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The instrumental period

Abstract

The instrumental period began with the first voyages to the Southern Ocean during the Seventeenth and
Eighteenth centuries when scientists such as Edmund Halley made observations of quantities such as
geomagnetism. During the early voyages information was collected on the meteorological conditions across
the Southern Ocean, ocean conditions, the sea ice extent and the terrestrial and marine biology. The continent
itself was discovered in 1820, although the collection of data was sporadic through the remainder of the
Nineteenth Century and it was not possible to venture into the inhospitable interior of Antarctica. At the start
of the Twentieth Century stations were first operated year-round and this really began the period of organised
scientific investigation in the Antarctic. Most of these stations were not operated for long periods, which is a
handicap when trying to investigate climate change over the last century.
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4.1 Introduction 
 
The instrumental period began with the first voyages to the Southern Ocean during the 
Seventeenth and Eighteenth centuries when scientists such as Edmund Halley made 
observations of quantities such as geomagnetism. During the early voyages information was 
collected on the meteorological conditions across the Southern Ocean, ocean conditions, the 
sea ice extent and the terrestrial and marine biology. 

The continent itself was discovered in 1820, although the collection of data was 
sporadic through the remainder of the Nineteenth Century and it was not possible to venture 
into the inhospitable interior of Antarctica.  

At the start of the Twentieth Century stations were first operated year-round and this 
really began the period of organised scientific investigation in the Antarctic. Most of these 
stations were not operated for long periods, which is a handicap when trying to investigate 
climate change over the last century. 

The International Geophysical Year (IGY) in 1957/58 saw the establishment of many 
research stations across the continent and this period marks the beginning of many of the 
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environmental monitoring programmes. Thankfully many of the stations are still in operation 
today so that we now have some 50 year records of many meteorological parameters. 

The ocean areas around the Antarctic have been investigated far less than the continent 
itself. Here we are reliant on ship observations that have mostly been made during the 
summer months. Satellite observations can help in monitoring the surface of the ocean, but 
not the layers below. Even here quantities such as sea ice extent have only been monitored 
since the late 1970s, when microwave technology could be flown on satellites. 
 
 
4.2 Changes of Atmospheric Circulation 

 
4.2.1 Modes of variability 

 

4.2.1.1 Variability 
 
Within the atmospheric circulation of the high southern latitudes several so-called modes of 
variability can be discriminated. These circulation patterns appear more frequently than 
would be expected in a random sample, and can ‘describe’ a significant proportion of the 
total circulation variability. 

 
4.2.1.2 The Southern Annular Mode  

 
As pointed out in Chapter 1, the Southern Annular Mode (SAM) is the principal mode of the 
Southern Hemisphere extra-tropical atmospheric circulation. It can be described either as a 
‘flip-flop’ of atmospheric mass between mid- and high-latitudes, such that there are 
synchronous pressure (or geopotential height) anomalies of opposite sign in these two regions 
(e.g. Rogers and van Loon, 1982), or as a north-south shift in the mid-latitude jet resulting 
from both latitudinal vacillations in the jet and fluctuations in jet strength (Fyfe and Lorenz, 
2005). When pressures are higher (lower) than average over the Southern Hemisphere mid-
latitudes (Antarctica) the SAM is said to be in its positive phase (see Figure 4.1) and vice 

versa. 
The spatial pattern of the SAM varies negligibly with height in the atmosphere and is 

revealed as the leading mode of variability in many atmospheric fields (see Thompson and 
Wallace (2000) and references therein). Model experiments demonstrate that the structure 
and variability of the SAM results from the internal dynamics of the atmosphere (e.g. 
Limpasuvan and Hartmann, 2000). Synoptic-scale (a horizontal scale of greater than 1,000 
km) weather systems interact with the zonal mean flow to sustain latitudinal displacements of 
the mid-latitude westerlies. The SAM contributes a significant proportion of Southern 
Hemisphere climate variability (typically ~35%) from high-frequency to very low-frequency 
timescales, with this variability displaying a greater tendency to low frequency variability.  

Gridded reanalysis datasets have been used to derive time series of the SAM (e.g. 
Renwick, 2004). Due to the poor quality of current reanalyses products at high southern 
latitudes prior to the assimilation of satellite sounder data in the late 1970s (Hines et al., 
2000), long-term SAM time-series cannot be derived from them. Based on a definition by 
Gong and Wang (1999), Marshall (2003) produced a SAM index based on 12 appropriately 
located station observations in the extra-tropics and coastal Antarctica. This index itself is 
limited to the period following the IGY. Attempts have been made to reconstruct annual to 
century-scale records based on the SAM and associated atmospheric circulation features, 
such as surface pressure over Antarctica and the Southern Hemisphere westerlies. Souney et 
al. (2002a) used variability in Na concentrations from the Law Dome ice core, while Jones 
and Widmann (2003) employed tree-ring width chronologies: both these studies highlight the 
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decadal variability in their derived SAM time series. Yan et al. (2005) reconstructed past 
behaviour of the Southern Hemisphere westerlies at the edge of the polar vortex using the 
variability in Ca concentrations from West Antarctic ice cores. 

The SAM has shown significant positive trends over the past few decades, particularly 
during austral autumn and summer (e.g. Thompson et al., 2000; Marshall, 2003). The positive 
trend was especially pronounced from the mid-1960s until the end of the Twentieth Century, 
since when there has been a similar frequency of seasons with positive and negative SAM 
values (Figure 4.2). The positive trend in the SAM has resulted in a strengthening of the 
mean circumpolar westerlies of ~15% (Marshall, 2002), and contributed to the spatial 
variability in Antarctic temperature change (e.g. Thompson and Solomon, 2002; Kwok and 
Comiso, 2002; Schneider et al., 2004; Marshall, 2007), specifically a warming in the northern 
Peninsula region and a cooling over much of the rest of the continent. The SAM also impacts 
the spatial patterns of variability in precipitation across Antarctica (e.g. Genthon et al., 2003).  

The imprint of SAM variability on the Southern Ocean system is observed as a 
coherent sea level response around Antarctica (Aoki, 2002; Hughes et al., 2003), and by its 
regulation of Antarctic Circumpolar Current (ACC) flow through the Drake Passage 
(Meredith et al., 2004). Modelling studies show that a positive phase of the SAM is 
associated with northward (southward) Ekman drift in the Southern Ocean (at 30°S) leading 
to upwelling (downwelling) near the Antarctic continent (~45°S) (Hall and Visbeck, 2002; 
Lefebvre et al., 2004). These changes in oceanic circulation impact directly on the 
thermohaline circulation and may explain recent patterns of observed oceanic temperature 
change in the Southern Ocean  described by Gille (2002). Although the SAM is essentially 
zonal, a wave-number 3 pattern (three troughs and three ridges around the hemisphere) is 
superimposed, with a marked low pressure anomaly west of the Peninsula when the SAM is 
positive, leading to increased northerly flow and reduced sea ice in the region (Liu et al., 
2004). Raphael (2003) reported that diminished summer sea ice may in turn feed back into a 
more positive SAM. However, modelling work by Marshall and Connolley (2006) showed 
that increased sea surface temperatures (SSTs) at high southern latitudes will warm the 
atmosphere, and, through thermodynamical processes, cause the atmospheric centre-of-mass 
to rise and geopotential height to increase thus producing a more negative SAM.  
 
4.2.1.3 The Pacific-South American (PSA) pattern 

 
The El Niño–Southern Oscillation (ENSO) phenomenon is the largest climatic cycle on Earth 
on decadal and sub-decadal time scales, and can influence the weather and climate well 
beyond the low-latitude Pacific Ocean where it is most marked. ENSO is a coupled 
atmosphere-ocean phenomenon that involves a major reversal of the atmospheric and oceanic 
flows across the tropical Pacific Ocean. During the La Niña phase there is intense storm 
activity close to Indonesia and strong westward moving atmospheric and ocean flow across 
the Pacific near the Equator. During the El Niño phase the storm activity moves close to the 
date-line, with deep convection giving upper atmosphere divergence. This results in a quasi-
stationary Rossby Wave (atmospheric long wave) pattern becoming established in both 
hemispheres, so providing teleconnection patterns between high and low latitudes. 
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Figure 4.1 The austral summer SAM derived from gridded 500 hPa geopotential height 
monthly anomaly data (the 500 hPa surface is approximately at an elevation of 5 km above 
mean sea level) for 1989-2008. Here the SAM is in its positive phase with negative anomalies 
over the Antarctic and positive anomalies over the Southern Ocean. 
 
 
 
 

 
 

Figure 4.2 Seasonal values of the SAM index calculated from station data (Marshall, 2003). 
The smooth black curve shows decadal variations. This is an updated version of Figure 3.32 
from IPCC (2007). 
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In the Southern Hemisphere, the Rossby wave train is known as the Pacific-South 

American Association (PSA) and it links the central tropical Pacific and the Amundsen-
Bellingshausen Sea (ABS) (Figure 4.3). The most robust signals of ENSO are found across 
the South Pacific during winter and at this time of year, the wave train can be identified as 
anomalously high mean sea level pressure (MSLP) and upper level heights (heights of 
constant pressure surfaces) across the ABS, with anomalously low values to the east of New 
Zealand (Figure 4.4) (Karoly, 1989). Such circulation anomalies give generally colder 
temperatures across the Antarctic Peninsula, with more extensive sea ice, and warmer air 
arriving from the north across West Antarctica and the Ross Ice Shelf (Figure 4.4).  

During the La Niña phase of the cycle these anomaly patterns are broadly reversed with 
more cyclonic activity over the ABS and warmer winters experienced over the Antarctic 
Peninsula (Turner, 2004) (Figure 4.4).  

The PSA pattern is thought to be primarily related to ENSO. Nonetheless, it is 
prominent at many timescales even in the absence of a strong ENSO signal. Thus, the PSA 
may also be an internal mode of climate variability. Note that Mo and Higgins (1998) state 
that the PSA actually comprises two separate modes, each associated with enhanced 
convection in different parts of the Pacific and suppressed convection elsewhere. 

An alternative mechanism for the PSA teleconnection was proposed by Liu et al. 
(2002). They suggest that the increased convection associated with El Niño events alters the 
mean meridional atmospheric circulation through longitudinal changes to the Hadley 
circulation and subsequent alterations of the subtropical jet position and strength. Yuan 
(2004) suggests that the two mechanisms operate in phase and are comparable in magnitude.  

While there are general patterns of high-latitude climate anomalies that co-vary with 
ENSO, correlations suggest that teleconnections are small. A modelling study by Lachlan-
Cope and Connolley (2006) shows that this is because (i) Rossby wave dynamics are not 
well-correlated to ‘standard’ definitions of ENSO, because the relationship between upper 
level divergence and SSTs via deep convection is complex, and (ii) natural variation in the 
zonal flow of Southern Hemisphere high-latitudes can swamp the ENSO signal. Moreover, 
Fogt and Bromwich (2006) demonstrated that a weaker high-latitude teleconnection in spring 
during the 1980s compared to the following decade was due to the out-of-phase relationship 
between the PSA and SAM at this time: subsequently, the tropical and extra-tropical modes 
of climate variability had an in-phase relationship. 

Ice core records have provided insight into the tropical-Antarctic teleconnections in the 
pre-instrumental period. Schneider and Steig (2008) found positive temperature anomalies in 
West Antarctica over the period 1936-45, which they attributed to the major 1939-42 El Niño 
event.  

Although apparent throughout the year, the PSA demonstrates the strongest 
teleconnections to the Antarctic region in austral spring and summer. During these seasons an 
El Niño (or a La Niña) event is associated with significantly more (or less) blocking events in 
the southeast Pacific (Renwick and Revell, 1999). This pressure anomaly in the ABS is 
primarily responsible for the Antarctic Dipole (ADP) in the interannual variance structure in 
the sea ice edge and SST fields of the Southern Ocean, which are characterised by an out-of-
phase relationship between anomalies in the central/eastern Pacific (ABS) and the Atlantic 
(Weddell Sea) sectors (Yuan and Martinson, 2001: see Figure 4.4). In addition, the ADP sea 
ice anomalies are reinforced by ENSO-related storm track variability, which influences the 
Ferrel cell (the vertical circulation cell located between the Hadley Cell of the tropics and the 
Polar Cell of the high latitude areas) by changing the meridional heat flux 
divergence/convergence and shifting the latent heat release zone, which in turn modulates the 
mean meridional heat flux that impacts sea ice extent. Correlations with ENSO indices imply 
that up to 34% of the variance in sea ice edge is linearly related to ENSO (Yuan and 
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Martinson, 2000), while Gloersen (1995) showed that different regions of sea ice respond to 
ENSO at different periodicities. The strongest sea ice correlations associated with ENSO 
occur at 120-132º W (in the ABS) lagging the tropical temperature anomaly by 6 months; so 
the austral spring/summer ENSO signal is observed in the subsequent ice growth period in 
autumn/winter (Yuan and Martinson, 2000). Note that the temporal quasi-periodic nature of 
both ENSO and the ice anomalies prevents the identification of direction of causality. Kwok 
and Comiso (2002) state that recent trends in sea ice extent in both the Bellingshausen Sea 
and Ross Sea are related directly to ENSO variability.  

 
 
 
 
 

 
 
 
Figure 4.3 The PSA teleconnection pattern of positive and negative pressure anomalies (hPa) 
(after Mo and Higgins, 1998). Notice the chain of anomalies from Australia and the central 
Pacific and the ‘centre of action’ west of the Antarctic Peninsula.  
 
