 6.23: Average RMS error (hPa) for MSLP between 50°S and the Antarctic coast

significantly better than persistence, with maximum difference between the C0o and persistence 

occurring at day 3 with a value of 12hPa, and a minimum seperation of 8.6hPa at day 5.

The errors in the forecasts show an almost monotonie relationship between concentration and 

skill when using “slab” concentrations, with low sea ice fractions displaying least skill and higher 

concentration forecasts the greatest skill. Hence when the model is using the most unrealistic sea 

ice distributions, it produces the least accurate prognoses, an indication that improving the sea 

ice representation may enhance forecasting ability.

When compared with the GASP analyses, the Cioo forecast demonstrates the greatest overall 

accuracy, however this must be tempered by two considerations. Firstly, the standard error of the 

mean of the RMS for the C10o and Cssmi after 2 days is 0.3 hPa. This infers that in any other 

22-forecast ensemble the Cssmi RMS may be 0.3 hPa lower than its current values, and likewise, 

the Cioo may be 0.3 hPa higher. Hence the Cssmi may be the more accurate in any other suite of 

runs. The corresponding value after 5 days is 0.4 hPa. Secondly, the values must be interpreted 

with caution because of a bias in the error calculations. Results may well be a reflection that the 

GASP (four dimensional assimilation) analyses are performed with 100% sea ice fraction (Budd,
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personal communication (1992)). If the model is performing accurately, it may be expected to 

closely simulate the GASP analyses when using a solid sea ice cover. Hence one may ask how 

the verifications would change had the GASP analyses been performed with a realistic sea ice 

distribution, particularly in the vicinity of deep low pressure systems. Figures 6.6 and 6.11 

showed that large MSLP differences occur in the vicinity of these deep lows when different sea 

ice concentrations are used in the forecast. Corresponding differences may occur in the analyses 

if they are performed with an alternate sea ice distribution.

It should be noted, however, that presently there are no sets of analyses that have been directly 

produced using realistic distributions of sea ice concentration (see Table 6.1). For example, the 

ECMWF dataset, used elsewhere in this thesis, only uses sea ice observations to set a mask, and 

then considers this as an ice covered land point in its analysis. This may be equally as erroneous 

as specifying a climatological mean sea ice pack of 100% concentration (as set for the GASP 

data), as suggested by the results of Walsh and McGregor (1996). This bias towards the 100% 

forecasts could be shown even more clearly if a primary variable such as the atmospheric surface 

temperature was considered.

Despite this, it should be noted that the Cssmj forecasts also score extremely well, tracking closely 

to the Cioo RMS error for the entire five days. Furthermore, the overall results suggest that sea 

ice concentration has a small but clear impact upon forecast skill.

6.4 Discussion

The results presented here demonstrate that instantaneously imposed sea ice concentration anoma

lies impact significantly on the model atmosphere on timescales of less than 5 days. To further 

emphasise and clarify this point, Table 6.2 shows the averages for all the days over the entire sea 

ice domain. Parameters presented are the mean sea level pressure, sensible heat flux, latent heat 

flux, temperature at the lowest model level and temperature at the surface. For all parameters the 

values presented are the change from the control (Cioo).
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Parameter 0% 10% 25% 50% 80% SSM/I Control (100%)

(a) Averages over the Antarctic Sea Ice

MSLP -3.4 (-2.3) -3.1 -2.7 -1.9 (-1.2) -0.9 -0.8 983.5 (990.9)
SHF 76.4(102.9) 70.8 63.1 48.2 (75.6) 24.1 24.3 -38.7 (-46.2)
LHF 31.6 (28.0) 30.1 27.5 20.8 (22.8) 9.4 9.1 10.9 (20.3)
T991 7.2(11.1) 6.8 6.2 4.8 (7.6) 2.4 1.8 261.2 (256.4)
TS 11.9(17.5) 11.3 10.4 8.2(12.5) 4.2 3.4 259.5 (253.9)

(b) Averages to the North of the Antarctic Sea Ice

MSLP -0.5 -0.5 -0.4 -0.3 -0.1 -0.3 985.7
SHF -34.9 -32.7 -28.9 -21.9 -10.7 -12.4 50.0
LHF -12.8 -11.9 -10.3 -7.5 -3.4 -3.5 55.2
T991 2.0 1.9 1.6 1.2 0.6 0.8 270.2
TS 0.2 0.1 0.1 0.1 0.1 0.1 273.4

(c) Averages to the South of the Antarctic Sea Ice

MSLP -2.0 -1.7 -1.4 -0.9 -0.4 -0.4 989.1
SHF -5.6 -4.8 -A A -2.8 -1.2 -1.1 -44.0
LHF -1.1 -1.3 -1.3 -1.0 -0.4 -0.2 6.8
T991 3.7 3.4 2.9 2.1 0.9 0.6 251.1
TS 4.5 4.1 3.5 2.5 1.1 0.8 244.8

Table 6.2: Mean Sea Level Pressure (MSLP), Sensible Heat Flux (SHF), Latent Heat Flux (LHF), 
Temperature at cr=0.991 (T991) and Temperature at the surface (TS) anomalies averaged for all 
days over (a) Sea Ice Points (b) Two grid points North of Sea Ice (c) Two grid points South of 
Sea Ice. Values in parentheses are the climatological results from Simmonds and Budd (1991)
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A clear monotonie relationship for slab concentration can be observed for the ice-zone-average 

of temperature; an increase in the amount of open water (i.e., decrease in concentration) results in 

an increase in both the <7=0.991 and surface temperatures. Although monotonie, the relationship 

is non-linear. This is particularly evident for the C50 forecast of temperature at the lowest model 

level. Altering the sea ice coverage from full to half cover has induced 66% of the change that 

occurs when the sea ice is completely removed. Similarly for surface temperature, there is a 69% 

change. Corresponding values for the C8o forecasts (a 20% increase in lead fraction from the 

control) are 34% and 35% respectively.

Results for the sensible and latent heat fluxes are also presented in Table 6.2. Again a monotonie 

but non-linear relationship is displayed in both of the turbulent fluxes, with anomalies ranging 

from 24Wm~2 (C80) to 76Wm-2 (C0o) for the sensible heat, and 9Wm"2 (Cssmi) to 31Wm~2 

(Cqo) for the latent heat flux.

6.4.1 Comparisons with the Climatological Response

Of particular interest is the relationship between the anomalies for the forecast experiment and 

the climatological response. As shown for the temporal evolution of warming above leads (Sec

tion 6.3.2), similarities may occur between the two timescales. Ledley (1988, 1991) used a 

simple energy balance model to show that a reduction in sea ice concentration resulted in clima

tological increases in the turbulent heat fluxes and surface air temperature, both for the Arctic and 

Antarctic packs. Simmonds and Budd (1991) obtained similar results for the Antarctic using 

a general circulation model, as well as including climatologies for MSLR Presented in paren

theses in Table 6.2 are the climatological values over the sea ice domain obtained by Simmonds 

and Budd (1991) for their equivalents of the C0o and C50 forecasts, as well as their values for 

the control. It should be noted that they utilised essentially the same model, although at 21 wave 

resolution and with a differing radiation scheme. This would result in a slightly different model 

climatology, however it is still reasonable to compare their results with those of this thesis as the 

underlying physics is virtually the same.
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For the sensible heat flux, the five day forecast average anomalies represent 74% and 63% of 

the climatological averages for the C0o and C50 composites respectively, suggesting a rapid spin 

up time for the heat flux even though it has not reached a quasi-equilibrium level within the five 

days. The latent heat flux anomalies for the C0o and C50 forecast averages show even closer 

similarity to the climatological response. A likely scenario for the correlation in the forecast 

and climatological values of latent heat may be associated with the “saturation” hypothesis (see 

below), though in this instance linked to the temporal rather than the spatial coverage of the 

ice. With the low surface temperatures at high latitudes, the corresponding vapour pressures are 

extremely small, and hence the air above the leads may become “saturated” in a short period of 

time, in this case within the first five days. Similarly for the sensible heat, once the atmosphere 

is warmed only a couple of degrees the surface/lowest model layer temperature ratio is greatly 

reduced, and hence the sensible heat will asymptote quickly to the climatological value.

The five day average forecast behaviour is similar to that observed in the climatological simula

tions of Simmonds and Budd (1991). Their results suggest that small amounts of open water can 

have large relative effects upon the climate at high latitudes. We can further suggest that only 

small regions of open water are required to cause impacts upon high latitude weather. Simmonds 

and Budd’s “saturation” hypothesis (that certain parameters may become saturated and hence 

there be proportionally less impact from further increase in the amount of open water exposed) 

is also supported in the five day forecasts. Such a behaviour is worthy of closer examination.

Initial Flux Surge

The five day average results presented thus far include the initial surge of the turbulent fluxes 

in the first day, as shown in Figure 6.22(b)-(c). Still, it is clear that the model atmosphere is 

settling quickly after this initial perturbation. In the example of the latent heat, taking just the 

final 3 days (i.e., ignoring the surge) gives an average of 27 Wm-2, which closely resembles 

the climatological value, further highlighting the rapid approach of this parameter to a quasi

equilibrium.
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Figure 6.24: Sensible heat flux difference between C50 and C00 forecasts over the sea ice domain 
at each time step in the first day for (a) July 15, 1990 and (b) July 15, 1991

These results suggest a rapid spin-up for the turbulent heat fluxes, an important factor when con

sidering the usefulness of a parameter to NWP. Although the fluxes are not in steady state, the 

fact that they have achieved values that are comparable to those simulated in the climatological 

study further highlights the speed of atmospheric “adjustment.” Such rapid change in the bound

ary layer further stresses the importance of leads at the ocean-atmosphere interface for any NWP 

scheme.