 
4.2.1.4 The Antarctic Circumpolar Wave 

 
The Antarctic Circumpolar Wave (ACW), first defined by White and Peterson (1996), is an 
apparent easterly progression of phase-locked anomalies in Southern Ocean surface pressure, 
winds, SSTs and sea-ice extent (Figure 4.5). It thus represents a coupled mode of the ocean-
atmosphere system. The ACW has a zonal wavenumber of 2 (meaning a wavelength of 
180°), and the anomalies propagate at a speed of 6-8 cm/sec such that they take 8-10 years to 
circle Antarctica, giving the ACW a period of 4-5 years. A similar feature has also been 
identified in sea surface height using satellite altimeter data (Jacobs and Mitchell, 1996). 
Given the much shorter response times of the atmosphere, these authors proposed that the 
ocean plays an important part in creating and maintaining the ACW. As there is little 
Antarctic multiyear ice, Gloersen and White (2001) suggested that the memory of the ACW 
in the sea ice pack is carried from one austral winter to the next by the neighbouring SSTs. 
White et al. (2004) showed a complex tropospheric response to sea ice anomalies that, for 
example, explained anomalous poleward surface winds and deep convection observed with 
negative sea ice edge anomalies. 
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Figure 4.4 SST anomaly composites (°C) for (a) El Niño conditions and (b) La Niña 
conditions. Schematic jet streams (STJ is the subtropical jet and PFJ is the polar front jet), 
persistent anomalous high and low pressure centres, and heat fluxes are also marked. (Yuan, 
2004). 
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Figure 4.5 Simplified schematic summary of interannual variations in sea surface 
temperature (red, warm; blue, cold), atmospheric sea level pressure (bold H (high) and L 
(low)), and sea ice extent (grey line), together with the mean course of the Antarctic 
Circumpolar Current (green). Heavy black arrows depict the general eastward motion of the 
anomalies, and other arrows indicate communications between the circumpolar current and 
more northerly tropical gyres (White and Peterson, 1996). 
 
 

Some authors have suggested that an ACW signal can be observed in an Antarctic ice 
core over the last 2000 years (Fischer et al., 2004). But, since the initial discovery of the 
ACW, others have questioned its persistence.  Several observational and modelling studies 
have indicated that the ACW is not apparent in recent data before 1985 and after 1994 (e.g. 
Connolley, 2003), which is somewhat fortuitously the period that White and Peterson (1996) 
chose for their original analysis. In addition, there has been some discussion on one of its key 
characteristics, whether it really has a wave number 2 pattern. Many studies (e.g. Cai et al. 
1999) have indicated that an ACW-like feature is apparent in GCM control runs but that it 
has a preferred wavenumber 3 pattern. Venegas (2003), using frequency domain 
decomposition, suggested that the ACW comprises two significant interannual signals that 
combine constructively/destructively to give the observed irregular fluctuations of ACW on 
interannual time scales, as also seen in GCM studies. The two signals comprise (i) a 3.3 year 
period of zonal wavenumber 3 and (ii) a 5 year period of zonal wavenumber 2, which was 
particularly pronounced during the period studied by White and Peterson. 

However, most of the ACW debate has centred on its forcing mechanisms and, as a 
consequence, the very nature of its existence. For example, White et al. (2002) state explicitly 
that the ACW exists independently of the tropical standing mode of ENSO, and that its 
eastward propagation depends upon atmosphere-ocean coupling rather than on advection by 
the ACC: both these points have been refuted in the literature. The ADP (Yuan and 
Martinson, 2001), described previously, has the same wavelength as the ACW, but key 
differences are that the associated variability is twice that of the ACW, and that the dipole 
consists principally of a strong standing mode together with a much weaker propagating 
motion. Moreover, Yuan and Martinson (2001) state that the ADP is clearly associated with 
ENSO events. Several other authors have found that ENSO variability is important in driving 
a geographically fixed standing wave in Southern Ocean interannual variability, that is 
centred in the South Pacific and linked to the PSA pattern (Cai et al., 1999; Venegas, 2003; 
Park Y. et al., 2004). 
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Furthermore, several papers mention the ACC as the means of anomaly propagation. In 
an ocean model forced by realistic stochastic (random) anomalies, Weisse et al. (1999) 
showed that the ocean acts as an integrator of short-term atmospheric fluctuations (white 
noise) and turns them into a lower frequency signal (red noise); subsequently the average 
zonal velocity of the ACC determines the timescale of the oceanic variability and thus the 
propagation speed and period of the ACW (Cai et al., 1999; Venegas, 2003). The results of 
the study of Park Y. et al. (2004) indicated that any such propagating anomalies comprised 
only ~25% of interannual Southern Ocean SST variability and are often rapidly dissipated in 
the Indian Ocean, are intermittent in phase and frequently do not complete a circumpolar 
journey (Figure 4.6). Hence, they questioned the existence of the ACW, as originally 
described by White and Peterson (1996). 
 

 

 
 
 

Figure 4.6 Temporal variations at 140°W of the total (black line), stationary (red line), and 
eastward (blue line) SST. Values are normalized by a standard deviation of the total SST. The 
Southern Oscillation Index (a measure of the phase of the El Niño – Southern Oscillation) is 
shown by a micro-dashed line, but with its sign being reversed and its zero axis being 
displaced by +2 to better compare with peaks of SST (Park Y. et al., 2004). 
 
 

4.2.2 Depression Tracks 

 
The paths of cyclones, known as depression or storm tracks, can be obtained using three 
broad methodologies. First, individual weather systems can be identified by their cloud 
signatures in satellite imagery or meteorological charts, and their subsequent paths can then 
be determined from further multitemporal imagery. The polar regions are well-suited to this 
kind of analysis because polar orbiting satellites provide many overlapping passes at high 
latitudes. Although attempts have been made to automate this process, most studies to date 
have been done manually, and the labour-intensive nature of this process means that the time 
periods covered are relatively short. For example, Turner et al. (1998) examined 12 months 
of AVHRR data in the Antarctic Peninsula sector during which 504 synoptic-scale lows were 
identified. 
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The availability of gridded data from numerical weather prediction (NWP) models and 
reanalyses allows entirely automated methods to be used that can provide climatological 
information on depression tracks, including trends. System-centred tracking is achieved by 
searching for local minima in certain fields, such as MSLP (e.g. Jones and Simmonds, 1993), 
or maxima in vorticity (e.g. Hoskins and Hodges, 2005). An example of the resultant tracks at 
high southern latitudes is shown in Figure 4.7a. A final methodology is to utilise Eulerian 
storm-track diagnostics by identifying the variance of vorticity at synoptic-timescales (2-6 
days). Figure 4.7b is an equivalent figure to 4.7a using that method: note the significant 
difference in results in the circumpolar trough (CPT) with the system-centred approach 
finding a maximum, while the Eulerian method indicates relatively little cyclone activity at 
that site. The satellite-imagery study of Turner et al. (1998) reveals that there is indeed a 
maximum in cyclone activity at that site. 

There is a marked difference between the main CPT storm track in austral summer and 
winter. In the summer it is nearly circular and confined to high-latitudes south of 50°S. In 
winter (Fig 4.7a) the storm track is more asymmetric with a spiral from the Atlantic and 
Indian Oceans in towards Antarctica, and a pronounced sub-tropical jet (STJ) - related storm 
track at ~35°S over the Pacific (e.g. Hoskins and Hodges, 2005). Simmonds and Keay (2000) 
found that the mean track length of winter systems (2,315 km) was slightly longer than in 
summer (1,946 km). The equinoctial seasons have depression track patterns intermediate 
between summer and winter. The CPT has a maximum in storm activity in the Atlantic and 
Indian Ocean regions at all times of year. While the previous description relates to the mean 
climatology, individual weather systems can behave differently; for example, many studies 
have shown cases where cyclones have a strong northerly track, particularly when associated 
with cold-air outbreaks from the Antarctic continent. The automated procedures can also be 
used for locating and tracking anticyclones. In such a study, Sinclair (1996) found that south 
of 50°S anticyclones were generally rare, but their tracks were associated with the main 
regions of blocking in the South Pacific as described previously. 

Using gridded data, Simmonds and Keay (2000) showed that annual and seasonal 
numbers of cyclones have decreased at most locations south of 40°S during the 1958-97 
period examined, and can be related to changes in the SAM. The latter is associated with a 
decline in pressure around Antarctica so there has been a trend to fewer but more intense 
cyclones in the circumpolar trough. One exception is the Amundsen-Bellingshausen Sea 
region where cyclonic activity has increased (Simmonds et al., 2003) 
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Figure 4.7 (a) Depression tracks for winter 1985-89. From Jones and Simmonds (1993). (b) 
Bandpass-filtered (2-6 day) variance converted to standard deviation for ξ250 for winter 1958-
2002. This quantity provides a measure of storm activity and indicates the tracks of major 
storms. From Hoskins and Hodges (2005). The shaded areas show the large atmospheric 
variability associated with the frequent passage of depressions.  
 
 
4.2.2.1 Depression formation and decline  

 
Depression tracking studies can also show the locations where a weather system is first and 
last identified, respectively cyclogenesis and cyclolysis. By collating data from all cyclones 
examined, regions of preferred cyclogenesis and cyclolysis may be determined. Using data 
from the NCEP-NCAR reanalysis, Simmonds and Keay (2000) showed there to be a net 
creation of cyclones (i.e. cyclogenesis is greater than cyclolysis) north of 50°S and net 
destruction south of this. Most Southern Hemisphere cyclogenesis actually occurs at very 
high latitudes (~60°S) in the CPT but rates of cyclolysis there are even higher. Turner et al. 
(1998) found that about half the systems in the Antarctic Peninsula region formed within the 
CPT and half spiralled in from further north. Simmonds et al. (2003) also revealed the 
northern part of the Peninsula to be a region of high cyclogenesis. Some of these systems 
formed through lee cyclogenesis — a dynamical process associated with the passage of air 
over a barrier — to the east of the Antarctic Peninsula. Other important regions of 
cyclogenesis within the CPT are in the Indian Ocean sector, with a maximum at 65°S, 150°E 
(Hoskins and Hodges, 2005) at the edge of the sea ice. Cyclolysis is generally confined to the 
CPT, with maxima in the Indian Ocean and also the Bellingshausen Sea, where the steep, 
high Antarctic Peninsula often prevents weather systems passing further to the east: such 
areas are known as ‘cyclone graveyards’. 
 
4.2.2.2 Blocking events 
 
Normally, low pressure systems do not intrude into the high inland area. Sometimes, in 
winter, blocking events occur and depressions from lower latitudes are channelled south over 
the ice sheet (Enomoto et al., 1998; Hirasawa et al., 2000; Pook and Gibson, 1999; Schneider 
et al., 2004). During these blocking events, an abrupt increase of surface temperature up to 
40ºC may occur within a few days, accompanied by a heavy snowfall, that significantly 
influences accumulation on the inland ice sheet.  These events are not common, but may have 
a pronounced effect on the energy balance of inland areas and on the annual layer formation 
seen in ice cores. 
 

4.2.3 Teleconnections 

 

4.2.3.1 Atmospheric linkages 

 
Section 4.2.1.3 described the teleconnections between the ENSO cycle of the tropical Pacific 
and the Antarctic. However, a problem is that while many of the El Niño and La Niña events 
give the atmospheric anomaly patterns described earlier, some of these events have resulted 
in very different conditions. For example, the 1982/83 El Niño event was one of the largest of 
the last century, but the region of positive MSLP/height anomaly was displaced towards the 
tip of South America so the Antarctic Peninsula had only average conditions rather than the 
low temperatures usually associated with El Niño events. In fact, the PSA is generally more 
variable than the Pacific North American Association, making it much more difficult to 
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anticipate how the Antarctic atmosphere will respond as an El Niño event starts to become 
established.  

In recent decades there has been a trend towards more frequent and more intense El 
Niño events. We could therefore expect MSLP values to have risen across the ABS and there 
to have been colder winter season temperatures across the Antarctic Peninsula and warmer 
conditions in the Ross Sea area. However, this has not happened, indicating that the winter 
warming on the western side of the Peninsula is not a direct result of changes in ENSO. 

Bertler et al. (2004) noted a shift of the Amundsen Sea Low eastwards during some El 
Niño events and such a result would be consistent with the recent observed cooling in the 
Ross Sea area (Doran et al., 2002). However, this area has experienced jumps in the 
relationship between ENSO and West Antarctic precipitation (Cullather et al., 1996) 
indicating the variable nature of the teleconnections. In addition, the Antarctic Peninsula, far 
from cooling, has experienced the largest increase of temperature anywhere in the Southern 
Hemisphere (Turner et al., 2005a). 

In summary, while the relatively short timeseries that we have of Antarctic 
meteorological observations and atmospheric analyses do suggest that tropical atmospheric 
and oceanic conditions affect the climate of the Antarctic and the Southern Ocean the 
connections do vary with time and are rather non-linear. Ice core proxies for El Niño are 
emerging to help fll this gap, notably the MSA proxy for the last 500 years of El Niño 
produced from a South Pole ice core (Meyerson et al., 2002). However, the teleconnections 
are not as robust as those in the Northern Hemisphere. In addition, many other factors in the 
Antarctic climate system, such as the variability in the ocean circulation, the development of 
the ozone hole and the large natural variability of the high latitude climate, all affect 
atmospheric conditions and can mask the tropical signals. 
 

4.2.3.2 Oceanic Coupling 

 
The atmospheric processes described above have strong impacts on the high latitude Southern 
Ocean, which can (via complex feedback mechanisms) produce changes to the large-scale 
coupled atmosphere/ocean/ice system. The atmospheric Rossby wave associated with ENSO 
(the PSA association) produces anomalies in SSTs across the Southern Ocean, via processes 
including changes to the surface heat budget associated with changes in clouds and radiation 
(Li, 2000). These changes are especially manifest in the South Pacific (Figure 4.4).  

The SST anomalies so created lie largely within the domain of the ACC, and hence are 
subsequently advected eastward. A typical timescale for advection across the South Pacific 
and into the South Atlantic is 2 years. This eastward procession was previously associated 
with the concept of an Antarctic Circumpolar Wave (White and Peterson, 1996), whereby 
pairs of coupled anomalies in SST, sea ice concentration, winds etc propagate eastward 
around Antarctica. The potential ENSO trigger for such a wave was recognised early (e.g. 
Peterson and White, 1998), however it is now known that this phenomenon exists only during 
certain time periods, and is distorted or absent during others (Connolley, 2003).  