Leads in the sea ice may only last a couple of days before the rapid loss of surface heat cools the 

sea water enough for it to refreeze, or wind forcing advects more ice into the lead and restricts 

the exchange of heat and moisture. Such a surge in the initial days of the forecasts may suggest 

the importance of processes over individual leads in these shortest timescales, and hence may 

well show how the inclusion of daily sea ice data (with its accompanying rapid variations in 

concentration and distribution) into an NWP model may effect the atmosphere, despite the short 

lifetime of many of the individual leads. Figure 6.22(b) shows daily “snapshots” of the sensible 

heat flux averaged over the sea ice domain and hence does not represent what occurs in the initial 

timesteps of the first day. To show this, the plots of the C5o average sensible heat anomaly at every
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timestep (12 minutes) of July 15, 1990 and 1991 respectively are displayed in Figures 6.24(a- 

b). In the initial timesteps there is a decrease in the flux. This is due to the GASP lowest level 

atmospheric temperature being too cold over the sea ice and Antarctica (see Appendix C). The 

anomalous flux in both cases then surges to a maximum after only 3.5 hours. This is caused by 

the exposure of the warm open water rapidly increasing the surface air temperature, however the 

air in the lowest model layer remains cold, resulting in a strong vertical temperature gradient and 

thus a sizable sensible heat flux. Furthermore, the large fluxes will induce instability in the lower 

layers of the atmosphere, and thus induce convection. As a result, in the initial stages, heat will 

be transported away from the surface and cold air will be drawn in to replace it, thereby keeping 

the fluxes greater than they would have been without convection. This surge of flux, however, 

is quickly (2.5 hours) suppressed as the lowest layer warms and reduces the vertical temperature 

gradient.

6.4.2 Influences North of the Ice Edge

An interesting feature in Table 6.2 is the negative anomalies of the turbulent heat fluxes to the 

north of the sea ice edge. Averages were taken for the two grid points equatorward of the sea 

ice edge, which corresponds to a latitude band of approximately 5° in width. Contrary to obser

vations over the sea ice itself, anomalies in this northern band for both the sensible and latent 

heat fluxes are negative. This can also be observed in the plots for the anomalous sensible and 

latent heat for the Cssmi forecasts (Figs. 6.13(b) 6.14(b)), where a clear band of negative anomaly 

exists adjacent to the ice edge continuously around the hemisphere. Simmonds (1981) suggested 

this is due to the very cold and dry low level air moving off the continent experiencing a rapid 

uptake of heat and moisture when it first encounters regions of open water, be that at the coast 

or the central to outer pack. Upon reaching the open ocean, it will therefore be warmer and have 

a higher moisture content than the air that has moved over a solid cover (i.e., the control). As a 

result, the air that has travelled to the ice edge over leads will experience a far smaller flux uptake 

than the air for the Cioo forecast, for which this is its initial encounter with exposed water.
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Figure 6.25: Comparison between the zonal average surface pressure of the C50 composite and 
the 50% climatology of Simmonds and Budd (1991)

Another noticeable effect north of the sea ice edge occurs for the MSLP. The redistribution of 

mass that results from the motion of air above the newly exposed leads causes small increases in 

surface pressure well to the north of the ice edge, as well as over the continent (Figs. 6.21(a-b)). 

Flowever, Table 6.2 shows that for the belt of two gridpoints width directly to the north of the 

ice edge there still exists an overall decrease in the pressure. Again, it is interesting to note the 

difference of this aspect to the climatological results of Simmonds and Budd (1991). Rather 

than a broad scale increase in surface pressure in the mid latitudes, they observed a “band” of 

high pressure in the vicinity of 60°S. Figure 6.25 shows this difference explicitly, with a lOhPa 

difference at 62°S between the 50% climatological peak and the C50 value, yet a close similarity 

at all other latitudes. The question therefore arises: if there has been a pressure decrease over the 

sea ice, yet no pressure increase directly north of the sea ice (as observed in the “climate” run), 

what has happened to the displaced mass of air? Over the interior, the surface pressure increases 

as time progresses (Fig. 6.26) to partially compensate for the decreased pressure over the sea 

ice region. Likewise, the pressure has also increased in a very broad region from 50°S to 10°S, 

with a peak between 30 and 35°S. Although Figure 6.26 shows the magnitude of this increase
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Figure 6.26: Surface pressure anomalies for C5o at the end of each forecast day

in pressure to be small (generally less than 2hPa, compared to 6hPa over the pack), it must be 

remembered that the surface area of the 50°S to 10°S band is far larger than that of the sea ice 

region.

Figure 6.26 also shows the region of declining pressure extending northward to 50°S. This could 

well be due to the general (though small) equatorward shift in the cyclone tracks creating lower 

pressures to the north of the sea ice region. Hence, rather than a positive pressure anomaly at 

62°S as shown by Simmonds and Budd (1991), the C50 composite displays a pressure decrease, 

with the corresponding pressure increase effectively spread over the rest of the hemisphere. The 

physical reasoning for this may be twofold. Firstly, the resolution of the models used should 

be taken into account. The climatological results were produced used a 21 wave version of the 

MUGCM, whereas the current experiment utilised the MUGCM running with 31 waves. This 

would lead to slightly different descriptions of both the sea ice and the pressure fields, however 

this effect can be considered negligible. Secondly, in the short term forecasts, feedback processes 

have not been allowed to reach a quasi-equilibrium point (as is evidenced by comparing the Day 

4 and Day 5 graphs in Figure 6.26). Hence no dominant equilibrium has been established in
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one set area, rather the effect of changing the sea ice concentration has been advected to the 

entire hemisphere (albeit in only a small way) as the model atmosphere attempts to re-organise 

itself. This organisation may be a result of changes in the thermal wind causing anomalies in the 

momentum structure of the hemisphere. As momentum (in the short term) must be conserved, the 

models initial reaction may well be to redistribute mass across the hemisphere, with organisation 

coming later as the perturbation is “forgotten”. (An analyses of the spinup of MSLP in a GCM 

may be seen in Simmonds (1985).)

Such a process may well take the form of gravity waves generated when the model is initially 

“shocked” by the sudden inclusion of leads and low level warming/convection. These gravity 

waves would efficiently, rapidly, and indiscriminantly transport mass large distances. In the 

climatological run, such gravity waves would have had time to be damped leaving only the 

physical (Rossby) response, whereas in the C50 forecast runs they would still be redistributing 

the atmospheres mass.

Of further interest is the zonal average of the Cssmi MSLP anomaly in the region two grid points 

north of the sea ice edge (Table 6.2). Values for the pressure decrease are equivalent to that of 

the C5o composite, despite the average Cssmi sea ice concentration resembling that of the C80 

forecasts. This is important to note, as changes in this region may have an effect upon shipping 

and fishing operations which rely upon accurate forecasting. Such a pressure anomaly is the 

result of using a realistic distribution of sea ice, for which there is a low concentration in the outer 

pack. Hence at the most equatorial grid point containing sea ice, concentration values may be as 

low as 30%, enabling large flux exchange, low level warming and therefore reduction of pressure. 

This is evidenced by values taken for the final sea ice gridpoints only. Average anomaly for these 

gridpoints for the Cssmj forecast are 41.9Wm-2 and 14.7Wm-2 for the sensible and latent heat 

fluxes respectively. Corresponding values for the C25 runs are 41.6Wm~2 and 14.6Wm~2, a 

similarity that again highlights the unique nature of the Cssmi forecasts.

Finally, it is also worth noting that in Figure 6.26 is the mean pressure change in latitudes as far 

north as Australia, where positive increases as high as 1.5hPa are observed at day one, although 

this rapidly decreases to close to zero by day five. This again indicates the remote affects the 

Antarctic sea ice concentration may have upon the Southern Hemisphere.
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Figure 6.27: Anomalies of the (a) MSLP (b) sensible heat flux for all runs relative to the sea ice 
edge. Positive x-axis coordinates denote zonal bands north of the ice edge

6.4.3 MSLP over the Sea Ice Domain

Over the sea ice domain the MSLP has been reduced in all cases (Table 6.2). The relationship 

between sea ice concentration and pressure anomaly is monotonie, though nonlinear, differing 

from the results of Simmonds and Budd (1991) who showed a non-monotonic relationship in 

their climatological runs. They found that in regions known to be highly susceptible to baroclinie 

instability (in particular, the Weddell Sea), supercritical temperature gradients were established 

in one of their runs producing an anomalously large increase in the strength of the lows.

On synoptic timescale forecasts, however, the dependence appears to be monotonie. As open 

water is exposed, primary effects such as the increase in the turbulent heat fluxes, and hence 

temperature increase, appear to have a rapid affect upon the surface pressure (Fig. 6.22(d)). 

Changes in the north-south temperature gradient, and hence to the baroclinicity, would appear to 

take longer than five days to produce a significant effect.
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zonal bands north of the ice edge. MSLP anomaly are presented on the right y-axis

To demonstrate the pressure response to the primary variables over the sea ice, Figure 6.27 shows 

the surface pressure and sensible heat flux as functions of distance from the ice edge, where 

averages are taken over grid points running parallel to the open-ocean/pack boundary. MSLP 

anomalies (Fig. 6.27(a)) over the sea ice points for Cssmi show considerably different behavior 

from the slab ice runs. Largest magnitude anomaly occurs at the penultimate sea ice grid for 

the Cssmi composite, whereas for all other runs this occurs four grids south of the edge. The 

graph further shows the negative anomaly extending beyond the ice edge by one grid point. 

Similarly, Figure 6.27(b) shows the Cssmi sensible heat anomaly peaking at the ice edge whereas 

the slab forecasts achieve maximas close to the coast. Although the sensible heat and MSLP 

peak values do not occur at the exact same point, their proximity, emphasised by the Cssmi case, 

suggests they are closely linked. To demonstrate this, Figure 6.28 shows the characteristics of 

all variables for the Cssmi forecast. Although maxima for both the turbulent heat fluxes and 

the surface temperature anomaly occur at the final sea ice grid point (which corresponds to the 

gridpoints having the lowest sea ice concentration), the greatest anomaly for the temperature at 

the lowest sigma level (approximately 75m) occurs one grid point back from the edge. This
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low level warming (and hence vertical advection of air) corresponds to the region of maximum 

pressure decrease (the mid to outer pack), as can also be seen in Figure 6.21(b).

6.5 Chapter Summary

This study aimed to determine whether five day prognoses at high southern latitudes show an 

appreciable sensitivity to the specification of Antarctic sea ice conditions. A total of 22 days 

from July 1990 and 1991 were chosen as initial conditions for five day forecasts, using differing 

sea ice concentrations, with the view toward assessing the sensitivity of the atmosphere to sea ice 

on timescales of only a few days. Sea ice concentrations chosen were 0%, 10%, 25%, 50%, 80%, 

100%, and a generic July sea ice distribution taken from the DMSP SSM/I data. The “control” 

was the 100% concentration forecasts.

A limited synoptic study indicated sensitivity of cyclone central pressure, system structure and 

track to sea ice conditions. Use of the generic SSM/I concentration produced results tangibly dif

ferent from those obtained from the slab sea ice forecasts, particularly after three days. Forecast 

accuracy was only marginally changed by the inclusion of a more realistic ice representation into 

the NWP scheme, however it must be remembered that the original GASP analysis (with which 

the model results were compared) was performed with a slab ice distribution. The fact that the 

generic ice forecasts produced noticeably different results from those simulated using slab ice 

suggests that distribution is a primary component in this system.

For a more detailed and rigorous analysis of the sensitivity, composites of the anomalies in the 

22 realisations were compiled. These showed a pronounced effect of sea ice on the atmosphere 

within synoptic timescales. All of the anomaly runs showed statistically significant differences 

from the control for the turbulent heat fluxes and low-level temperature over the sea ice and 

adjacent grid points.

Warming as a result of an increase in open water extends vertically in all composites to at least 

700 hPa over the sea ice zone. An examination of the temporal evolution of the warming above

279



the pack showed rapid temperature increase on even the first day of the C50 forecast, with statisti

cally significant warming extending to the tropopause and northwards to the mid latitudes by day 

five. Likewise, westerly anomalies in the zonal wind (a result of changes in the thermal wind) 

occur for all the runs over the sea ice. These changes to temperature and wind structure within 

the synoptic timescales alone suggest that a realistic distribution of Antarctic sea ice is important 

for numerical forecasting at high southern latitudes.

Decreases in MSLP occur in all composites over the sea ice domain. For all the constant con

centration runs this decrease was due primarily to a large pressure reduction close to the coast, 

tapering toward the sea ice edge. The SSM/I pressure minima, however, occurred in the mid to 

outer pack. Maximum pressure decrease (relative to the control) observed in the constant con

centration runs was in excess of 5 hPa, with the SSM/I ice forecasts displaying large areas of 

reduction greater than 1 hPa.

Even though these values are large, by compositing the results it is conceivable that the effect 

of the sea ice has been smoothed. As was suggested by the two case studies, the greatest effect 

may be observed in the vicinity of the individual cyclones, where low-level convergence draws 

in moisture to aid in their development. Away from the cyclones themselves, this effect would be 

minimal. Hence, as lows appear at different locations in the different forecasts, when composited, 

the individual large anomalies would be smoothed by the forecasts without a correspondingly 

positioned cyclone.

This study has shown that sea ice concentration has a significant impact upon the overlying 

atmosphere, as well as adjoining regions, on timescales of less than 5 days. It has also been 

demonstrated that a realistic distribution of sea ice produces forecasts which differ markedly 

from those attained with a simple slab representation. Hence it is suggested that real-time sea ice 

concentration data may be of benefit to operational numerical weather prediction and analysis 

schemes.
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Chapter 7

Conclusions

This thesis has aimed to further our understanding of the Southern Ocean sea ice cover in terms 

of its climatology, variability and its interaction with the overlying atmosphere. Such knowl

edge may be considered important not just in the context of increasing our awareness of a poorly 

observed and understood part of our earth, but also in the more pressing need to improve the 

performance of climate and forecasting models, particularly in the high latitudes, in a time of 

uncertainty about the future climate. Furthermore, by examining the variability and trends in the 

sea ice itself it is possible to make a more critical comment on the changes in the cryosphere, 

be they through anthropogenic causes or natural variability. The driving forces upon the sea 

ice have also been considered, with comparisons between the variability of the atmospheric pa

rameters and that of the sea ice concentration. A comprehensive review of the current literature 

provides the background and basis for this study, highlighting the current focus of Antarctic sea 

ice research.

Previous research by a number of authors has provided the stepping stone for much of this study. 

The basic premise of these suggests that the sea ice in the Antarctic is driven both thermodynam

ically by melting and freezing due to low ocean/atmosphere temperatures, and dynamically by 

wind and ocean current forcing. Correspondingly, by way of the intricate feedbacks associated 

with, and peculiar to, the high southern latitudes, the sea ice cover influences the climate of the 

atmosphere by separating it from the relatively warm and moisture laden ocean, and conversely,
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by exposing the ocean in only particular fractions. Furthermore, its “roughness” in a region of 

fairly uniform surface conditions causes changes in the atmospheric stability and momentum ex

change. For the oceans the pack ice directly effects the levels of salinity by way of salt expulsion, 

which plays a role in Antarctic bottom water formation and convective activity.

With such close interaction, and apparent sensitivity, of the sea ice/atmosphere/ocean system, it 

has been surmised in the literature that some level of change may be observed in the ice cover 

if an enhanced greenhouse warming were to influence the high latitudes, the only caveat to this 

being the deep mixing of the Antarctic surface waters which may dampen any such signal. A 

number of previous studies had examined trends in the sea ice of the Southern Ocean from the 

relatively short satellite record and determined that there was no significant change in the sea ice 

parameters. In this thesis, the most recently available SSM/I sea ice concentration data (1987- 

1996 inclusive) were used to compile an updated sea ice climatology as a baseline for studying 

such changes. The mean cycles of sea ice extent and area, calculated from daily averages of the 

25 kilometre resolution data over the SMMR and SSM/I periods, display an oscillation approxi

mated by a short Fourier series. Maximum extent of 18.7x 106 km2 (SMMR) and 19.5x 106 km2 

(SSM/I) is typically (1979-95 mean) reached on Julian day 260 (September 17-18), with a most 

northerly mean latitude of 61.8°S (SMMR), 61.2°S(SSM/I). Minimum extent of 3.7xl06 km2 

(SMMR) and 3.8xlO6 km2 (SSM/I) occurs around Julian day 56 (February 25), correspond

ing to a latitude of approximately 69.5°S. For the sea ice area, maximums are 14.7x 106 km2 

(SMMR) and 15.5x 106 km2 on Julian day 256 (September 13-14), with minimums of 2.1 x 106 

km2 (SMMR) and 2.3xlO6 km2 (SSM/I) occurring at a similar time as the sea ice extent (Ju

lian day 54 (February 23)). The shape of the mean cycle of sea ice concentration resembles a 

“flat-topped” wave, peaking in the vicinity of Julian day 218 (August 6-7) with a value of 80% 

(SMMR and SSM/I). Minima of 56% (SMMR) and 58% (SSM/I) occur close to day 54 (Febru

ary 23). The annual cycle of open water area displays a unique characteristic which is difficult to 

discern with monthly averages. After reaching a minimum of 1.6x 106 km2 (SMMR and SSM/I) 

around day 55 (February 24) there is a steady increase until late September/early October, where 

a quasi-equilibrium of about 4x 106 km2 is established. This remains until late October/early 

November, when there is a surge in open water area to a peak of 4.7 x 106 km2 (SMMR) 4.5 x 106 

km2 (SSM/I) at around day 320 (November 16). This surge in the open water area cycle is related
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to the differing rates of decrease in the sea ice extent and concentration cycles, which may be a 

result of the northward shift in the circumpolar trough at this time. This would induce a greater 

easterly wind component over the interior of the pack, inducing southward movement of this ice 

before the ice edge itself begins to shift as rapidly.