Despite this, it is important to recognise that the SST anomalies that are advected 
around the Southern Ocean are subject to further air-sea interaction as they propagate, and 
will be magnified or diminished as a result. The southeast Pacific is one region very 
susceptible to ENSO forcing (see above), and Meredith et al. (2007) showed that the phasing 
of advection of SST anomalies across the South Pacific generally coincides with that of 
ENSO, such that positive reinforcement of the SST anomalies occurs here. This acts to 
sustain the anomalies as they propagate eastward. As ENSO-induced anomalies propagate 
eastward within the ACC, phased changes on comparable timescales occur further south 
within the subpolar gyres (e.g. Venegas and Drinkwater, 2001). 
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ENSO is not the only tropical/equatorial phenomenon with a teleconnection to high 
southern latitudes. The Madden-Julian Oscillation (MJO, Madden and Julian, 1994) is the 
dominant mode of intraseasonal variability in the tropical atmosphere, and is associated with 
large-scale convective anomalies that propagate slowly eastward from the Indian Ocean to 
the western Pacific with a period of approximately 30-70 days. Matthews and Meredith 
(2004) showed that during the southern winter the MJO has an atmospheric extratropical 
response that impacts on the surface westerly winds around the 60ºS latitude band, which are 
the winds that drive the ACC. They were able to show that changes in the ACC were induced 
in response to tropical variability. The total timescale for MJO to influence ACC transport 
was of the order of 1-2 weeks.   

In addition to teleconnections from lower latitudes influencing the Southern Ocean and 
Antarctica, it is now known that they can operate in the reverse direction also. Recent studies 
(e.g. Ivchenko et al., 2004; Blaker et al., 2006) have demonstrated that signals generated in 
regions such as the Weddell Sea by anomalies in the cover of sea ice or the upper-layers of 
the ocean can propagate through the Drake Passage to the western Pacific as fast ocean 
barotropic Rossby waves. The time scale for this propagation is just a few days, and 
subsequently the signal propagates as an oceanic Kelvin wave along the western boundary 
and the equator, reaching the equatorial western coast of South America after 2-3 months. 
This impact on the equatorial regions raises the prospect of a potential high-latitude influence 
on ENSO, and hence complex coupled ocean-atmosphere feedbacks between the equatorial 
Pacific and high latitude Southern Ocean. Ongoing research is investigating this possibility. 

Studies with a coupled global climate model (Richardson et al., 2004) indicate a inter-
hemispheric coupling on the time scale of 10 years. A freshwater anomaly generated in the 
Southern Ocean inhibits the ventilation of deep waters around Antarctica which causes the 
deep ocean to warm and the surface to cool. Cooling induces an increase of sea ice thickness 
and extent which causes cooling of the atmosphere. The cooling signal propagates in the 
Pacific to the Northern Hemisphere in less then a decade where it affects the North Atlantic 
Oscillation. 
 
 
4.3 Temperature changes 
 

4.3.1 Surface temperature 

Surface temperature trends across the Antarctic can be determined using a number of 
different forms of data, including the in-situ observations, satellite infra-red imagery and ice 
core isotope measurements. In order to get a reasonable estimate of trends it is necessary to 
use all these data. 

The in-situ observational record of Antarctic surface temperatures is rather sparse and 
sporadic before the IGY (see Appendix A in King and Turner, (1997)), although the Orcadas 
series from Laurie Island, South Orkney Islands began in 1903 and the Faraday 
Station/Argentine Islands record began in 1947. However, we are fortunate in having around 
16 stations on the Antarctic continent or islands that have reported on a near-continuous basis 
since the IGY. In addition, a further six stations started reporting during the 1960s, so that we 
have around two dozen time series that allow the investigation of temperature trends. 
Unfortunately, the vast majority of the stations are in the Antarctic coastal region or on the 
islands of the Southern Ocean, with only Vostok and Amundsen-Scott Station being in the 
interior of the continent. 

The in-situ record has been used by several workers to investigate temperature changes 
across the continent and Southern Ocean (Jacka and Budd, 1991; Jacka and Budd, 1998; 
Jones, 1995; Raper et al., 1984). Many of the records were scattered across a number of data 
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centres and it was unclear as to the amount of quality control that had been carried out on the 
observations. SCAR therefore initiated the READER (Reference Antarctic Data for 
Environmental Research) project to bring as many of the observations together as possible, 
quality control the data and produce a new data base of monthly mean temperatures (Turner 
et al., 2004). The READER data base is available online at 
http://www.antarctica.ac.uk/met/READER/. 

The READER data base has now been used in a number of studies concerned with the 
climate of the Antarctic, including that of Turner et al. (2005a), which considered changes 
since the start of the routine instrumental record. Here we will use the READER data base 
and the online meteorological data maintained by Dr. Gareth Marshall 
(http://www.antarctica.ac.uk/met/gjma/) to examine how Antarctic temperatures have 
changed over the period of the instrumental record.  

Surface temperature trends from the station data since the early 1950s illustrate a strong 
dipole of change, with significant warming across the Antarctic Peninsula, but with little 
change across the rest of the continent (Figure 4.8a). The largest warming trends in the 
annual mean data are found on the western and northern parts of the Antarctic Peninsula. 
Here Faraday/Vernadsky Station has experienced the largest statistically significant (<5% 
level) trend of  +0.53 o C/dec for the period 1951-2006. Rothera station, some 300 km to the 
south of Faraday, has experienced a larger annual warming trend, but the shortness of the 
record and the large inter-annual variability of the temperatures means that the trend is not 
statistically significant. Although the region of marked warming extends from the southern 
part of the western Antarctic Peninsula north to the South Shetland Islands, the rate of 
warming decreases away from Faraday/Vernadsky, with the long record from Orcadas on 
Laurie Island, South Orkney Islands only having experienced a warming of +0.20oC/decade. 
This record covers a 100-year period rather than the 50 years for Faraday. For the period 
1951-2000 the temperature trend was +0.13oC/decade. 

Determining temperature trends across the interior of the Antarctic is difficult as there 
are only two stations with long records. However, attempts have been made to extrapolate the 
station trends across the rest of the continent. Chapman and Walsh (2007) produced estimates 
of annual tends (Figure 4.8b) and found the greatest warming over the Antarctic Peninsula, 
but with a small warming (~0.1º C/dec) across West Antarctica and much of East Antarctica. 
However, they also found cooling in a swath from the South Pole to Halley Station. 

Steig et al. (2009) use statistical climate-field-reconstruction techniques to produce 
similar fields of trends for the seasons and the year as a whole. The annual trends (Figure 
4.8c) show significant warming over most of West Antarctica with trends greater than 0.1º 
C/dec over the last 50 years. The trends are greatest during the winter and spring. 

There has been a great deal of debate about the causes of the recent temperature 
changes across the continent. The summer warming on the eastern side of the Antarctic 
Peninsula has been shown to be a result of anthropogenic activity, and particularly the spring 
time loss of stratospheric ozone (Marshall et al., 2006). For the continent as a whole Gillett et 
al. (2009) carried out a formal attribution study to determine whether the observed changes 
were within the range of natural climate variability or whether they were a result of 
anthropogenic forcing. They found that recent changes were not consistent with internal 
climate variability or natural climate drivers alone, and were directly attributable to human 
influence. 

Prior to the establishment of the research stations in the middle of the Twentieth 
Century we are reliant on ice core data to investigate surface temperature changes. Many 
studies have used single and multiple cores to investigate changes at selected sites or to 
investigate regional change. However, ‘stacking’ multiple cores can provide insight into 
Antarctic-wide change. Schneider et al. (2006) stacked several isotope records from ice cores 
to obtain a continental pattern of temperature over the past 200 years. The ice core stack was 
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found to be well correlated with annual mean temperature and the data suggested warming of 
0.2º C since the late nineteenth century. The paper suggested that recent Antarctic cooling is 
superimposed on longer term warming, with the more recent cooling being attributed to the 
SAM strengthening. 

There is also evidence of climatic changes over the Southern Ocean. In recent decades, 
instrumental data recorded at the South African Weather Service 
station on Marion Island (46º 32’ S and 37º 30’ E) shows that the local climate of this island 
has undergone significant changes since the 1960s, mostly in the austral summer. These 
include a decrease in rainfall, an increase in non-rainy days, changes in wind speed and 
direction, and an increase in maximum and minimum local air temperature and in nearshore 
SST. Research suggests that the changes are linked to the well-documented shift of the 
semiannual oscillation and SAM after about 1980 (Rouault et al., 2005). 
 
(a) 
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Figure 4.8. Estimates of Antarctic surface temperature trends. (a) Near-surface temperature 
trends for 1951-2006 based on station data. (b)  Linear trends of annual mean surface air 
temperature (°C /dec) for the period 1958–2002. Greens and blues denote cooling; yellows 
and reds denote warming. Significant trends are indicated by hatching (95% = single 
hatching; 99% = crosshatching). From Chapman and Walsh (2007) (c) Winter season 
temperature trends reconstructed using infrared satellite data. NS indicates the trends are not 
significant in this area. From Steig et al. (2009). 
 
 

Satellite-derived surface temperatures for the Antarctic have been used to investigate 
the extent of the region of extreme variability, since this was not possible with the sparse 
station data. King and Comiso (2003) found that the region in which satellite-derived surface 
temperatures correlated strongly with west Peninsula station temperatures was largely 
confined to the seas just west of the Peninsula. It was also found that the correlation of 
Peninsula surface temperatures with those over the rest of continental Antarctica was poor, 
confirming that the west Peninsula is in a different climate regime. 

The warming on the western side of the Antarctic Peninsula has been largest during the 
winter season, with the winter temperatures at Faraday increasing by +1.03oC/decade over 
1950-2006. In this area there is a high correlation during the winter between the sea ice extent 
and the surface temperatures, suggesting more sea ice during the 1950s and 1960s and a 
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progressive reduction since that time. King and Harangozo (1998) found a number of ship 
reports from the Bellingshausen Sea in the 1950s and 1960s when sea ice was well north of 
the locations found in the period of availability of satellite data, suggesting some periods of 
greater sea ice extent than found in recent decades. However, there is very limited sea ice 
extent data before the late 1970s, so we have largely circumstantial evidence of a mid-century 
sea ice maximum at this time. At the moment it is not known whether the warming on the 
western side of the Peninsula has occurred because of natural climate variability or as a result 
of anthropogenic factors. 

Temperatures on the eastern side of the Peninsula have risen most during the summer 
and autumn months, with Esperanza having experienced a summer increase of  
+0.41oC/decade between 1946-2006. This temperature rise has been linked to a strengthening 
of the westerlies that has taken place as the SAM has shifted into its positive phase (Marshall 
et al., 2006). Stronger winds have resulted in more relatively warm, maritime air masses 
crossing the peninsula and reaching the low-lying ice shelves on the eastern side. 

Around the rest of the Antarctic coastal region there have been few statistically 
significant changes in surface temperature over the instrumental period. The largest warming 
outside the Peninsula region is at Scott Base, where temperatures have risen at a rate of 
+0.29°C/decade, although this is not statistically significant. The high spatial variability of 
the changes is apparent from the data for Novolazarevskya and Syowa, which are 1,000 km 
apart. The former station has warmed at a rate of +0.25°C/decade between 1962–2000, which 
is significant at the 10% level, whereas the record from Syowa shows almost no change over 
this period. 

One area of the Antarctic where marked cooling has been noted, at least over a 
relatively short time period, is the McMurdo Dry Valleys. Here automatic weather station 
(AWS) data for 1986-2000 shows that there has been a cooling of 0.7oC/decade, with the 
most pronounced cooling being in the summer (the December-February tend was 
1.2oC/decade, statistically significant at the 2% level) and autumn (March-May trend of 
2.0oC/decade, statistically significant at close to the 10% level). Winter (June-August) and 
spring (September-November) show small temperature increases of (0.6oC and 0.1oC/decade, 
which are not significant) (Doran et al., 2002). Bertler et al. (2004) suggest that this short-
term cooling is associated with ENSO-driven changes in atmospheric circulation. 

On the interior plateau, Amundsen-Scott Station at the South Pole has shown a small 
cooling in the annual mean temperature of -0.05º C/dec over 1958-2008, although this trend 
is not statistically significant. This small cooling is thought to be a result of fewer maritime 
air masses penetrating into the interior of the continent. The data show a cooling throughout 
the year, with the largest change being during the summer, however, only the annual change 
is statistically significant. The other plateau station, Vostok, has not experienced any 
statistically significant change in temperatures, either in the annual or seasonal data, since the 
station was established in 1958. 

A recent analysis of the in-situ surface meteorological observations (Chapman and 
Walsh, 2007) gridded the available observations and analysed the trends. For the period 
1958-2002 they found a modest warming over much of the 60°–90°S region, although the 
largest warming trends were over the Antarctic Peninsula. They also identified a zone of 
cooling stretching from Halley Station to the South Pole. They found overall warming in all 
seasons, with winter trends being the largest at +0.172°C/decade while summer warming 
rates were only +0.045°C/decade. For the 45 year period the temperature trend in the annual 
means was +0.082°C/decade. Interestingly the trends computed were very sensitive to start 
and end dates, with trends calculated using start dates prior to 1965 showing overall warming, 
while those using start dates from 1966 to 1982 show net cooling over the region. Because of 
the large interannual variability of temperatures over the continental Antarctic, most of the 
continental trends are not statistically significant significant through 2002.   
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The temperature records from the Antarctic stations suggest that the trends at many 
locations are dependent on the time period examined, with changes in the major modes of 
variability affecting the temperature data. Perhaps the largest change in climatic conditions 
across the high southern latitudes has been the shift in the SAM into its positive phase during 
austral summer and autumn (see Section 4.2.1.2). The SAM has changed because of the 
increase in greenhouse gases and the development of the Antarctic ozone hole, although the 
loss of stratospheric ozone has been shown to have had the greatest influence during Austral 
summer (Arblaster and Meehl, 2006). During austral autumn, the causality of the upward 
SAM trends is not well understood, as stratospheric ozone changes do not appear to play a 
major role (Fogt et al., In Press). As discussed at many points in this document, the changes 
in the SAM have influenced many aspects of the Antarctic environment over recent decades. 