The compilation of sea ice statistics was used to examine further the trend in the sea ice extent, 

concentration, and ice and open water areas. Results showed small, yet statistically significant 

increases in sea ice extent, open water area and ice area in the SSM/I observing period. This 

contrasted not only with previously published results (which utilised shorter time periods) but 

also with the SMMR data. These data, treated identically to the SSM/I, showed a statistically 

significant decrease in the open water area of similar magnitude as the corresponding SSM/I 

significant increase. The ice area showed a significant increase, though far smaller than the 

SSM/I, and the sea ice extent showed an insignificant value. Such an increase may support 

the modelled results of Manabe et al. (1991) and Manabe et al. (1992) which suggested that an 

increase in atmospheric C02 could lead to an increase in the sea ice cover as greater precipitation 

reduced the salinity, and hence the convective mixing, of the cold surface and warmer subsurface 

waters. The relatively large increasing trends in the SSM/I data appeared to be due to large 

anomalies in the 1994-96 period, which are confirmed by independent results from the ERS-1 

satellite.

Examination of the regional trends in the SMMR and SSM/I sea ice concentration consistently 

showed a reversal in the sign of the trend between the two periods. The only region to show a 

significant trend of the same sign exists in the western Weddell Sea, where a continuing decline 

has occurred over the entire period for virtually all of the seasons. Results clearly demonstrated 

the inhomogeneity of the Antarctic pack, with distinctly different tendencies in the ice concen

tration between the major Antarctic sectors. Likewise, trends in the length of the sea ice season 

showed no uniform behaviour over the pack, and, furthermore, displayed reversals in their sign 

between the two observing periods. It is surmised that the change in regional trends after 1987 

may be linked to changes in the moisture convergence over the Antarctic continent, and shift in 

the Amundsen Sea low, after 1990, as discussed by Cullather et al. (1996). Furthermore, and 

importantly, these trends suggest that not only are far longer satellite records needed to truly
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determine any total significant sea ice change, but also clearly demonstrate the danger in taking 

short term, localised changes in sea ice conditions as proxies for long term, large scale sea ice 

and atmospheric change.

To investigate further the sea ice concentration variability, a spectral study was performed in an 

effort to strip out the dominant timescales of the sea ice concentration. Fourier techniques were 

employed due to reservations about the lack of “sharpness” of band pass filters. When interan

nual results were examined a quasi-biennial cycle was apparent and a quadrennial cycle less so, 

further supporting the need for longer term observations for the interannual observations. Re

sults also suggested a decrease in synoptic timescale forcing, and hence an increase in the lower 

frequency variability, of the sea ice concentration during El Nino episodes. The primary focus 

of this part of the study study, however, was the short (<26 days) timescales and their relative 

importance, as well as their relationship with the short term variability of the near surface tem

perature and wind stress. Case studies showed small yet definite changes to sea ice concentration 

during the passing of a cyclone, leading one to believe that most variability may exist in the syn

optic timescales. However, the spectral analysis showed some emphasis away from the purely 

synoptic, with higher than expected sea ice variability occurring in the 20-25 day timescales. 

This contrasted with the shorter timescale variability of the near surface temperature, and the 

even shorter timescales preferred by the wind stress, suggesting the ice acts as a low pass filter 

to the higher frequency atmospheric variations.

Such a clear red shift in the spectrum of the concentration away from that of the wind stress and 

temperature suggests strong thermal and dynamical inertia of the sea ice concentration. For the 

wind stress, this may be the result of the “smooth” surface, large mass and keel drag of individual 

floes, and because the pack may move as one unit under spatially homogeneous conditions. The 

inertia to the near surface temperature may likewise be linked to existing high concentrations 

preventing further freezing, or cold ocean temperatures moderating the melting due to a warm 

atmosphere, as well as the large thermal input/loss required to change the surface state.

The largest red shift occurs between that of the sea ice concentration and the wind stress in 

all phases (growth, consolidation and decay) of the sea ice concentration cycle. Hence in the 

longer time periods the temperature and concentration spectra have closest similarity (with the
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sea ice concentration always red shifted from the temperature), as may be expected with the 

formation of any new ice being dependant upon surface cooling. However, Winter, when a quasi

equilibrium is established and the pack is in its most stable phase, still displays a strong 20-25 

day variability in the outer regions. Comparisons are made with similar timescales of variability 

in the energetic eddies spinning from the Antarctic circumpolar current. In the short timescales 

sea ice concentration always displays least variability and the wind stress greatest, suggesting 

the variability of the temperature, in such time frames, is driven by the winds. This may be due 

to the drawing of distant warmer/colder air after prolonged wind events, or by the exposure of 

warmer open water as the leads are slowly pushed open.

Both regional and latitudinal examinations were made of the sea ice concentration, wind stress 

and near surface temperature spectra during all three phases (growth, consolidation and decay) 

of the pack. Apart from the clear latitudinal dependence upon temperature, it would appear that 

the semi annual oscillation of the Antarctic circumpolar trough is a key factor in determining the 

degree of variability within the pack. As the cyclones advance and retreat past the sea ice edge, 

shifts are induced in the mean winds over the latitude bands which effect the direction of the 

Ekman transport, thereby increasing or decreasing the divergence, and hence congestion, of the 

pack at different latitudes. This not only alters the variability, but also has a direct effect upon 

the rate of advance and retreat of the sea ice edge, as was evident in the compilation of the sea 

ice climatology.

Regional differences in variability are dependant upon the degree of oceanic and atmospheric 

forcing. In the vicinity of the Weddell Polynya, the synoptic scale variability is very high as 

cyclonic systems pass and temperatures lower enough to force freezing, thus causing the ice 

to release salt and reduce the stability of the upper layers. This would conceivably allow the 

pycnocline to reach the surface bringing with it warmer deep water which would melt the thin 

layer of ice. In the western Ross Sea longer timescale variability dominates as the cyclones 

skirt to the north of the region, rarely crossing the western Ross Sea at all. The ice is therefore 

dominated by the slow northerly drift of the Ross Sea Gyre, which results in slow Winter change, 

and hence long timescales of variability. Off the coast of East Antarctica during November to
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February, over 60% of the variability occurs in timescales of less than two weeks, primarily 

associated with region having the highest Summer cyclone system density.

With such forcing of the sea ice, and hence changes in the distribution of the pack, it is logical to 

ask what feedbacks such changes would induce, and hence what effect the sea ice concentration 

would have upon the atmosphere in short, synoptic timescales. As stated in Section 2.4.1, it has 

been shown that long term changes in the sea ice concentration causes changes in the climate, but 

the question of the short term sensitivity of the atmosphere had not been investigated. Case stud

ies suggested sea ice conditions influenced cyclone central pressure, system structure and track in 

relative short timescales. To examine this objectively, and to enable statistical testing of results, 

a suite of five day forecasts was conducted with differing concentrations of sea ice, including a 

realistic, generic sea ice distribution, using the Melbourne University general circulation model.

Results showed that when open water was exposed within the pack, a rapid increase in the tur

bulent heat fluxes takes place above the leads in timescales of less than one day. As a result 

warming occurs, and extends to over 700hPa. After five days, statistically significant zonally 

averaged warming extends to the tropopause and northwards into the mid latitudes. Differences 

in the surface warming with distance into the pack, caused by the “saturation” of the atmosphere 

with heat and moisture as the generally divergent airmass moves northward over the leads, in

duces large changes in the thermal wind. The result of this increase in low level warming, and 

the changes in horizontal temperature gradient, is a decrease in the mean sea level pressure over 

the pack of 1 to 5 hPa, depending upon the sea ice concentration and distribution, with a small 

increase over the remainder of the hemisphere as the atmosphere rebalances to conserve mass. 

Further examination of the case studies would suggest that the mean pressure decreases over the 

pack masks the larger reductions in the vicinity of individual cyclones, where low level conver

gence would draw in the moisture made available by the leads to aid in the development of the 

system.

Comparisons of forecasts made with constant concentration “slabs” of sea ice, and those made 

with a realistic, satellite observation of the pack showed the distribution of the ice also had a 

large effect upon the distribution of changes in the mean sea level pressure. For slab forecasts,
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maximum pressure decrease occurs over the inner pack, whilst the realistic distribution sees a 

maxima in the mid to outer sea ice zone.

Clearly, these results would suggest that changes in sea ice concentration have a significant im

pact upon the atmosphere in timescales of less than five days, and furthermore, that a realistic 

distribution of ice produces unique results. This would suggest that the incorporation of real time 

sea ice concentration data into numerical forecast and analysis schemes would further their high 

latitude skill.

This thesis has aimed to increase our understanding of the complex and intricate nature of the sea 

ice itself, and its interaction with the atmosphere. By presenting analysis of the latest satellite 

data, examining sea ice concentration variability using purely Fourier techniques, and determin

ing the value of real time sea ice observations to numerical prognoses, this study has clearly 

demonstrated the importance of Antarctic sea ice in the context of the Earth system.
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Appendices
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Appendix A

Blackmon Filtering

In order to determine the dominant modes of variability of the sea ice concentration, as performed 

in Chapter 5, it was originally intended that grid point filters of the type designed by Blackmon 

(e.g., Blackmon (1976)) would be used. However it was found that the “spillover” from one filter 

to its neighbour created uncertainties in the results too great to be ignored for such a study. How

ever Blackmon filters are useful for many other applications, and hence this appendix presents 

some background theory on their design, how to create customised filters themselves, as well as 

the limitations in their use, and therefore the reasons they were discounted, by this thesis.

Blackmon filters are time filters, which are essentially temporal weighted running means with 

the weighting co-efficients determining which frequency bands contribute to the output. The 31 

point time filters take the form defined by Blackmon (1976):

15

C(ti) — aoC(U) + Op [C(ti+P) + C'(fj-p)] (AH)
p=i

where C(ti+P) is the atmospheric variable at time fi+p, and ap is the weighting coefficients. C is 

the filtered value.
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A l Creating Time Filters

To create the weighting coefficients, and hence be able to determine which specific frequencies 

are passed when analysing the data, the technique of Fraser (1991) was adopted. This involves 

creating a bandpass filter with a response function of 1 in the desired frequency range, and a 0 

gain elsewhere.

As shown by Panofsky and Brier (1958), the frequency response of the time filter (Eqn. A. 1) is 

given by:

OO

R(f) = a0 + 2 ^2 ap cos(2p7r/At) (A.2)
v-1

where / is the frequency and At the data interval.

Similarly, a continuous function, periodic over the interval t = — f to | can be represented by the 

infinite Fourier series:

/(f) = a0 + ^apcos(^-) + 6pSin(^^) (A.3)

p=i

where a0, op and bp are Fourier coefficients determined by:

1 rT/2
a° = T f(t)dt

1 J-T/2

aP = /r/2/(t)cos(^)dt

bp = IJ

Ftence, treating the response as an even function, and setting the period (T) to 

series becomes:

(A.4)

(A.5)

(A.6)

1, the Fourier
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Lanczo's Factors 
No Lanczo's Factors-

0.0 0.1 0.2 0.3 0.4 0.5
Frequency (Days *)

Figure A. 1 : Frequency response function for a 5 - oo day Blackmon filter with Gibbs oscillations 
at the turning points, and with Gibb’s oscillations smoothed by Lanczo’s sigma factors

f(t) = a0 + ^2 ap cos(2p7rt)
p=i

(A.7)

where

pl/Z
a0 = 2 f(t)dt 

Jo

/•1/2
av — 4 / /(f) cos(2pirt)dt

Jo

(A.8)

(A.9)

Therefore, in order to make the Fourier series equivalent to the frequency response equation 

(Eqn. A.2), it is recognised that /At = t, the ap term is divided by two. The Fourier series is 

truncated at p- 15, as this provides a manageable, and accurate, number of weighting coeffi

cients.
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This provides a formulation for the weighting coefficients, however the resulting square wave 

has “wiggles” near the corners (see Fig. A.l). These are called “Gibb’s” oscillations, and can be 

reduced by multiplying the coefficients by the “Lanczo’s sigma factors ” (Hamming (1962)), as 

can clearly be seen in Figure A.l. These were modified by Fraser (1991), in a tradeoff between 

reducing the oscillations and improving the sharpness of the frequency cutoff, and we have also 

adopted this technique. The sigma factors are given calculated by the formula:

sin(7rp/(1.25 * 15) 
7rp/(1.25 * 15)

(A. 10)

Therefore, the final equation used to calculate the frequency response function weights is:

do

r 1/2
= 2 / /(f) cos(2pnt)dt * ap

Jo

(A.l 1) 

(A. 12)

As an example, for calculating the co-efficients for a time series passing frequencies from 0.05 

to 0.2, we want /(f) to be approximately 1 where we want to pass the frequencies, and close to 

zero everywhere else. Therefore, the coefficients are given by:

r 1/2
Go = 2 / /(f)df = 2 [0]r + 2 MSI + 2 Kj = 0.30 (A.13)

Jo

ap = 2 f /(f) cos (2p7rf) dt* ap = [sin 2p7rf]^ = — (sin (0.40p?r) - sin (O.lOpTr)) 
Jo 2p7T p7T

(A. 14)

By using these equations to determine the coefficients, it is possible to formulate time filters, and 

hence examine the temporal modes of variability.
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p 2.5-8 Day Coefficients 8-30 Day Coefficients 30+ Day Coefficients

0 0.55000 0.18333 0.06667
1 -0.03780 0.15816 0.06587
2 -0.30474 0.09266 0.06352
3 0.02481 0.01213 0.05977
4 -0.04335 -0.05481 0.05481
5 0.03993 -0.08884 0.04891
6 0.07075 -0.08693 0.04238
7 -0.00872 -0.06082 0.03555
8 0.02749 -0.02874 0.02874
9 -0.03031 -0.00571 0.02226
10 -0.01889 0.00253 0.01636
11 -0.00180 -0.00054 0.01124
12 -0.01135 -0.00702 0.00702
13 0.01531 -0.01028 0.00375
14 0.002855 -0.00837 0.00144
15 0.00351 -0.00351 0.00000

Table A. 1: Filter weighting coefficients for the 2.5-8, 8-30 and 30-oo day filters

A.2 Filter design

In order to examine the synoptic, medium and longer scale variability, three filters were designed. 

The first, to pass all frequencies corresponding to the 2.5 to 8 day window, the second to pass 8 

to 30 day oscillations, and the third for timescales longer than 30 days. The coefficients for these 

filters are presented in Table A.l, and their frequency response curves as shown in Figure A.2.

Figure A.2 shows that adjacent filters have a considerable overlap, and hence will pass up to 

50% of the value of a parameter to its neighbour. It also shows that even though a square wave is 

being simulated, and hence for the 8 to 30 day filter frequencies from 0.125 day""1 to 0.033 day-1 

should show a unit response function, in reality the filter only shows such a value (or greater) 

from frequencies 0.09 day"1 to 0.07 day"1. Finally, although many measures have been taken to 

avoid the Gibbs oscillations, they are clearly still present to some degree. All these discrepancies 

must be taken into account when considering the final result.
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2.5-8 Days
8-30 Days
30+ Days

Frequency (Days *)

Figure A.2: Frequency response function for the 2.5-8 day, 8-30 day, and 30 - oo day Blackmon 
filters

A3 Experiment

To demonstrate the accuracy and behaviour of the Blackmon filters, an experiment was conducted 

along similar lines to that presented in Chapter 5. Antarctic sea ice concentration data and wind 

stresses calculated from the ECMWF wind data set (as described in Section 5.2) were detrended 

by removing the first 14 waves of the Fourier series of the annual cycle. The detrended data 

were than sectioned into the four seasons, and the three Blackmon filters applied to each season. 

The variance explained was then determined for the resulting filtered seasonal data, and averages 

calculated for all years of data (1988-94). For brevity, only the results for the austral Winter 

months (June-August (JJA) inclusive) are shown.
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A4 Results

A.4.1 Sea Ice

Although only the Winter months are shown, all seasons showed great similarity in the magni

tudes of the sea ice concentration variance explained (VE) for each filter.

The Winter 2.5-8 day filtered sea ice concentration data, averaged over all years (88-94) (Fig. A.3(a)), 

shows less than 20% of the VE over the majority of the sea ice area. Close to the coast, the 

percentage increases in a number of locations, in particular the western Weddell Sea and the 

Bellingshausen Sea. Comparison with the JASO 2-7 day VE (Fig. 5.12(a)) shows similarities in 

the western Ross Sea (low VE) and off parts of East Antarctica and in the outer pack. Most no

ticeable difference, however, occurs in the Weddell Polynya region, where the JASO 2-7 day VE 

displayed high VE which closely matched the western arm of the Weddell gyre, which the Black

mon filtered data failed to show. As stated in Section 5.2, the months of JJA will include much 

of th growth phase of the sea ice pack (during June) and thus results may be skewed towards the 

longer time periods by this inconsistency in the season.

The 8-30 day filtered data (Fig. A.3(b)) shows a marked step up in the percentage of VE. In gen

eral, more than 20% of the variance occurs in all areas, with highest values in the Bellingshausen 

Sea of over 60%. Comparison with the JASO 8-13 and 20-25 day VE (Figs. 5.12(b,c) shows 

similar low VE regions north of Dronning Maud Land, north east of the Ross Sea and off the 

western sector of East Antarctica. Similar high VE regions occur in the Bellingshausen Sea and 

in the Balleny Islands region. High values in the mid to outer pack also agree well with the JASO 

20-25 day result.

The greater than 30 day filtered data (Fig. A.3(c)) shows values generally higher than 60%, with 

maxima of over 80% in the mid to outer pack regions. It is here that results appear erroneous, 

as it might be expected that the detrending procedure would have eliminated much of the VE in 

this VE window, as has occurred for the JASO 26+ day result (e.g., Fig. 5.31).
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(a) 2.5-8 Day (b) 8-30 Day
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(c) 30+ Day

Figure A.3: The total VE for the (a) 2.5-8 (b) 8-30 (c) 30+ day sea ice concentration filtered data, 
averaged over all Winter months
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Wind Stress The VE for the wind stress data shows a different pattern than that of the sea ice 

concentration. Again, all seasons have similar spatial distributions of the variance, however only 

the Winter months are shown.

The 2.5-8 day filtered wind stress data (Fig. A.4(a)) shows values generally in excess of 40%, 

with some values north east of the Ross Sea explaining over 80% of the variance. As shall be 

seen, the 2.5-8 day filtered data explains the majority of the variance of the wind stress over the 

sea ice region. This is similar to that seen in the JASO wind stress VE (Fig. 5.13), however the 

JASO wind stress clearly displays even more VE in the synoptic timescales than does the JJA 

case. Closest similarity occurs in the western Ross Sea, with low VE in both cases, as may be 

expected from the sparcity of cyclone tracks in this region (Jones and Simmonds (1993) Leighton 

(1994),).