Thompson and Solomon (2002) considered the surface temperature trends over 1969-
2000 and showed that the contribution of the SAM was a warming over the Antarctic 
Peninsula and a cooling along the coast of East Antarctica (Figure 4.9). They only considered 
the months of December to May, which was when the largest change in the SAM has taken 
place. They attributed the trends primarily to changes in the polar vortex as a result of the 
development of the Antarctic ozone hole. While the major loss of stratospheric ozone occurs 
in the spring, the greatest changes in the tropospheric circulation, such as the strengthening of 
the westerlies, has been in the summer and autumn. There is therefore a downward 
propagation of the vortex strengthening, with it starting in the spring in the stratosphere and 
moving down through the troposphere to the surface through the summer and autumn. As 
discussed earlier, the warming on the eastern side of the Antarctic Peninsula has been linked 
to the stronger westerlies associated with the changes in the SAM. However, the large winter-
season warming on the western side of the peninsula appears to be largely independent of 
changes in the SAM. 

It is very important to determine the surface temperature trends across the high 
Antarctic plateau, but as noted earlier, there are only two stations with long temperature 
records. Since the mid-1980s many AWSs have been deployed in the interior, filling 
important gaps in the observational network. These can provide valuable indications of 
temperature trends at remote locations, although few AWS systems have been maintained at 
the same locations since the 1980s and there can be gaps in the data when systems fail during 
the winter. 

Another means of examining temperature trends is via the infra-red imagery from the 
polar orbiting satellites. Such imagery can only be used under cloud-free conditions, and 
provides data on the snow surface rather than at the standard meteorological level of 2 m 
above the surface, but with such high spatial coverage it provides a very valuable supplement 
to the in-situ observations. Comiso (2000) used the NOAA AVHRR imagery to investigate 
the trends in skin temperature across the Antarctic over the period 1979-1998. The satellite-
derived temperatures were compared with the in-situ observations from 21 stations and found 
to be in good agreement with a correlation coefficient of 0.98. The trends showed a cooling 
across much of the high plateau of East Antarctica and across Marie Byrd Land (-0.1 to -0.2º 
C/yr), with the former being consistent with the trends derived by Thompson and Solomon 
(2002), although the Comiso trends are for annual data and the Thompson and Solomon study 
is concerned only with the summer and autumn. 
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Figure 4.9. December-May trends (left) and the contribution of the SAM to the trends (right). 
Top, 22-year (1979-2000) linear trends in 500 hPa geopotential height. Bottom: 32-year 
(1969-2000) linear trends in surface temperature and 22-year (1979-2000) linear trends in 
925 hPa winds. Shading is drawn at 10 m per 30 years for 500 hPa height and at increments 
of 0.5º K per 30 years for surface temperature. The longest vector corresponds to about 4 m/s. 
From Thompson and Solomon (2002). 
 

 
In recent decades many relatively short ice cores have been drilled across Antarctica by 

initiatives such as the International Trans Antarctic Science Expedition (ITASE) (Mayewski 
et al, 2006). These provide data over roughly the last 200 years and therefore provide a good 
overlap with the instrumental data. Large-scale calibrations have been carried out between 
satellite-derived surface temperature and ITASE ice core proxies (Schneider et al., 2006). 
Their reconstruction of Antarctic mean surface temperatures over the past two centuries was 
based on water stable isotope records from high-resolution, precisely dated ice cores. The 
reconstructed temperatures indicated large interannual to decadal scale variability, with the 
dominant pattern being anti-phase anomalies between the main Antarctic continent and the 
Antarctic Peninsula region, which is the classic signature of the SAM. The reconstruction 
suggested that Antarctic temperatures had increased by about 0.2º C since the late nineteenth 
century. They found that the SAM was a major factor in modulating the variability and the 
long-term trends in the atmospheric circulation of the Antarctic. 
 

4.3.2 Upper air temperature changes 

 
Analysis of Antarctic radiosonde temperature profiles indicates that there has been a warming 
of the troposphere and cooling of the stratosphere over the last 30 years. This is the pattern of 
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change that would be expected from increasing greenhouse gases, however, the mid-
tropospheric warming in winter is the largest on Earth at this level. The data show that 
regional mid-tropospheric temperatures have increased most around the 500 hPa level with 
statistically significant changes of 0.5 – 0.7ºC/decade (Figure 4.10) (Turner et al., 2006). 
Figure 4.10 indicates warming at many of the radiosonde stations around the continent, but a 
clear pattern of winter warming is apparent around the coast of East Antarctica and at the 
pole. 
 

 
 
Figure 4.10. Annual and seasonal 500 hPa (approximately at 5 km above mean sea level) 
temperature trends for 1971-2003. From Turner et al. (2006). 
 

The warming is represented in the ECMWF 40 year reanalysis, which is not surprising 
since the radiosonde ascents were assimilated into the system. In fact the warming trends are 
slightly larger than when computed from the radiosonde data, since there is a known slight 
cold bias in the early part of the reanalysis data set. 

The exact reason for such a large mid-tropospheric warming is not known at present. 
However, it has recently been suggested that it may, at least in part, be a result of greater 
amounts of polar stratospheric cloud (PSC) during the winter (Lachlan-Cope et al., In press). 
PSCs are a feature of the cold Antarctic winter, forming at temperatures below about -78º C. 
However, the Antarctic stratosphere has cooled in recent decades because the greenhouse gas 
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ozone is now missing from the lower stratosphere in spring, and the greenhouse gas carbon 
dioxide is concentrated in the troposphere and leads to further cooling of the stratosphere. 
Analysis of stratospheric temperatures in the reanalysis data sets suggest that over the last 30 
years the area where PSCs might form in winter has increased in size, so promoting the 
formation of more PSCs. Once present, PSCs act like any other cloud, giving a warming 
below their level and cooling above. We have little data on the optical properties of PSCs, but 
modelling suggests that if the optical depth in the infrared is around 0.5 then a greater amount 
of PSCs could give a mid-tropospheric warming. 

PSCs are not currently represented explicitly in climate models, but if further research 
shows that they are responsible for the large winter season mid-tropospheric warming they 
need to be represented more realistically in the models. 
 
4.3.3 Attribution of change 

 
Great advances have been made in our understanding of recent temperature changes across 
the Antarctic in the last few years. We now know that anthropogenic activity, and particularly 
the presence of the Antarctic ozone hole, has played a large part in the near-surface warming 
on the eastern side of the Antarctic Peninsula, and a formal attribution study (Gillett et al., 
2009) found that that recent changes were not consistent with internal climate variability. 
However, we still do not know the reasons for the large winter season warming on the 
western side, although it is thought to be linked to a reduction in sea ice extent since the 
1950s. 

The recently discovered large mid-tropospheric warming above the continent in winter 
is not fully understood at present. If increasing amounts of PSCs are shown to be responsible 
this will be an interesting Antarctic amplification of the effect of greenhouse gas increases, 
along with being a side effect of the ozone hole. However, more research is needed to 
confirm this. 
 

 
4.4 Changes in Antarctic Snowfall Over the Past 50 Years 
 
4.4.1 General spatial and temporal characteristics of Antarctic snowfall 

 
Snowfall accumulation, referred to as the surface mass balance (SMB), is the primary mass 
input to the Antarctic ice sheets, and is the net result of precipitation, sublimation/vapour 
deposition, drifting snow processes, and melt.  Precipitation, which primarily occurs as 
snowfall, is dominant among these components (Bromwich 1988) and establishing its spatial 
and temporal variability is necessary to assess ice sheet surface mass balance.  
Comprehensive studies of snowfall characteristics over Antarctica are given by Bromwich 
(1988), Turner et al. (1999), Genthon and Krinner (2001), van Lipzig et al. (2002), Bromwich 
et al. (2004a), van de Berg et al. (2005), and Monaghan et al. (2006a).  Snowfall is influenced 
to first order by the Antarctic topography, and ground-penetrating radar has shown that its 
spatial distribution is highly variable. Most of the snowfall occurs along the steep coastal 
margins (Figure 4.11) and is caused by orographic lifting of relatively warm, moist air 
associated with the many transient, synoptic-scale cyclones that encircle the continent (e.g. 
Bromwich et al. 1995; Genthon and Krinner, 1998).  The synoptic activity decreases inward 
from the coast, and over the highest, coldest reaches of the continent the primary mode of 
snowfall is due to cooling of moist air just above the surface-based temperature inversion 
(Schwerdtfeger, 1970). This extremely cold air has little capacity to hold moisture, and thus 
the interior of the East Antarctic Ice Sheet is a polar desert, with a large area that receives less 
than 5 cm water equivalent of snowfall each year (e.g. Vaughan et al., 1999; Giovinetto and 
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Zwally, 2000).  Large-scale atmospheric influences on Antarctic snowfall include the ENSO 
(Cullather et al., 1996) and the SAM (Genthon and Cosme, 2003; van den Broeke and van 
Lipzig; 2004).  ENSO has an intermittent teleconnection with Antarctica (Genthon and 
Cosme, 2003) that especially impacts snowfall variability in West Antarctica (Cullather et al., 
1996; Bromwich et al., 2000; 2004b; Guo et al., 2004).  The response of Antarctic snowfall to 
SAM forcing is complex (Genthon et al., 2003), but may be linked to near-surface wind flow 
and temperature anomalies that are associated with the SAM (van den Broeke and van 
Lipzig, 2004).  
 
 

 

 
Figure 4.11.  Annual Antarctic surface mass balance (mm/yr), from van de Berg et al. 
(2006). 
 
4.4.2 Long-term Antarctic snowfall accumulation estimates 

 
In recent decades, estimates of SMB over the Antarctic ice sheets have been made by three 
techniques: in-situ observations, remote sensing, and atmospheric modeling.  Constructing a 
reliable data set of SMB over Antarctica for a long time period from these methods has been 
difficult for numerous reasons, including for example a sparse surface observational network 
(e.g. Giovinetto and Bentley, 1985); difficulties distinguishing between clouds and the 
Antarctic ice surface in satellite radiances (Xie and Arkin, 1998); and incomplete 
parameterizations of polar cloud microphysics and precipitation in atmospheric models (Guo 
et al., 2003).  Considering the limitations of the techniques, it is not surprising that the long-
term-averaged continent-wide maps of SMB over Antarctica yield a broad envelope of 
results. The long-term estimates of SMB from several studies range from +119 mm/yr (van 
de Berg et al., 2005) to +197 mm/yr (Ohmura et al., 1996) water equivalent (weq) for the 
grounded ice sheets (estimates for the conterminous ice sheets, which include the ice shelves, 
are generally ~10% higher).  The large range of long-term SMB estimates has contributed to 
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uncertainty in calculations of the total mass balance of the Antarctic ice sheets (e.g. van den 
Broeke et al., 2006), and thus an important future endeavour will be to narrow the gap 
between estimates of SMB. In general, the studies employing glaciological data are 
considered the most reliable; the study of Vaughan et al. (1999) approximates SMB as 149 
mm/yr for the grounded ice sheets, although a recent study (van de Berg et al., 2006) shows 
evidence that the Vaughan et al. (1999) dataset may underestimate coastal accumulation, and 
gives an updated value of 171 mm/yr.  Considering the large spread between estimates, it is 
not surprising that calculated temporal trends vary widely (Monaghan et al., 2006a).   

 
4.4.3 Recent trends in Antarctic snowfall 

 
On average, about 6 mm global sea level equivalent falls as snow on Antarctica each year 
(Budd and Simmonds, 1991).  Thus, it is important to assess trends in Antarctic SMB, as 
even small changes can have considerable impacts on the global sea level budget.  The latest 
studies employing global and regional atmospheric models to evaluate changes in Antarctic 
SMB show that no statistically significant increase has occurred since ~1980 over the entire 
grounded ice sheet, WAIS, or the East Antarctic Ice Sheet (EAIS) (Monaghan et al., 2006a; 
van de Berg et al., 2005; van den Broeke et al., 2006). A validation of the modeled-versus-
observed changes (Monaghan et al., 2006a) suggests that the recent model records are more 
reliable than the earlier global model records that inferred an upward trend in Antarctic SMB 
since 1979 (Bromwich et al., 2004a).  The new studies also clearly show that interannual 
SMB variability is considerable; yearly snowfall fluctuations of +/-20 mm/yr weq, i.e., +/-
0.69 mm/yr GSL (global sea level) equivalent, are common (Monaghan et al., 2006a), and 
might easily mask underlying trends over the short record.   

In contrast to modeling studies, satellite altimetry measurements by Davis et al. (2005) 
suggest that increased snowfall has recently caused the EAIS to thicken, mitigating sea level 
rise by about 0.12 mm/yr between 1992-2003.  Zwally et al. (2005) also found a thickening 
over EAIS from satellite altimetry for a similar period, but it was a factor of three smaller 
than the Davis study.  Zwally et al. (2005) argued that their method more accurately accounts 
for firn compaction and the interannual variability of surface height fluctuations.  The 
difference between the positive trends from the satellite altimetry studies and the zero trends 
in the modeling studies may be in part due to different temporal and spatial coverage 
(satellite altimetry does not extend past 81.6°S and has limitations along the steep coastal 
margins). 