In contrast to the sea ice concentration data, the 8-30 day filtered wind stress data (Fig. A.4(b)) 

explains less of the variance than does the 2.5-8 day data. Values are generally around 40%, 

with few obvious maxima. Values peak in the Ross Sea, as well as being slightly higher on the 

eastern side of the Antarctic Peninsula. These values are very much higher than those presented 

in Chapter 5.

Values continue to decrease for the greater than 30 day filtered data (Fig. A.4(c)). Most regions 

show VE percentages of over 20%, again with maxima in the Ross and Weddell Seas. There 

appears little clear pattern in the distribution of the variance, and again values are far higher 

(especially considering these data should be attenuated by the detrending process) than presented 

in Chapter 5.

Again, all seasons show a similar distribution between the three filters, with most of the variance 

displayed in the 2.5-8 day timescales, and least in the greater than 30 day day data.
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Figure A.4: The total VE for the (a) 2.5-8 (b) 8-30 (c) 30+ day wind stress filtered data, averaged 
over all Winter months
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Figure A.5: Summation of the percentages of all filters VE for sea ice concentration during 
Winter

A.5 Discussion

When viewing the results in the previous section, it is clear that the percentages presented in the 

2.5-8, 8-30 and 30+ day windows sum to greater than 100%. As stated in the introduction, this 

appears to be a problem when using the Blackmon type filters. To confirm this, Figures A.5 

and A.6 show the summations of the VE for all three filters for the Winter sea ice and wind 

stress. In both cases, the result is far from an even 100% value everywhere, as could be expected. 

Rather, in the case of the wind stress, total VE is well in excess of 100% over the majority of the 

hemisphere. In the sea ice concentration case, totals range from in excess of 160% to less than 

60%. Similar results were apparent in all other seasons (not shown).

The reasons for this may stem from the nature of the response function of the filter themselves. 

Even though, for a given value, the overlap of any two filters response function approximates 

to 1, this will simply mean that in total, none of that days value will be lost. However, it does 

mean that the value for a such day, when passed through a filter, will be only a fraction of its true
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Figure A.6: Summation of the percentages of all filters VE for wind stress during Winter

amount, and hence will add to the variance if all other values are true. Conversely, if a great deal 

of the variance is in the 8-30 day filter, which has only a limited range of unity response function, 

then as true values are fractioned, their ratio to their neighbouring values will be reduced, thus 

reducing the variance. This may be observed in Figures A.5 and A.6. Sea ice concentration, 

which by theory should have longer timescales dominant, shows a mix of total VE: some regions 

over 100%, some below, as some values are being enhanced and some reduced. However, the 

wind stress, with theoretically more variability in the shorter timescales, shows a tendency for 

the totals of the VE to be higher than 100%.

Another shortcoming of such filters stems from the fact that the seasonal cycle does not appear to 

have been removed. In both the wind stress and the sea ice cases, the data has been detrended by 

removing the first 14 waves of each annual cycle, and hence it would be expected that the waves 

with periods longer than 26 days would be reduced, as occurred in the results for Chapter 5. 

(They would not be expected to be completely removed, as the first 14 waves of the annual 

data will not be exactly equal to the first 3 waves of the seasonal data.) Such a reduction, as 

Figures A.3(c) and A.4(c) show, does not appear to have occurred, or rather, the filter is actually

300



80

Concentration 
Wind Stress 
Temp, at 2m

o 1 2
Filter Number

3

Figure A.7: Mean VE over the sea ice area for Sea Ice concentration, Wind Stress and Tempera
ture at 2 metres elevation for all Winters 1988-94. Filter number 1 corresponds to the 2.5-8 day 
filter, 2 to the 8-30 day filer, and 3 the greater than 30 day filter

gaining much data from the 8-30 day time scales. Again, this appears realistic, as the filters 

overlap considerably (Fig. A.2), and hence the greater than 30 day filter would be expected to 

access frequencies from less than 26 days. These values will be attenuated, as the greater than 

30 day filter is far from unity in these regions, nevertheless, there exists considerable “leakage” 

from one filter to the next.

The only way these effects appear to be able to be curtailed is to have a true square wave filter, 

which is only possible if a true Fourier decomposition is used.

Despite these limitations of the filters, it still may be of interest to test the original hypothesis 

that the sea ice concentration displays a “red shift” in its frequency spectrum relative to the wind 

stress and temperature.

To do this, areal averages were made for the filtered data of the detrended sea ice concentration, 

wind stress and temperature at 2 metres above the surface. These averages were made over the 

mean sea ice concentration area for each season. Figure A.7 shows the mean VE over the sea
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Figure A.8: Mean VE over the sea ice area for Sea Ice concentration, Wind Stress and Tempera
ture at 2 metres elevation for all Springs 1988-94. Filter number 1 corresponds to the 2.5-8 day 
filter, 2 to the 8-30 day filer, and 3 the greater than 30 day filter

ice region for all Winters (1988-94). Immediately obvious is the difference between the mean 

YE for the 2.5-8 day sea ice and wind stress/temperature data. The sea ice concentration shows 

means values at least 20% less than for the other variables. This has been reduced to closer to 

10% for the 8-30 day filter, and finally crosses the wind stress and temperature lines in the greater 

than 30 day period with the sea ice showing over 15% more VE than either of the other variables. 

The maximum difference at both ends of the spectrum is between the sea ice concentration and 

the wind stress. Such a difference in the slope of the sea ice concentration line, and those of the 

wind stress and temperature, clearly shows that the ice displays a red shift from the atmospheric 

variables.

This red shift is shown clearly in all other seasons. Largest differences between the variance 

explained by the filters, and strongest red shift (i.e., difference in slope between the variables), are 

observed in Spring (Fig. A.8), with only small VE for the sea ice occurring in the short timescales, 

and most in the longer, whereas the wind stress and temperature both show the opposite trend. 

This graph also shows the slope of the graph between the first two filters being of opposite sign
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for the sea ice and the other variables, with the ice showing positive, and the wind stress and 

temperature negative gradients. Again, this supports the strong shift between short timescale 

forcing of the atmosphere, and the longer response time of the sea ice, the reasons for which are 

discussed in Section 5.1.

It should be noted from Figures A.8 and A.7 that the total mean VE for the three filters does not 

sum to 100%. Furthermore, the different variables display different totals. From this it is clear 

that, although the results support the hypothesis that sea ice shows a redder spectrum than the 

atmospheric variables, these results should be viewed cautiously.

A.6 Conclusion

From this appendix it is clear that there are some drawbacks in using Blackmon type filters to 

determine the dominant modes of variability of both sea ice concentration and its associated 

atmospheric parameters. “Leakage” between filters has been shown to effect the variability, and 

hence raise some concerns as to the accuracy of the results. Furthermore, the level of variability 

in timescales that should have been attenuated by the removal of the annual cycle far exceeds 

what may be expected.

General inferences, however, may be made from the results, but should be treated with caution. 

Primarily, sea ice concentration shows a definite, and strong, red shift in its frequency spectrum 

from that of the wind stress and temperature, supporting the results shown in Chapter 5. Direct 

comparisons with Chapter 5, however, show differences in the distribution and location of the 

variability during the Winter months, further suggesting that Blackmon filters may not be ideal 

for examining a parameter such as sea ice concentration.
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Appendix B

Removing the annual cycle from the data

B.l Introduction

The annual cycle of sea ice concentration shows a rapid increase in the Autumn, a relatively 

steady period during Winter, and a rapid decline in the Spring and early Summer. This results in 

an annual cycle reminiscent of a square wave, as discussed in Section 4.3.5.

In order to study the temporal variability of the sea ice concentration, and also the wind stress and 

the surface temperature, Fourier techniques were adopted which rely upon the implicit assump

tion that the field being studied is periodic. If the intention was to study the long term annual 

cycle, then the annual cycle satisfies this assumption. However, as suggested in Section 5.1, sea 

ice concentration may well behave differently at different times of the year. It would make far 

more intuitive sense to break the year up into seasons and examine these individually, as it is 

entirely conceivable that each will differ in its Fourier “fingerprint”.

If the annual cycle is broken into its seasonal components, then four time series have been created 

that, in at least two of these cases (i.e. Spring and Autumn) are not periodic (e.g., see Fig. B.l). 

These two seasons have steep gradients which would introduce error into the Fourier decompo

sition of the series. Such error would not be restricted to a discrete frequency interval where it 

could be ignored. Rather, it would introduce error into both the low frequencies, as the analysis
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Julian Day

Figure B.l: Sea ice concentration for Autumn 1996 at 75°S, 180°E.

assumes a large cyclic “jump” to join the two ends of the cycle, and also in the higher frequency 

spectra as the Fourier decomposition generates Gibbs oscillations (see Section A.l) in the region 

of the assumed “jump”. Knowing this would be introducing such errors into the analysis would 

effectively erode any confidence in the final results. Hence it is desirable that a suitable method 

is obtained to detrend the annual data to remove the large annual cycle, and hence enable the 

seasonal data to be periodic.

B.1.1 Methods for removing the annual cycle

To detrend the sea ice concentration data, a number of methods were investigated. These included 

a linear regression, a running mean, an «-trimmed running mean and a Fourier reconstruction 

for the entire year. All these methods would appear valid for detrending the data, however it is 

important to maintain focus on the final outcome (a Fourier decomposition of the residual after 

the annual cycle is removed) and to be sure that the detrending procedure is not influencing the 

result.
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Linear Regression

Initial attempts to detrend the data involved drawing a trend line between the first and last points 

of the season, and removing this from the raw data.