To extend the length of the Antarctic SMB record, Monaghan et al. (2006b) used the 
spatial information provided by atmospheric model precipitation fields from ERA-40 to 
extrapolate a suite of ice core SMB records in space and time.  The resulting spatially 
resolved SMB dataset spans 1955-2004, approximately doubling the length of the existing 
model-based records.  An updated version of the dataset (Monaghan and Bromwich, 2008), 
now adjusted to reflect the ERA-40 snowfall variance at interannual timescales, indicates that 
the 1955-2004 continent-averaged trend is positive and statistically insignificant (0.19 ± 32 
mm/yr), and is characterized by upward trends through the mid-1990s and downward trends 
thereafter (Figure 4.12).  The shape of the time series in Figure 4.12 suggests that a cyclic 
signal with a period of about 50 years may be impacting Antarctic snowfall, but is 
inconclusive without a longer time series.  The continent-averaged trend is the net result of 
both positive and negative regional trends, which in some drainage basins are weakly 
(p<0.10) statistically significant (Figure 4.13).  The positive SMB trends on the western side 
of the Antarctic Peninsula have been attributed to a deepening of the circumpolar pressure 
trough, which has enhanced ascent in the region (Turner et al., 2005b).  
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Figure 4.12 Annual Antarctic snowfall accumulation anomalies (mm/yr), in red) during 
1955-2004, adapted from Monaghan et al. (2006b) and Monaghan and Bromwich (2008).  
Anomalies are with respect to the 1955-2004 mean.  The five-year running mean is shown 
in blue.  The ±95% confidence intervals for the annual anomalies are shown in grey.  The 
statistical uncertainty accounts for the variance, as well as that due to the methodology and 
measurement error. 

 
Figure 4.13 Linear trends of annual Antarctic snowfall accumulation (mm/year) for 1955-
2004 in each of the Antarctic glacial drainage basins, adapted from Monaghan and Bromwich 
(2008).  Statistical significance is represented by symbols: “+” is p<0.10; “*” is p<0.05; and 
“∆” is p<0.01.  The statistical uncertainty accounts for the variance, as well as that due to the 
methodology and measurement error.  
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4.5 Atmospheric Chemistry 
 

4.5.1 Antarctic stratospheric ozone in the instrumental period 

 
Historically ozone values were around 300 Dobson Units (DU) at the beginning of the winter 
(March), and similar at the end (August).  The pattern began to change in the 1970s, 
following widespread releases of CFCs and Halons in the atmosphere (see below).  Now, at 
the end of August values are about 10% less than they were in the 1970s, and decrease at 
about 1% per day to reach about 100 DU in October.  Most of this loss occurs between 14 
and 22 km altitude within the polar vortex, where virtually all ozone is now destroyed  
(Figure 4.14).  Ozone values substantially recover with the warming in late spring, when the 
vortex dissipates and air from outside is mixed (Figure 4.15). 
 
 

 

 
 

 

 

Figure 4.14  South pole ozone profiles, showing the progressive thinning of the ozone layer 
in late spring as the ozone hole developed during the 1980s and 1990s (courtesy 
NOAA/CMDL). 
 
 

 
 



4   The Instrumental Period 

209 
 

 

Figure 4.15 The annual cycle of ozone (nbar) in 2006 at Neumayer, 71°S (courtesy Alfred 
Wegener Institute). 
 

The ozone hole is caused by reactive chlorine and bromine gases, formed from the 
breakdown products of CFCs and Halons, which were liberated in the troposphere from 
spray-cans, refrigerators and fire extinguishers.  They have a typical stratospheric lifetime of 
50 to 100 years.  But the development of the ozone hole is also strongly linked to the 
dynamics of the polar vortex because it acts as a barrier (Figure 4.16a).  During winter, lower 
stratospheric temperatures drop below –80°C, and at these temperatures clouds form despite 
the dryness of the stratosphere, initially composed of nitric acid trihydrate, but of ice if 5 to 
10°C colder. On the cloud surfaces, the degradation products of the CFCs react to form 
chlorine gas: 

 
HCl  + ClNO3 -> HNO3 + Cl2 

 
 

followed by photo-dissociation to chlorine atoms when sunlit, then reaction with ozone to 
form highly reactive ClO.  Similar reactions take place involving the bromine compounds 
that result from degradation of halons.  The highly reactive chlorine and bromine compounds 
then take part in a series of photochemical reactions such as: 
 
 Cl + O3 → ClO + O2 
 ClO + O3 → Cl + 2O2 
 
 
in which in effect the Cl acts as a catalyst and gets recycled time and again. The net result of 
the catalysis is that: 
 

2O3 → 3O2 

 
 

The process is helped by the absence of NO2 (converted to HNO3 and absorbed into the 
clouds), which would otherwise react with the ClO to recreate ClNO3 and so remove reactive 
gases from the catalytic cycle.  
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As the vortex warms the clouds disappear, but the reactive chlorine and bromine 
compounds continue the ozone depletion for some weeks, until converted back to HCl and 
HBr.  With further warming the vortex begins to break down and the sub-polar ozone-rich air 
sweeps across the continent. 

The ozone hole is often offset from the pole towards the Atlantic, reaching as far north 
as 50°S.  Ozone provides a screen against ultraviolet light of wavelength shorter than about 
315 nm (UV-B), which can cause sunburn, cataracts and skin cancer in humans.  Hence such 
an offset poses a serious health threat to the inhabitants of southern South America.  It also 
poses a risk for flora and fauna, as UV-B can damage DNA, and can bleach chlorophyll that 
then becomes non-functional (see Section 4.12). 

Another effect of the ozone hole is on the temperatures within the vortex, because 
ozone is a greenhouse gas that absorbs solar radiation. The absence of ozone has therefore 
resulted in significant reductions in temperature in spring (Figure 4.17), in November 
reaching a difference of up to 15°C in comparison with pre-ozone hole years. 

The Montreal Protocol is an international agreement that has phased out production of 
CFCs, Halons, and some other organic chlorides and bromides, collectively referred to as 
Ozone Depleting Substances (ODSs).  Because of its success, the amounts of ODSs in the 
stratosphere are now starting to decrease.  However, there is as yet no convincing sign of any 
reduction in the size or depth of the ozone hole, although the sustained increases up the 1990s 
have not continued.  Recent changes in measures of Antarctic ozone depletion have ranged 
from little change over the past 10 years (ozone hole area), to some signs of ozone increase 
(Bodeker et al., 2005).  The halt in rapid ozone hole growth can be ascribed to the fact that 
almost all of the ozone between 12 and 24 km in the core of the vortex is now being 
destroyed (WMO, 2002), and is therefore comparatively insensitive to small changes in ODS 
amount. 
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Figure 4.16 Measurements by the Ozone Monitoring Instrument on the Aura satellite, with a 
scale in DU. Top – on 14 September 2006, showing an almost symmetric ozone hole 
covering all of Antarctica.  Bottom – on 10 October 2006, showing the ozone hole extending 
towards South America. (courtesy NASA/GSFC). 
 
 

4.5.2 Antarctic Tropospheric Chemistry 

 
Although often thought of as a single unit, the atmosphere is divided up into a number of 
regions. These are determined by the temperature gradient with height. The lowest region is 
referred to as the troposphere. In the troposphere, temperature generally decreases with height 
until a point is reached where this trend reverses. This  upper limit is referred to as the 
tropopause. The height of the tropopause varies with latitude and is roughly at 8 km above 
hand or sea in the polar regions. The troposphere itself is nominally subdivided into layers; 
the lowest is the “boundary layer”, a part of the troposphere that is directly influenced by the 
surface of the Earth in the exchange of heat, momentum and moisture. The height of the 
boundary layer is determined by physical constraints such as temperature and wind speed, 
and over Antarctica can vary considerably from tens to hundreds of metres. Above the 
boundary layer is the free troposphere, a region remote from the direct influence of the 
Earth’s surface. 

Over many regions of the world, the chemistry of the troposphere is studied in order to 
understand the effect of emissions from human activities. These might be direct emissions 
from industrial processes, or emissions associated with, for example, agriculture. Such 
activities release relatively reactive and short-lived trace gases into the atmosphere, and 
change it considerably from its natural state. Antarctica supports no major population centres 
and lies at a considerable distance from anthropogenic emission sources, so although some 
longer-lived pollutants do reach Antarctica, the Antarctic troposphere is a relatively 
unperturbed natural background atmosphere. 

Compared with many other aspects of Antarctic science, the chemistry of the Antarctic 
troposphere has received relatively little attention. A primary reason for this was the 
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perception that the chemical composition would be relatively uninteresting, with low 
concentrations of reactive trace gases like the hydroxyl (OH) or hydroperoxy (HO2) radicals 
or the nitrogen oxides (NO and NO2), and merely a sluggish chemistry dominated by 
unreactive reservoir gases that had been transported from distant source regions. Atmospheric 
chemists interested in studying a clean background atmosphere would naturally choose to 
work in a location that was more easily accessible and with more benign ambient conditions. 
 

 

 
 
 

Figure 4.17 Time series of measurements at Halley (76°S) of (top) total ozone averaged over 
October of each year, and (bottom) temperature at 100 hPa averaged over November of each 
year (courtesy British Antarctic Survey). Although there is a lot of variability in the 
temperatures, they are now about 10°C colder than in the 1960s and 1970s, with the 
exception of 2002.  The change in temperature is a maximum in November, later than the 
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maximum change in ozone, because there is more sunlight later in the year, and because the 
thermal time constant at 100 hPa exceeds a month.  The anomalous results in 2002 were the 
result of an anomalous early breakdown of the vortex, they are not indicators of any large 
reduction in the chlorine and bromine gases that cause ozone loss. 

Nevertheless, Antarctica is a significant part of the Earth system, and studies of 
Antarctic tropospheric chemistry have gradually become a recognised part of the work of 
national operators. A major driver has been the fact that deep ice cores are drilled from 
Antarctic ice sheets from which paleo-scientists strive to reconstruct changes in the Earth’s 
atmospheric composition and climate through time. This work relies on analysing and 
interpreting changes in impurities held within the ice cores. A correct interpretation relies on 
knowing how the impurity entered the ice and any associated depositional or post-
depositional effects. It would be cavalier to believe we could correctly reconstruct a past 
atmosphere from these chemical tracers without properly understanding the tropospheric 
chemistry of the present day. 

The early studies of Antarctic tropospheric chemistry focused mainly on aerosols and 
long-lived radiatively and stratospherically important gases. Aerosols are important 
components of ice core impurities and can act as valuable proxies for environmental changes 
through time. For example, sea salt is a prime component of aerosol in coastal Antarctica, and 
sodium and chloride are both easily measured in ice cores. Studies of sea salt aerosol have 
been necessary to determine dominant sources and as a fingerprint for the behaviour of 
marine air masses. They have shown that, whereas for most of the globe the open ocean is the 
source of sea salt, in the polar regions most sea salt may be generated within and adjacent to 
the zone of newly-forming sea ice. This suggests that sea salt measured in ice cores might 
provide a proxy for assessing the extent of sea ice and how this varied under different 
climatic conditions. The records of long-lived gases have provided invaluable evidence of 
how the global atmosphere has recently changed. For example, the record of boundary layer 
carbon dioxide (CO2), which has been measured at South Pole since 1957, has shown the 
massive rise in this potent greenhouse gas, and importantly, has bridged the gap between ice 
core records of CO2 and present day ambient measurements. Also, systematic continuous 
measurements of the atmospheric CO2 concentration at Syowa Station since 1984 revealed 
clear evidence for a seasonal cycle, a secular trend and interannual variations (Morimoto et 
al., 2003).  The seasonal cycle varied from year to year, with especially large amplitudes in 
1992 and 1998 and a large phase delay in 1993.  A rapid increase in the CO2 concentration 
was observed in 1987, 1994 and 1998 in association with ENSO events, and very low 
increase rate in 1991 to 1993, related to the Pinatubo eruption.  From measurements of the 
stable carbon isotope ratio (δ13C) of atmospheric CO2, it was found that the rapid increase of 
the CO2 concentration was accompanied by a rapid decrease of δ13C.  Considering the fact 
that the δ13C values of terrestrial biospheric CO2 are lower than those of atmospheric CO2, 
the interannual variations of the CO2 increase are ascribed primarily to changes of the CO2 
exchange between the atmospheric and terrestrial biosphere due to climate change in 
association with an ENSO event.  It has been confirmed that long term continuous 
observations of greenhouse gases are essential in the Antarctic to monitor climate variations.   

To clarify variations at the surface and in the transport of greenhouse gases, it was 
indispensable to know the vertical distributions of concentrations.  Balloon-borne campaigns 
using a cryogenic sampler with a large balloon were carried out at Syowa Station in 1998 and 
2003/04 to examine the vertical distribution of greenhouse gas concentrations up to 30 km in 
the stratosphere (Aoki et al., 2003).  Together with bi-polar balloon-borne observations in the 
Arctic in 1997 and similar observations over Japan since 1985, stratospheric CO2 above 20 – 
25 km showed a secular increase with an average rate of 1.5 ppmv/yr, slightly less than the 
rate at the surface, and some increase of CO2 age in the stratosphere.  The O2/N2 ratio from 
these stratospheric air samples was analyzed to better understand the global carbon cycle 
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(Ishidoya et al., 2006).  The vertical profile of O2/N2 showed a gradual decrease with height 
in the stratosphere, indicating the gravitational separation of molecules. 

Beyond its role as an archive of global change, studies of the Antarctic troposphere 
have revealed a highly individual and active chemical system that is likely itself in the future 
to be an active player within a changing climate system. The rest of this section details this 
chemistry.  

Of the more reactive trace gases, only surface ozone has historically been measured 
with any vigour. Year-round measurements were made at Halley station as early as 1958, but 
continuous records began considerably later, in 1975 at South Pole and in the 1980s at 
McMurdo/Arrival Heights and at Neumayer. Today, surface ozone is measured routinely at 
four coastal sites (those mentioned above plus Syowa) as well as at Sanae, some 170 km 
inland, and at South Pole on the Antarctic plateau (Helmig et al., 2007). The records show 
both interesting similarities and differences (see Figure 4.18). At nearly all stations, surface 
ozone reaches its maximum concentration during the winter months and is at its minimum 
during the summer. This is the classic seasonal cycle for a trace gas whose concentration is 
balanced by increases arising from air mass transport and destruction by the direct action of 
the Sun or by sunlight-initiated chemistry.  

 
 
 
Figure 4.18 Annual records (against year calendar day) of surface ozone (in parts per billion 
by volume (ppbv)) for the Southern Hemisphere stations Halley, MacMurdo, Neumayer, 
Sanae, Syowa and South Pole, reproduced from Helmig et al. (2007). 
 
 

During the Antarctic spring, however, significant differences are evident between the 
coastal sites and those lying inland. While at South Pole and Sanae, the decline from the 
winter maximum towards summertime values is essentially smooth, surface ozone at coastal 
sites exhibits extremely rapid and large episodic losses during the spring months (Wessel et 
al., 1998; Jones et al., 2006). These ozone depletion events (ODEs) can last for several days 
and ozone concentrations can drop as low as instrumental detection limits.  

This behaviour is natural and occurs at coastal sites in both polar regions. The ozone 
loss is driven by reactions with halogen atoms, primarily bromine, in chemical cycles 
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analogous to stratospheric ozone depletion. The following reactions were proposed to explain 
ODEs observed in the Arctic (Barrie et al., 1988): 

 
  2 x (O3 + Br → BrO + O2) 
    BrO + BrO → 2Br + O2 
            _______________________ 

 net:              2 O3 → 3 O2 
 

Key to this process is the fact that bromine is recycled from bromine monoxide (BrO) 
to bromine atoms (Br) without the production of ozone. Ozone is therefore destroyed in a 
catalytic cycle whereby the bromine atoms responsible are regenerated and ready to react 
again with other ozone molecules. Other radicals, such as ClO, IO or HO2 can also be 
involved in BrO recycling. For a full discussion see the review by Simpson et al. (2007). 

Such recycling of course does not generate “new” halogens, so the important question 
is – what is the original source of the bromine atoms? Theoretical and laboratory studies have 
demonstrated that a series of reactions, widely referred to as the “Bromine Explosion” 
(shown schematically in Figure 4.19), are the source.  

 

 
 

Figure 4.19 A schematic representation of the ‘Bromine Explosion’. 
 
 

Bromide (Br-) is a ubiquitous ion found in sea water, albeit at concentrations ~280 
times lower than chloride (Cl-). Bromide derived from sea water reacts with HOBr, a 
molecule with a gas-phase source, and produces bromine molecules that are then released 
back into the boundary layer. The action of sunlight splits the bromine molecule into two 
bromine atoms, and ozone destruction can commence. The process is contained within the 
boundary layer. This reaction process requires a liquid (or “quasi-liquid”) phase with 
concentrated sea salt brine, and the exact nature of this is still under debate. There is some 
evidence that this surface is associated with newly-forming sea ice (Rankin et al., 2002; Jones 
et al., 2006), and other evidence suggesting that sea salt-laden snow plays a role (McConnell 
et al., 1992; Simpson et al., 2007). Certainly, sea salt (via sea ice/aerosol etc.) is fundamental 
as the prime bromide source, and anything that might affect its availability is likely to affect 
the frequency of ozone depletion events.  
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The surface ozone records discussed above also reveal a second surprising feature. 
During the summer months at South Pole, surface ozone concentrations increase even above 
those measured during winter. This suggests that, rather than experiencing net destruction, 
ozone is being produced in situ. The only route for this within the troposphere is through 
photolysis of NO2, but NO2 is normally associated with polluted air and has low 
concentrations in pristine atmospheres. The questions then arise – what is the source of this 
ozone, and why, out of all the measurement locations, is it only evident at South Pole? 

The answers lie within a new area of atmospheric science; that of snow photochemistry. 
The traditional view of polar snow was that it had an important influence on albedo, and also 
that it acted as a cap to exchange of trace gases between the boundary layer and the land or 
sea surfaces below. However, an active chemical role had not been anticipated. That view has 
now been overturned, and it has been shown through many chemical studies in the field, in 
the laboratory, and in modelling calculations, that snow is a major source of reactive trace 
gases to the polar boundary layer both through physical and photochemical release processes 
(see review by Grannas et al., 2007). For example, nitrate impurities within snow are 
photolysed to produce nitrogen oxides (NO and NO2) (Honrath et al., 1999; Jones et al, 2000; 
Dibb et al., 2002; Beine et al., 2002a) that are released to the overlying boundary layer (Jones 
et al., 2001; Honrath et al., 2002; Beine et al., 2002b). Although this occurs across the 
Antarctic snowpack, the effects are particularly noticeable at South Pole because of the 
characteristically shallow boundary layer at this site. Emissions from snow are concentrated 
within a confined layer of the atmosphere, which accentuates the resultant chemistry (Davis 
et al., 2004). NO2 released from snow, therefore, becomes a significant source of local ozone, 
accounting for the surface ozone measurements described above (Crawford et al., 2001). 

The influence of the snowpack on boundary layer chemistry is enormous and, crucially, 
encompasses fast reactive photochemistry. As well as releasing NOx, the snow is a source of 
hydrogen peroxide (H2O2), formaldehyde (HCHO) and nitrous acid (HONO). These can be 
direct sources of OH, a highly reactive radical that reacts with numerous other trace gases 
thus driving tropospheric chemistry. Furthermore, enhanced concentrations of NO will 
generate OH through the reaction NO + HO2 → NO2 + OH. As a result of snowpack 
emissions, the boundary layer above the snow-covered Antarctic is far from being quiescent, 
but contains a fast and reactive photochemical system. 

Recent measurements at Halley station have shown that halogens are also major players 
in fast reactive photochemistry in the coastal boundary layer. As well as high concentrations 
of BrO measured during the spring, the seasonal cycle of iodine monoxide (IO) shows an 
equally high springtime peak, as well as significant concentrations during the summertime 
(Saiz-Lopez et al., 2007). Indeed, modelling studies based around field measurements have 
shown that at Halley, although snow photochemistry is active, it is the halogens that control 
the cycling of reactive radicals and hence the chemical pathways (e.g. Bloss et al., 2007). The 
origin of IO is not absolutely known, but the proposed source is from diatoms, marine 
phytoplankton that colonise the underside of sea ice.  

The chemistry of the Antarctic troposphere is now known to be extremely complex and 
unusual. The sunlit months are characterised by fast photochemical systems with chemical 
origins associated with snow and sea ice. It is precisely this link, between the atmosphere and 
the cryosphere that makes present day tropospheric chemistry systems vulnerable to a 
changing climate. 
 

4.5.3 Aerosol, clouds and radiation 

 
Aerosol particles are known to cause significant effects on the radiative budget of the 

Earth, both directly, through scattering and absorption of shortwave and longwave radiation, 
and indirectly by acting as condensation nuclei.  In polar regions, where the surface albedo 
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can exceed 0.85 in areas covered by snow and ice, aerosols may produce appreciable 
warming at the surface due to multiple reflection if highly absorbing particles are suspended 
above these bright surfaces.  It is important to determine the radiative properties of particles 
within the entire atmosphere column to evaluate accurately the radiative forcing.  Large sets 
of radiometer (actinometer, pyrheliometer and sunphotometer) measurements have been 
carried out over the past 30 years at different Antarctic sites and examined to estimate 
ensemble average and long-term trends of background aerosol optical depth (AOD at 500 
nm; Tomasi et al., 2007) (Figure 4.20). No significant trend was observed, except some large 
variation during the periods affected by the volcanic eruptions of El Chichon (1982), 
Pinatubo (1991) and Cerro Hudson (1971). To address topics related to the radiative forcing 
by polar aerosols in particular, a programme referred to as POLAR-AOD was conducted as a 
major project of the IPY 2007-2008. 

Since the typical example of highly absorbing particles is black carbon (BC), 
behaviours of BC have been examined at several Antarctic stations.  From the wintering 
intensive observations of aerosols at Syowa Station during 2004 and 2006, unique seasonal 
variation was obtained with a winter maximum, in contrast to the summer maximum obtained 
from observations at similar coastal stations as Halley or Neumayer (Wolff and Cachier, 
1998), and in parallel to the results at Amsterdam Island (Pereirra et al., 2006).  Also an 
interesting pathway of BC to Syowa was found in summer months, a high peak of BC 
concentration occurred with local katabatic wind maximum following trajectories coming 
from the continental side.  As there would be no source of BC inland, those trajectories must 
have originated from South America or Africa in response to biomass burning, for example.  
These pathways were confirmed in the airborne campaign (ANTSYO-II) jointly conducted 
by AWI, Germany and NIPR, Japan with the AWI aircraft Polar 2, around Neumayer and 
Syowa stations in the 2006/07 season. 

Clouds are an extremely important part of the Antarctic climate system and have a 
significant influence on the surface radiation balance and hence also on biological processes. 
Yet there are large uncertainties in quantifying their role, and there is little information on 
how cloud amount and cloud properties have changed in recent decades. Although the 
general distribution of clouds is well-known - with large amounts of cloud cover over sea ice 
or open water in the Southern Ocean, and low cloud amounts over the continent (King and 
Turner, 1997), we still have no reliable cloud climatology due to deficiencies in deriving 
cloud amounts from passive satellite sensor data over snow and ice surfaces (Yamanouchi 
and Kawaguchi, 1992; Kato et al., 2006). Determining trends in cloud amount from the 
station data is difficult because of jumps when the observers change. However, with careful 
assessment of the observations some trends have been estimated. The 50 years of 
observations from Syowa Station revealed a 10% increase in cloud cover over that period 
(Yamanouchi and Shudo, 2007), although no trend was detected in the observations from 
South Pole (Town et al., 2007). 

The radiation budget is the key aspect of studies of Antarctic climate, and the general 
features of the surface radiation budget at the stations on the continent have been described 
(Liljequist, 1956; Kuhn et al., 1977; Yamanouchi, 1983; Yamanouchi and Kawaguchi, 1984). 
High precision surface radiation budget measurements continue at Neumayer and Syowa 
stations as part of the global Baseline Surface Radiation Network (BSRN; Ohmura et al., 
1998).  From the global measurements a decline in solar radiation over the land surface was 
apparent up to 1990 - a phenomenon known as “global dimming”.  Widespread “brightening” 
has been observed since the late 1980s globally and in the Antarctic (Wild et al., 2003), 
although there is no consensus yet on the Antarctic measurements (e.g. see Yamanouchi and 
Shudo, 2007).  As for the top-of-atmosphere radiation budget, following the pioneer work by 
Raschke et al. (1973) using satellite data in the early stage, several measurements have been 
conducted as part of the Earth Radiation Budget Experiment (ERBE) and Clouds and the 
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Earth’s Radiant Energy System (CERES). As yet there is no clear conclusion about radiation 
trends at that level in the Antarctic (Yamanouchi and Charlock, 1997; Kato et al., 2006). 
 

4.5.3.1 Spatial variations in atmospheric chemistry suggested from snow cores 

 
Ice core chemistry includes a broad range of measurements such as: major soluble ions, trace 
elements, radionuclides, and organic acids. The following is a synthesis of some of the major 
findings related to the understanding of the chemistry of the atmosphere over Antarctica as 
understood from the examination of the chemistry of ice cores.  

An updated compilation of published and new data of major ion (Ca, Cl, K, Mg, Na, 
NO3, SO4) and methylsulfonate (MS) concentrations in snow from 520 Antarctic sites is 
provided by the national ITASE programmes of Australia, Brazil, China, Germany, Italy, 
Japan, Korea, New Zealand, Norway, United Kingdom, United States of America, and the 
national Antarctic programme of Finland (Bertler et al., 2005). The comparison shows that 
snow chemistry concentrations vary by up to four orders of magnitude across Antarctica and 
exhibit distinct geographical patterns (see example Na in Figure 4.21). This Antarctic-wide 
comparison provides a unique opportunity to improve our understanding of the fundamental 
factors that ultimately control the chemistry of a snow or ice sample.  

As expected, the East Antarctic interior shows significantly lower values (~2 ppb to 
~30 ppb) than the coastal sites (~75 ppb to 14,680 ppb). However, high values have also been 
reported from Marie Byrd Land at high elevation, and low concentrations in the vicinity of 
the East Antarctic coastlines (Kaiser Wilhelm Land and Terra Adélie). Furthermore, the 
change from very low to very high concentrations seems to occur within a narrow band in the 
vicinity of the coast. While high Na deposition is readily explained in coastal areas due to 
high sea salt input, the narrow zone of marine air mass intrusions (mesoscale cyclonic 
activity) coincides with the rapid decrease of Na concentrations in the Antarctic interior. Here 
the katabatic wind streams, transporting Na-depleted air masses from the interior towards the 
coast, compete with the Na-rich coastal air masses.  In contrast, the Antarctic Peninsula 
shows overall high values and no trends, caused by strong sea salt input all year round and a 
secondary non-sea-salt contribution from ice-free mountain peaks. Most of the data points 
located on the Antarctic Peninsula are surface samples representing winter snow. As Na 
peaks in most regions of Antarctica during winter, the higher Na concentrations reported 
from the Antarctic Peninsula are partially caused by this bias. This and similar maps for Ca, 
Cl, K, Mg, NO3, SO4) and MS are available in Bertler et al. (2005). 
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Figure 4.20 Time sequence of the monthly mean values of AOD (500 nm) derived from (1) 
filtered actinometer and sun photometer at Mirny from 1979/80 to 2005/06 (open squares), 
and at Molodezhnaya from 1985 to 1989 (solid squares); (2) filtered pyrheliometer and sun 
photometer at South Pole from 1977 to 2006 (open triangles); and from sun photometer 
measurements at Neumayer from 1991 to 2004 (open circles).  The regression lines, defined 
separately for the Mirny, South Pole and Neumayer data sets without volcanic data are drawn 
to show the long-term trend of background aerosol extinction in Antarctica. (Figure 14 of 
Tomasi et al., 2007) 
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Figure 4.21 Spatial variability of Na+ concentration measured in ppb. Solid circles represent 
data from 1992-1997. Solid triangles represent all other multi-year data. Crosses represent 
non-annual or undated samples. Spatial variability of Na+ concentration ranges from 2 ppb to 
14,680 ppb. 
 