Although this may well make the season periodic, it is highly dependent upon the location of the 

first and the last points of the series, which are themselves subject to noise and hence may not 

indicate the true trend. This would be especially noticeable for the Winter and Summer seasons, 

when the true trend would be only minimal due to the quasi-equilibrium in the sea ice concentra

tion reached during these times. Hence if the first or last points were “noisy” an unrealistic trend 

would result. Furthermore, this approach fails to significantly remove the initial (annual cycle) 

wave numbers. This is intuitive, as if a line joining the two ends of an arc is considered a trend, 

then subtracting that trend will still leave the arc itself, only shifted to the horizontal. The end 

result will still have a large annual cycle, and hence upon Fourier decomposition, have a large 

wave number 1.

A similar error would occur if a true least squares linear regression was used. It could be argued, 

however, that the initial aim of making the seasonal data periodic has been achieved. However 

individual seasons would have had different frequencies removed by such a technique, and hence 

all seasons would have been detrended differently. Therefore it would be erroneous to compare 

spectra from different times of the year.

Running Mean

As the removal of a straight line fit from the data is not ideal, a detrending procedure that uses 

more information from the original series is needed. An obvious candidate is a running mean. 

The n + 1 (where n is any even number) point running mean for a function spaced evenly in time 

(f(tk)) may be represented by the following equation:
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(IS 1)

The result is a smoothed data series, though at the “comers” of the square wave the running mean 

rounds, rather than follows, the actual contour. This slow turning at the comers increases as the 

length of the running mean is also increased. This presents a problem when short running means 

(e.g., a three point running mean) are used in order to “sharpen” the definition of the corners. 

Using such a running mean to detrend the series will result in higher frequencies being damped 

when a Fourier analysis is performed upon the residual.

Visually, the trend produced by using a longer running mean appears reasonable. However, it 

must be remembered that the aim of detrending the data is to perform a Fourier analysis on the 

residual, and hence it is desirable to confirm the validity of using a running mean in a Fourier 

environment. To do this, the response function has been calculated for the residual (the running 

mean subtracted from the raw data), where the response function (R(m))is defined as:

fm — R{m)fm (B.2)

The response function of the running mean residual can be determined as follows.

A function spaced evenly in time (f(tk)) may be represented by a Fourier series with wavenum

ber m:

f(*k) = (B.3)
m

Therefore the Fourier series (/m) for f(tk) is:

(B.4)
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The running mean residual may be represented by:

7(4) = /(4) - 7(4) (B.5)

To calculate the response function of the running mean residual, it is simplest to first examine 

the response of the running mean itself. From Equation B.4, the Fourier series for the running 

mean is given by:

1= 1
(B.6)

1 N

WE
1=1

— £ /(4) (B.7)

Taking the Fourier expansion of the raw data gives:

fm — ___ !____y
N(n + 1) £

M *+§

z ^ z ^
p=—M j=l— §

iptj 0—imtt (B.8)

AT M
etpt, _|_ ^ ^eip(t,+jAt) _j_ eip(ti-jAt)^

3=1

0—imti

Hence by rearranging, applying Eulers theorem and the fact that Af —

M

fm — E A i+E2
j=i

«»(¥)
JV

E
f=l

eipti e~imti (B.9)

Therefore, as the only term in the p summation is p = m, then J^iLi etptle imtl = N, and thus:
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(B. 10)
j=1

Therefore, from Equation B.2, the response function, R(m), for the running mean is:

(B.ll)

However the purpose of this calculation was to determine the response function of the running 

mean residual, R(m). As the “response function” of a point itself is simply 1, then R(m) = 

1 — R(m). Therefore:

R(m) (B.12)

Plotting this function for differing values of n, (the length of the running mean), and assuming a 

total series length of 122 days (a trade off between the length of a season and a workable Fourier 

series length, as discussed in Section 5.2), it is clear that for the smaller values of n (e.g a 3- 

point running mean, hence n = 2; Fig. 6.2(a)) the lower wave numbers (long period waves) are 

removed, however, for the shorter period waves there is an increase in the amplitude of up to 

30%. Correspondingly, examining the larger values of n (e.g. a 51-point running mean, hence 

n = 50; Fig. B.2(b)) shows constant period oscillations, increasing/decreasing the value of f(m) 

by up to 20%.

Using a running mean to detrend the data succeeds in removing the low frequency waves associ

ated with the annual cycle, however it is also apparent from Figure B.2 that this process will also 

periodically add or subtract information from a Fourier decomposition. Again, this would reduce 

the confidence in the final result, and suggests a running mean is unsuitable for use in detrending 

the sea ice concentration data.
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Figure B.2: Response function for a (a) 3-point and (b) 51-point running mean residual, calcu
lated for a series of 122 points

The a-Trimmed Running Mean

A common approach in some geophysical fields is to remove the trend in a series of data by using 

a running median. Mathematically, this may be represented as follows.

For any point value of a function in time (/(4)) with the corresponding data subset series 

/(fjfc_n).../(ffc+a), where n is an arbitrary even value not greater than the full series.

The order statistic for such a series may be defined as follows:

^(1) < ••• < -X(n) (B.13)

and hence the median value will simply be Xa+0.5 for any series of odd length.
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Subtracting the median from the time series to detrend the data effectively damps low frequency 

waves. However, as for the running mean, if the median is selected from a large number of values 

then there will considerable “rounding” of the square wave comers. Conversely, if the median is 

selected from only a small sample size to sharpen the comers of the square wave, then the median 

itself will become relatively noisy. To smooth out such oscillations, an a-trimmed running mean 

(Jaeckel (1971)) is used.

An a-trimmed running mean orders a subset of the time series, trims away a specified percentage 

of the upper and lower values, then performs a running mean on the remaining values. Math

ematically, letting equation B.13 be the order statistic of a random sample of size n, then the 

a-trimmed running mean may be represented as:

n—\cin\

(B. 14)

where n is the total number of points, and a is the percentage of n trimmed from either end of 

the ordered series.

The a-trimmed running mean incorporates aspects of the properties of both the median and the 

running mean: a relatively rapid response to changes in the time series values (such as at the 

comers of the square wave), yet smoothed. Results show an accurate estimate of the annual 

trend at all points and seasons (Figure B.3).

The annual cycle calculated with the a-trimmed running mean must be viewed in the context of 

its spectral properties. Unfortunately the a-trimmed running mean is a non-linear process, and 

hence it is impossible to calculate a mathematical response function for the filter. Hence a Monte 

Carlo approach has been used to determine the nature of the filter. For any combination of n and 

a, this involves performing an a-trimmed running mean on a random sample, then performing 

a Fourier analysis upon the result and calculating the magnitude of the amplitude of each wave. 

Similarly, the magnitude of each wave of the original random sample was also calculated. The 

magnitude of each trimmed mean wave was then divided by its raw wave counterpart, to produce

311



Concentrât 
51/46 TRM

120 160 200 240 280 320 360
Julian Day Number

Figure B.3: The annual cycle of sea ice, and the associated 51 point a-trimmed running mean (a 
= 0.46 i.e., lowest 46% of series removed, and highest 46% of series removed) for 1990/91, at a 
gridpoint 180°E70°S

a response value for each wave. This process was repeated (with a different set of random 

numbers each time) for 1000 iterations, and the average response value calculate for each wave.

For all Monte Carlo tests, the results are similar to that of the response function for the running 

mean residual of similar length (Fig. B.4). This is hardly surprising, as when using a truly random 

sample the values will be symmetric about the mean, and hence will be close to the median value. 

Therefore an a-trimmed running mean should resemble a running mean of similar length n. It 

is interesting to note that apart from wave number one, the response function of the a-trimmed 

running mean residual has a consistently larger amplitude than the running mean.

It has been shown that an a-trimmed running mean actually causes larger perturbations in the 

Fourier decomposition than the running mean. Therefore, the a-trimmed running mean must be 

dismissed as a viable method for detrending the sea ice concentration data.
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Figure B.4: The response function for the residuals of the ct-trimmed running mean (TRM) and 
the running mean (RM). n = 51, a = 0.46

Fourier Method

Removing the annual cycle using methods that produce a visually pleasing fit to the data have 

been shown to be unsuitable for the final process of Fourier analysis. Furthermore, the work of 

Gloersen and Campbell (1991) and Gloersen (1995) demonstrated the worth of using a Fourier 

based detrending procedure (removal of the first 5 harmonics of the annual cycle) to produce 

residuals for further examination. Hence the 122 day seasonal data were detrended by removing 

a Fourier reconstruction of the first “M” waves of the annual cycle.

To examine if such a procedure induced any distortion in the final Fourier analysis, a Monte Carlo 

method was again used. A Fast Fourier Transform (FFT) was performed on a random sample 

of 365 points, and the first “M” waves was reconstructed. This reconstructed series was then 

subtracted from the original data to give a residual sequence. The original data and the residual 

were then split into “seasons” of 122 days, and these seasons Fourier analysed. The amplitude 

of each wave for the detrended data was then divided by the amplitude of the same wave for the
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Figure B.5: The response function for random time series reconstructed with (a) 7 waves and (b) 
11 waves

raw data to give a response function. This process was conducted 1000 times and the average 

response function calculated.