 
4.6 The Southern Ocean 
 
4.6.1 Introduction 

 
At first sight the Southern Ocean seems to be dominated by circumpolar symmetry mainly 
assured by the circumpolar current bands of the eastward flowing ACC covering mainly the 
mid latitudes (Figure 1.8) and the westward flowing Antarctic Coastal Current surrounding 
the continental margin in high latitudes. Superimposed on the zonal flow there are meridional 
circulation cells (Figure 1.9), the deep one related to sinking motion along the continental 
slope to form the Antarctic Bottom Water, and the shallow one forming Mode and 
Intermediate Waters in the mid latitudes. In spite of the current system linking the Atlantic, 
Indian and Pacific sectors, significant zonal differences are obvious and require a regional 
description of the variability and change in the Southern Ocean. Differences are related to the 
shape of the ocean basins and ridges which strongly affect the ocean currents, the shape of 
the continent with huge embayments, such as the Weddell and the Ross Seas giving rise to 
subpolar gyres (Figure 1.10), the distributions of ice shelves, the zonal structure of the 
forcing (storm tracks) and finally the different hydrographic conditions in the northward 
adjacent ocean basins.  

The meridional circulation cells which can only schematically be represented in a two 
dimensional way (Figure 1.9), display clear zonal differences as well. They are obvious in the 
long term mean conditions, e.g. the horizontal distribution of the newly formed bottom water 
(Figure 4.22, Orsi et al., 1999) which result in the variable contributions of different sectors 
to the bottom water formation. It is estimated that 66% can be contributed to originate in the 
Weddell Sea, 25% in the Australian Sector and 7% in the Ross Sea (Rintoul, 1998). Due to 
the zonal differences in the hydrographic and forcing conditions, variations differ in the 
sectors as well, e.g. cooling and freshening of the newly formed bottom water in the 
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Australian sector (Rintoul, 2007) and warming and increase of salinity of bottom water on the 
prime meridian (Fahrbach et al., 2004). However, even within the basins different patterns 
are detected e.g. in the Weddell Sea (Fahrbach et al., 2004). To take into account the 
circumpolar differences in the observed variations the description of the Southern Ocean is 
arranged here zonally in different sectors. Since regional differences occur even on smaller 
scales than the three large ocean sectors, we focus on sub-areas where a particular type of 
variation is observed. 

There is evidence that changes in the Antarctic Bottom Water propagate into the global 
ocean. Warming of the northward flow of Antarctic Bottom Water on a decadal time scale is 
observed in Vema Channel from the Argentine to the Brazil Basin (Zenk and Morozov, 
2007). Large scale abyssal warming over decades is observed in the South Atlantic (Johnson 
and Doney, 2006) and the Pacific (Johnson et al., 2007). 

Observation of change in surface waters is difficult to detect since there is an intensive 
seasonal cycle and only few observations. However, around South Georgia observations exist 
since 1925, which are frequent enough to resolve the annual cycle. They reveal significant 
trends in the upper 150 m, with 2.3°C of warming over 81 years, which are twice as strong in 
winter than in summer (Whitehouse et al., 2008). 

Sub-Antarctic Mode Water is formed by winter cooling and convection just north of the 
Sub-Antarctic Front (McCartney, 1997, 1982). When it is subducted it becomes Antarctic 
Intermediate Water (Hanawa and Talley, 2001). This water mass is of particular interest due 
to its capacity to take up atmospheric CO2 (Sabine et al., 2004). Significant warming (Wong, 
2001; Gille, 2002; Aoki et al., 2003) and freshening was observed in these water masses 
(Wong, 1999; Curry et al, 2003; Bindoff et al., 2007; Böning et al., 2008) over the last 
decades. To understand the changes, the formation processes (e.g. Sallée et al., 2006) and the 
turbulent character of the field (Tomczak, 2007) need to be understood.  

In a circumpolar view the ACC band has warmed in recent decades (Figure 4.23; Gille, 
2002 and 2008; Levitus et al., 2000, 2005, Böning et al., 2008).  The changes are consistent 
with a southward shift of the ACC (Gille, 2008). Some climate models suggest that the ACC 
shifts south in response to a southward shift of the westerly winds driven by enhanced 
greenhouse forcing (Fyfe and Saenko, 2006; Bi et al., 2002). A significant part of the changes 
in the wind system can be related to the positive trend in the SAM (e.g. Hughes et al., 2003). 
The poleward shift and intensification of winds over the Southern Ocean has been attributed 
to both changes in ozone in the Antarctic stratosphere (Thompson and Solomon, 2002) and to 
greenhouse warming (Fyfe et al., 1999). In addition to driving changes in the ACC, the wind 
changes have caused a southward expansion of the subtropical gyres (Cai, 2006) and an 
intensification of the Southern Hemisphere “supergyre” that links the three subtropical gyres 
(Speich et al., 2002, 2007). The “supergyre” provides the mechanism by which Sub-Antarctic 
Mode Water and Antarctic Intermediate Water is distributed between the ocean basins 
(Ridgway and Dunn, 2007). In the area of the formation of Antarctic Intermediate Water 
north of the Subantarctic Front freshening is observed. Surprisingly the changes are rather 
similar all along the ACC (Figure 4.23; Böning et al., 2008).    
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Figure 4.22 Schematic presentation of the formation areas and pathways of Antarctic Bottom 
Water as evidenced by water mass properties, in particular the concentration of the 
anthropogenic tracer CFC. It is injected into the ocean at the surface and indicates, by 
concentration maxima, recently ventilated water sinking to the sea bottom and spreading 
there from the formation areas for different densities here displayed as neutral density where 
the most dense water with neutral density > 28.4 kg/m3 is found in the Weddell Sea (Orsi et 
al., 1999).  
 
 
4.6.2 Australian Sector  

 
Knowledge of the circulation in the Australian sector of the Southern Ocean has increased 
significantly in the last decade.  Repeat hydrographic sections (Figure 4.24), moorings and 
satellite altimeter measurements have provided new insights into the structure, variability and 
dynamics of the ACC, water mass formation and the overturning circulation. The mean 
baroclinic transport of the ACC south of Australia is 147±10 Sv (Rintoul and Sokolov, 2001), 
consistent with recent estimates of the flow leaving the Pacific basin through Drake Passage 
(136±8 Sv, Cunningham et al., 2003) and the Indonesian Throughflow (Meyers et al., 1995).  
A multi-year time series derived from XBT sections and altimetry shows significant 
interannual variability (with a standard deviation of 4.3 Sv) but no trend in transport (Rintoul 
et al., 2002).  High resolution hydrographic sections reveal that the ACC fronts consist of 
multiple jets, aligned with streamlines that can be traced using maps of absolute sea surface 
height (Sokolov and Rintoul, 2002, 2007).  Eddy fluxes estimated from current meter 
moorings confirm that the eddies transport heat poleward and zonal momentum downward 
(Phillips and Rintoul, 2000).  A cyclonic gyre lies between the ACC and the Antarctic 
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continent, closed in the west by a northward boundary current along the edge of the 
Kerguelen Plateau (McCartney and Donohue, 2007). 

 
 

 
 
Figure 4.23 Temperature differences between measurements from Argo floats deployed after 
2001, presented as dots, and the climatological mean from CARS in the density layers of the 
ACC show an increase of potential temperature of the water masses on the souhward flank of 
the ACC and a freshening on the northward side. On surfaces of constant densities freshing 
becomes visible as cooling, since the density loss by less salt is compensated by a density 
gain due to colder temperature. The major fronts representing ACC branches are displayed as 
dynamic height contours where the 1.4-m-dynamic-height contour is related to the Polar 
Front and 1.7-m one to the Subantarctic Front (Böning et al., 2008)   
 

 
The ACC belt in the Australian sector has warmed in recent decades, as found 

elsewhere in the Southern Ocean (Gille, 2002, 2008; Levitus et al., 2000, 2005; Willis et al., 
2004; Böning et al., 2008).  The southward shift of the ACC fronts has caused warming 
through much of the water column, resulting in a strong increase in sea level south of 
Australia between 1992 and 2005 (Sokolov and Rintoul, 2003; Morrow et al., 2008).  
However, there is no observational evidence of the increase in ACC transport also predicted 
by the models (Böning et al., 2008).  Recent studies suggest the ACC transport is insensitive 
to wind changes because the ACC is in an “eddy-saturated” state, in which an increase in 
wind forcing causes an increase in eddy activity rather than a change in transport of the 
current (Hallberg and Ganandesikan, 2006; Meredith and Hogg, 2006). 
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Changes have been observed in several water masses in the Australian sector between 
the 1960s and the present (Aoki et al., 2005).  Waters north of the ACC have cooled and 
freshened on density surfaces corresponding to intermediate waters (neutral densities between 
26.8 and 27.2 kg m-3).  South of the ACC, waters have warmed and become higher in salinity 
and lower in oxygen on neutral density surfaces between 27.7 and 28.0 kg m-3 (the Upper 
Circumpolar Deep Water –UCDW).  The changes south of the ACC are consistent with a 
shoaling of the interface between the warm, salty, low oxygen UCDW and the cold, fresh, 
high oxygen surface water that overlies it.  The pattern of water mass change observed in the 
Australian sector is consistent with the “fingerprint” of anthropogenic climate change in a 
coupled climate model (Banks and Bindoff, 2003). 

The Antarctic Bottom Water (AABW) in the Australian Antarctic basin has freshened 
significantly since the early 1970s.  Whitworth (2002) detected a shift toward fresher AABW 
after 1993, concluding that “two modes” of AABW were present in the basin, with the 
fresher mode becoming more prominent in the 1990s.  More recent studies have documented 
a monotonic trend toward fresher, and in most cases warmer, bottom water between the late 
1960s and the present rather than a bi-modal distribution.  Aoki et al. (2005) used a 
hydrographic time series with nearly annual resolution between 1993 and 2002 to show a 
steady decline in salinity of the bottom water at 140ºE.  By using repeat observations from 
the same location and same season, they could demonstrate that the trend was not the result 
of aliasing of spatial or temporal variability. Rintoul (2007) showed that the deep potential 
temperature – salinity relationship of the entire basin had shifted towards lower salinity 
between the early 1970s and 2005.   The average rate of freshening at 115°E is 7 ppm/decade, 
which can be compared to a mean freshening rate of 12 ppm/decade in the North Atlantic, at 
similar distances downstream of the source of dense water (Dickson et al., 2002).  These 
results suggest that the sources of dense water in both hemispheres have been responding to 
changes in high latitude climate. 

The abyssal layers of the Australian Antarctic Basin are supplied by the two primary 
sources of bottom water that lie outside of the Weddell Sea:  a fresh variety formed along the 
Adélie Land coast (144º E) and a salty variety produced in the Ross Sea (Rintoul, 1998).  The 
changes observed in the Australian Antarctic Basin therefore reflect freshening of the AABW 
formed in the Indian and Pacific sectors of the Southern Ocean, which accounts for about 
40% of the total production of AABW (Orsi et al., 1999).    

The cause of the freshening of AABW in the Australian sector is not yet fully 
understood.  Changes in precipitation, sea ice formation and melt, ocean circulation patterns, 
and melt of floating glacial ice around the Antarctic margin could all influence the salinity 
where dense water is formed.  Oxygen isotope measurements in the Ross Sea indicate that an 
increase in the supply of glacial melt-water has contributed to the large freshening of shelf 
waters observed there in recent decades (Jacobs et al., 2002).  The most likely source of the 
increased supply of melt-water is the rapidly thinning glaciers and ice shelves of the 
Amundsen Sea, including the Pine Island Glacier (Jacobs et al., 2002), where enhanced basal 
melt has been linked to warmer ocean temperatures (Rignot and Jacobs, 2002; Shepherd et 
al., 2004). While most of the ice sheet in East Antarctica appears to be gaining mass, glaciers 
draining parts of the Wilkes Land coast where the Adélie Land bottom water is formed have 
decreased in elevation (Shepherd and Wingham, 2007), and the floating ice in this sector 
thinned between 1992 and 2002 (Zwally et al., 2005).  Therefore increased supply of glacial 
melt-water may have played a role in the freshening of both the Adélie Land and Ross Sea 
Bottom Water. 
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Figure 4.24 Top) Map indicating location of repeat sections along which changes in bottom 
water properties have been assessed.  The Australian Antarctic Basin is supplied by two 
sources of Antarctic Bottom Water:  the Ross Sea and Adélie Land.  Lower)  Changes in the 
deep potential temperature – salinity curves along 115°E, over the continental rise (61-
63.3°S, left) and further offshore (56.5 - 61°S, right).  From Rintoul (2007). 
 