The response functions show a sharp cutoff and little overlap (Fig. B.5). The lowest wavenum

bers (e.g., wave numbers 1 and 2) do not reduce to zero, but rather approach a response function 

of 0.2. This is due to the summation of wave numbers 1 through 3 of the annual cycle “creating” 

a wave that differs slightly from the true wave number 1 of the 122 day “season”. Likewise, wave 

numbers 4 to 6 of the annual cycle create a wave different from wave number 2 of the seasonal 

cycle.

Examination of the Monte Carlo results for all waves shows that for sharpest cut off and largest 

reduction of the first two wave numbers for a 122 day series, while still ensuring waves no shorter 

than 50 days are influenced significantly, an annual cycle is best created with the first 7 waves 

(i.e., period 52 days). Likewise, if the desire is to reduce the first 3 waves of the 122 day series, 

(so remove periods of greater than 40 days) then wave number 11 appears empirically to be the 

optimum value.
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Figure B.6: The annual cycle of sea ice concentration for 1990/91 at 70°S, 180°E and the 7 and 
11 wave Fourier reconstructions of the same data

From the reconstruction of the first 7 and 11 waves of the series (Fig. B.6) it is clear that using the 

Fourier series provides a reasonable approximation of the annual cycle. In the regions where it is 

most important that the trend is removed, such as the rapid Autumn growth and Spring retreat, it 

would appear the Fourier approximation is accurate. However, it is worthwhile performing some 

further tests to ensure this.

To test whether the large gradients in the Spring and Autumn would have any effect upon a 

Fourier reconstruction, it would seem appropriate to perform a Monte Carlo experiment using 

an imposed seasonal cycle. However, it soon becomes apparent that to do this is inherently 

flawed. Firstly, by superimposing white noise over a seasonal cycle, only a quasi-random sample 

is produced. Secondly, the Monte Carlo approach determines the ratio of the Fourier amplitudes 

for the data with the seasonal cycle removed, and the raw data, for each 122 day season. However, 

as stated previously, the Fourier decomposition of the raw data will be flawed due to the large 

discontinuities at the start and end of a season, and hence the final response function will have 

little validity.
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Another approach to determine the “skill” of a Fourier detrending technique is to examine the 

effect upon the amplitudes of individual waves of observed data series. By doing this, the wave 

numbers which best remove the annual cycle may be determined.

B.1.2 Removing the Annual Cycle from Observed Data

In order to remove the annual cycle from the data using a Fourier technique, it must be deter

mined how many waves, calculated from which length of data, must be removed. For the sea ice 

concentration data, there would appear to be little gain by using waves from the total 7 year time 

series to determine the annual cycle, and hence it was decided to use waves from the 7 individual 

years.

To completely remove wave number 4 (30.5 day period) or wave number 5 (24.4 day period) in 

a 122 day “season”, then it would appear that wave numbers 12 (30.4 days) or 15 (24.3 days) 

should be removed from the annual series. However, this does not allow for the fact that the 

characteristic wave structure differs between the annual cycle and the seasons, as the annual 

have been determined using the extra information contained in the full 365 day cycle (i.e., the 30 

day wave in the seasonal series might be expected to differ from the 30 day wave in the annual 

cycle). Hence it makes more sense to examine empirically the differing Fourier reconstructions.

To determine the most suitable wavenumber to detrend the series, 227 annual cycles of sea ice 

concentration were chosen for analysis. These were taken from each 2.5° x 2.5° gridbox con

taining sea ice along longitudes 0°E, 90°E, 180°E, 90°W and 30°W for each individual year from 

1988 to 1996. For each 365 day series, the first 10 through to 20 waves were reconstructed and 

removed from the raw data to give a residual time series. The first 122 days of each residual were 

then Fourier analysed. Averages of the amplitudes were then calculated for each of the 10 to 20 

wave detrending procedures.

By removing waves up to and including 14 from the annual data, the amplitude of the residual 

wave number 4 (period 30.5 days) is 78% smaller than if only 10 waves had been removed 

(Fig B.7). Furthermore, wave number 5 (period 24.4 days) has been reduced by less than 10%
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Figure B.7: The average amplitude (% concentration) of wave numbers 4 and 5 in the 122 day 
season plotted against the number of waves removed from the annual cycle

by using the first 14 waves of the annual cycle to detrend the data, and hence the information 

contained in the periods below 30 days has been only marginally attenuated.

In contrast, using wave number 15 and below to simulate the annual cycle reduces the 122 day 

day wave number 4 by 80%, however it also reduces wave number 5 by over 30% (Fig B.7). 

Such a large attenuation of wave number 5 would effectively create too large an uncertainty in 

the final results for this detrending method to be of any real use. (i.e., it would be unclear if a 

low value for wave number 5 would be due to a realistic reduction in this wavelength, or due to 

the removal of the annual cycle.) Likewise, using the first 13 waves to detrend the data results 

in little reduction of wave number 5 of the 122 day residual (Fig B:7), however wave number 

4 is only reduced by 60%. Although this may appear a large reduction, the amplitude of wave 

number 4 is almost 4 times the value of the asymptotic minimum value when 20 waves are used 

for the annual cycle. Again this would create uncertainty in the final result. In contrast, using 

wave number 14, the amplitude is less than double the minimum.
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It would therefore appear that removing waves 14 and below from the 365 day data produces 

the best trade off in reducing the amplitude of the 122 day residual wave number 4, whilst 

maintaining a large amplitude wave number 5. This corresponds to a removal of most waves with 

periods greater than 30 days, and hence a removal of the annual cycle. Therefore an analysis may 

be made of the “seasonal” data, confident that results are made from a periodic time series.
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Appendix C

High MSLP in the GASP data over 

Antarctica

Examination of the Australian Bureau of Meteorology’s Global Assimilation and Prediction 

(GASP) data revealed anomalously high MSLP over the interior of the Antarctic continent. This 

would appear to be due to the temperature at the lowest atmospheric level in the GASP data 

being analysed using surface data. This was investigated using the GASP data and the Melbourne 

University General Circulation Model (MUGCM).

Taking a single grid point (in this case the South Pole) on an arbitrary day (the GASP analysis of 

July 14,1991) gives this a MSLP of 1045.5 hPa. The MUGCM, using this day as an initial condi

tion, calculates the MSLP as 1008.2 hPa after just one day; a value far closer to the climatological 

Antarctic high of around 1000 hPa (Schlesinger (1984)). Examination of the relevant parame

ters (surface pressure, temperature at the 0.991 sigma level, and the temperature at the surface) 

shows the GASP surface pressure at the South Pole is 670.9 hPa, whereas in the MUGCM day 

it is actually higher, at 675.2 hPa. Hence, even though the MUGCM surface pressure is higher, 

its calculated MSLP is lower. The only way that this can be the case is if the 0.991 temperatures 

(from which the MSLP are calculated) are vastly different. Firstly, it should be examined as to 

why this is so.
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Atmospheric hydrostatic balance states that:

dp
Tz - ~ps <CI)

where p is atmospheric pressure, z is height, p the density of (dry) air, and g the acceleration due 

to gravity (9.8ms-1)

If we consider the equation of state for dry air:

p = pRT (C.2)

where R is the gas constant for dry air (R = 287 J kg-1 K-1), and T the temperature of the air 

mass, the result is a formula relating the height difference between two pressure fields to the 

mean temperature of the layer and the pressures.

rpi
Zi) = —R I 

dp2
lm, PiTdlnp = RT In

P2
(C.3)

where T is the mean temperature of the layer. If the mean sea level height is 0 metres then the 

equation becomes:

z — Al

g Po
(C.4)

where p0 is the pressure at z = 0 

Hence:

p(0) = p(z)eir (C.5)
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Assuming a standard atmosphere, with a lapse rate (7) of 0.65°C per 100 metres, the temperature 

at the mean sea level can be easily calculated and hence the mean temperature of the layer 

determined.

T = 0.5(z2 - 2:1)7 (C.6)

Hence it becomes apparent that a higher 0.991 sigma level temperature (from which the MSLP 

is calculated) will lead to a higher mean temperature for the layer, and hence, from equation C.5, 

a lower MSLP.

Examination of the point at the South Pole showed the temperature at the 0.991 sigma level 

for the GASP data was 213.5 K, whereas in the MUGCM data this was 237.1 K. This clearly 

shows the reason for the higher MSLP in the GASP data, but it does not explain why GASP 

has a lower 0.991 sigma level temperature. Examination of the surface temperatures for the 

GASP and the MUGCM run show both to be around 214 K: very similar to the GASP 0.991 

sigma level temperature, yet 23 K colder than the MUGCM 0.991 temperature. Inspection of 

the inversion strengths from Phillpot and Zillman (1970) show the inversion at the South Pole 

to be approximately 20 K. This suggests that the GASP 0.991 temperatures are more indicative 

of the surface temperature. This is acceptable over most of the globe, where 0.991 and surface 

temperatures are very similar, however, over the Antarctic continent, the surface and the air 

above are vastly different temperatures due to the large radiation inversion, and hence assuming 

0.991 sigma level and surface homogeneity is erroneous. Recent studies by Seaman (1997) 

suggests that GASP may adopt the use of standard pressure level temperatures in future MSLP 

calculations. This may produce an improved MSLP analysis over the Antarctic continent.

For the MUGCM runs, the MUGCM will almost instantaneously recalculate the surface and 

0.991 temperatures as it performs a surface energy balance, hence the high surface pressure of 

the GASP data will not have effected any results. However the high continental pressure over 

the Antarctic, in GASP, should be treated with great caution, and could even be rectified if the 

inversion is taken into account.
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