 
4.6.3 The Amundsen/Bellingshausen Seas 

 
The southeast Pacific Ocean (70oW – 150oW) deserves enhanced scientific interest because 
of the significant alterations it faces or is supposed to face in a changing climate. Since 1951 
annual mean atmospheric temperatures rose by almost 3oC at the Antarctic Peninsula (King, 
1994; Turner et al., 2005a) which can be linked to changes in the Bellingshausen Sea, like sea 
ice retreat (Jacobs and Comiso, 1993), increased ocean surface summer temperatures of more 
than 1oC, enhanced upper-layer salinification (Meredith and King, 2005), the disintegration 
of smaller ice shelves (Doake and Vaughan 1991), and accelerated retreat of glaciers (Cook 
et al., 2005). The changes can be related to atmospheric variability including the Antarctic 
Circumpolar Wave (White and Peterson, 1996) or the SAM (Hall and Visbeck, 2002; 
Lefebvre et al., 2004), which both exhibit extreme values in the southeast Pacific Ocean. 
Different hydrographic conditions have a severe impact on marine species (e.g., the Antarctic 
krill) which use the Bellingshausen Sea for breeding and nursery before the larvae mainly 
drift eastward to the southern Scotia Sea/northwestern Weddell Sea (Siegel, 2005). A 
comprehensive field study on Antarctic krill in the Amundsen Sea has yet to be conducted.  
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Connected via the westward flowing, and in this part, weak coastal current, changes in 
the Bellingshausen Sea also influence the Amundsen Sea (100oW – 150oW) which is fringed 
to the south by the outlets of major ice streams draining the West Antarctic Ice Sheet. A 
possible collapse of the latter would result in a 5-6 m global sea level rise threatening many 
low-lying coastal areas around the globe including millions of their residents (Rowley et al., 
2007), but is not likely in the next 100 years. The southernmost position of the ACC southern 
front (Orsi et al., 1995) together with a relative narrow continental shelf crisscrossed by 
numerous channels (Figure 4.25) allows Upper Circumpolar Deep Water (UCDW) with 
temperatures near 1oC to reach the ice shelf edges in the Amundsen and Bellingshausen Seas 
(Figure 4.26). This ocean heat could fuel melting of up to tens of metres per year at deep ice 
shelf bases. A linear relationship between melt rates beneath Antarctic ice shelves and ocean 
temperature is roughly linear at 1 m/yr per 0.1oC ocean warming derived from observations 
of 23 glaciers (Rignot and Jacobs, 2002). The change of ice melt rate to a change in ocean 
temperature may not follow this same relationship. In a simple box model Olbers and 
Hellmer (2009) confirm this rate to be consistent with the involved physical processes and 
investigate the sensitivity. Numerical modeling of ice-ocean interaction beneath Pine Island 
Glacier (Payne et al., 2007) concludes that the observed thinning at a rate of 3.9 + 0.5 m/yr 
between 1992 and 2001 (Shephard et al., 2002) would correspond to a different rate of ~ 
0.25oC warming of the UCDW underneath Pine Island Glacier. Such warming has not been 
observed on the Amundsen Sea continental shelf, but a 40-year long temperature time series 
from the nearby Ross Sea exhibits a warming of the off-shore temperature maximum (190-
440 m depth) of ~ 0.3oC (Jacobs et al., 2002). Temperature variability correlated with 
changing freshwater fluxes due to basal melting is likely at the fringe of the West Antarctic 
Ice Sheet. Upper Southern Ocean temperatures increased since the 1950's (Gille, 2002; 
Böning et al., 2008), but the few oceanographic snapshots (e.g., Hofmann and Klinck, 1998; 
Walker et al., 2007) from the Amundsen/Bellingshausen Sea continental margin are 
insufficient to identify the time scales and strengths of variability or any trends.  
 

4.6.4 Variability and change in Ross Sea shelf waters 

 

The circulation in the Ross Sea is dominated by a wind-driven cyclonic gyre  (Treshnikov, 
1964) visible as a depression in the steric height transporting Circumpolar Deep Water to the 
south where by interaction with shelf and slope water Antarctic Bottom Water is produced. It 
is located south of the mid-ocean ridge between 170° E and 140°W (e.g. Gouretski, 1999) 
with its centre at about 68°S, 164°W shifting to the southeast with depth. The baroclinic 
transport of 8.5 Sv is significantly smaller than the one of the Weddell gyre. The eastern 
boundary is given by a southward deflection of the ACC due to the bottom topography. At 
the southern limb, westward flow transports water as warm as 1.6°C. From property maps 
Reid (1986) included the extension up to the Antarctic Peninsula. Antipov et al. (1987), 
Maslennikov (1987) and Locarini (1994) locate the eastern boundary at 140°W. The 
continental shelf area is relatively well sampled due to the normally weak ice cover in 
summer and the presence of several Antarctic stations (Jacobs and Giulivi, 1999).   

Shelf waters’ include a variety of low-temperature, ice-modified, high- and low-salinity 
water masses found below the ocean surface layers on the Antarctic continental shelf 
(Whitworth et al., 1998). Summer salinity profiles spanning about 20 years in High Salinity 
Shelf Water (HSSW) near Ross Island displayed gradual salinity increases below 200 m and 
interannual water column shifts that were several times the measurement accuracy and half 
the annual cycle in McMurdo Sound (Jacobs, 1985). Atmospheric forcing, sea ice production, 
HSSW residence time, ice shelf melting and intrusion of Modified Circumpolar Deep Water 
onto the continental shelf were considered as possible agents of change. Hellmer and Jacobs 
(1994) noted that salinity decreases could also result from fresher upstream source waters. 
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Figure 4.25 Bathymetric chart of the Amundsen Sea continental shelf and adjacent deep 
ocean spotted with the distribution of hydrographic stations of different cruises (colour 
coded). Fringing ice shelves and glaciers draining the West Antarctic Ice Sheet in light blue 
(Nitsche et al., 2007). The CTD station identifiers refer to the Nathaniel B. Palmer (NBP), the 
James Clark Ross (JCR) and the Polarstern (ANT). 

 
 
Attempts to link observed HSSW changes to multiyear variability in regional sea ice 

extent, winds and air temperatures revealed the need for longer time series. The data base 
largely consists of sporadic summer measurements, and both modelers and observers have 
noted the possibility of aliasing in this shelf water record due to undersampling of a variable 
inflow. In addition, most measurements were in or near an HSSW eddy, another potential 
source of variability. Nonetheless, the deep HSSW trend in that area has closely tracked 
changes at depth along the Ross Ice Shelf and near 500 m throughout the western Ross Sea 
(Jacobs and Giulivi, 1998; Smethie and Jacobs, 2005). 

Record low salinities at the site in February 2000 led to analyses that more strongly 
implicated changes in ice-ocean interactions upstream in the Amundsen and Bellingshausen 
Seas (Jacobs et al., 2002). Assmann and Timmermann (2005) successfully modeled averaged 
HSSW salinity profiles, and inferred that the freshening resulted from a Bellingshausen Sea 
thermal anomaly. Their periodic signal upwelled in the Amundsen Sea, reduced brine 
drainage near the sea ice edge and induced a subsurface salinity decrease that was advected 
into the Ross Sea. Interannual salinity variability is high, but the overall trend has been 
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statistically significant and qualitatively consistent with freshening over a much wider area 
(Jacobs, 2006). 

Figure 4.26 A cross-section showing penetration of warm water to the sub-ice shelf cavity in 
Pine Island Bay. Potential temperature of the upper 1,200 m along a band between 100oW 
and 105ºW projected on a strait transect from the open ocean (left) to Pine Island Bay (right) 
measured during NBP9402 (see Figure 4.25 for station locations). Due to the ice conditions 
the stations could not be done along a straight line. The sea floor depth was extracted from 
the ship’s 3.5 kHz echosounder data. Right figure depicts the temperature field in front of 
Pine Island Glacier with its draft shaded in gray. This short line is along the line of pink dots 
(sample stations) shown in Figure 4.25. The 1oC isotherm on the continental shelf and slope 
is marked in red (modified from Hellmer et al., 1998). The solid black area indicates the sea 
bed. 

 
 
The record of summer shelf water thermohaline properties has recently been extended 

to 50 years (Figure 4.27), and the study area widened to include profiles in McMurdo Sound. 
The 50 year salinity trend continues to be near -0.03/decade, while slightly warming 
temperatures have remained consistent with HSSW formation by surface freezing in winter. 
HSSW near Ross Island thus serves as an index site to monitor change occurring in the Ross 
Sea and upstream (eastward) in the Antarctic Coastal Current. The salinity decline appears to 
derive mainly from increasing continental ice meltwater, and will subsequently change the 
properties if not the production rates of deep and bottom waters. Over regional areas the 
lower salinity has raised sea level via the halosteric component of seawater density.  
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Figure 4.27 Summer temperature and salinity profiles over a 50 year period, some averaged 
from adjacent profiles, and dashed if more than 15 km from 168º 20’E, 77º 10’S, near Ross 
Island. Plotted values are 100 m averages/interpolations of CTD or bottle data, edited or 
extrapolated where shown by open circles. Horizontal lines depict the salinity ranges at six 
bottle casts in southern McMurdo Sound over 23 December 1960 – 9 February 1961 (Tressler 
and Ommundsen, 1963). Temperatures are referenced to the surface freezing point, ~-1.91°C 
at a salinity of 34.8. Tfrs is the surface freezing reference temperature. 
 

 

4.6.5 The Weddell Sea Sector 

 
The Weddell Sea hosts a subpolar gyre (e.g. Treshnikov, 1964), the Weddell Gyre (Figure 
1.10), that brings relatively warm, salty circumpolar water (Warm Deep Water, WDW) south 
towards the Antarctic continent, and transports colder, fresher waters northward (Weddell 
Sea Deep and Bottom Waters, WSDW and WSBW, as well as surface waters). The 
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transformation of this source water mass is one of the major climate-relevant processes in the 
Southern Hemisphere, affecting and involving ocean, atmosphere and cryosphere and a major 
contribution to the deep meridional overturning cell (Figure 1.9).  

In respect to climate change, the most relevant property is the change in the intensity of 
the overturning circulation, i.e. the transport of shallow source water masses into the 
formation areas and the newly formed water masses leaving the Antarctic Systems into the 
world oceans. However, since these transport differences are relative small in comparison to 
the gyre scale circulation, the latter must be known to distinguish between recirculation and 
net transformation. 

The cyclonic Weddell Gyre is bounded to the west by the Antarctic Peninsula, to the 
south by the Antarctic continent and to the north by a chain of roughly zonal ridges at ~60ºS. 
The eastern boundary is less well defined but is generally agreed to extend as far east as ~30º 
E (Gouretski and Danilov, 1993). The flow associated with the Antarctic Slope Front, a 
boundary current tied to the steep topography of the Antarctic continental slope, contributes a 
major proportion of the gyre transport. The Weddell Gyre is primarily driven by the cyclonic 
wind field (Gordon et al., 1981), leading to a doming of isopycnals in the centre of the gyre. 
The volume transport is still an ongoing topic of research, partly because it is dominated by 
the barotropic component (Fahrbach et al., 1991) so it is difficult to measure. Integrating the 
wind field in a Sverdrup calculation revealed a volume transport of 76 Sv (Gordon et al., 
1981) while the first attempts to reference the geostrophic shear to current meters yielded a 
transport of 97 Sv (Carmack and Foster, 1975).  For a section across the Weddell Gyre from 
the tip of the Antarctic Peninsula to Kapp Norvegia, transports have, uniquely, been 
referenced to a long time series current meter array, and this has produced lower transport 
estimates of 20-56 Sv (Fahrbach et al., 1991; Fahrbach et al. 1994). At the Greenwich 
meridian, larger transports of the order of 60 Sv were obtained from referencing shear to 
shipboard ADCP (Schröder and Fahrbach, 1999). Current meter arrays subsequently yielded 
45 – 56 Sv (Klatt et al., 2005). The larger values at the Greenwich meridian may be due to 
recirculations within the central gyre not being captured by the Kapp Norgvegia section. 
However, a recent high resolution section at the Antarctic Peninsula also yielded ~46 Sv 
(Thompson and Heywood, 2008), and it is suggested that referencing the geostrophic shear 
across the steep Antarctic continental slope to a relatively widely spaced current meter array 
may have underestimated the barotropic contribution to the total volume transport. 

WSBW is formed on the Antarctic continental shelves where they are wide. In the 
Weddell Sea, the Filchner-Ronne Ice shelf is one such source region (e.g. Foldvik et al., 
2004), and recent evidence suggests formation also on the eastern side of the Peninsula near 
the Larsen Ice Shelf. The water on the Antarctic continental shelves is typically fresher than 
its warmer, salty source to the north; it is believed to freshen by the addition of sea ice melt, 
glacial ice melt from the Antarctic ice sheet and floating ice shelves, and from precipitation. 
This freshening is a necessary precursor to the bottom water formation process, which 
involves salinification from brine rejection during sea ice formation, together with cooling. 
One contributing process to WSBW involves mixing with Ice Shelf Water, and the other 
process involves mixing with HSSW. The WSBW descends the continental slope and 
entrains ambient water as it goes (Baines and Condie, 1998). The descent of the WSBW 
affects the structure of a series of fronts along the rim of the Weddell Gyre, in particular the 
Antarctic Slope Front and the Weddell Front. 

The WSBW is too dense to be able to escape the Weddell Sea. It can only escape by 
mixing with the water above it, becoming warmer, saltier and less dense, and forming 
WSDW, which is sufficiently shallow to flow out through the passages in the topography 
surrounding the Weddell Sea. WSDW outside the Weddell Sea has the water mass properties 
of Antarctic Bottom Water, of which it is believed to be the major contributor. Estimates of 
the proportion of Antarctic Bottom Water originating in the Weddell Sea range from 50 to 
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90% (Orsi et al., 1999). An inflow of water of WSDW properties from the east has been 
documented (Meredith et al., 2000) that may form in the region of the Prydz Bay Gyre, or 
may even originate in the Australian Antarctic Basin and enter the Weddell Sea through the 
Princess Elizabeth Trough (Heywood et al., 1999). 

The export of WSDW to the world ocean is of the order of 10 +/- 4Sv (Naveira 
Garabato et al., 2002). This can escape through gaps in the ridges to the north and east of the 
Weddell Sea, and subsequently invades all ocean basins. 

Measurements of water mass transports exist in relation to climate time scales only as 
snapshots and not over a long enough times to be able to detect changes. Therefore, one has 
to measure water mass properties and derive from their variations conclusions about changes 
of transport and formation rates. Carefully validated models play a significant role here. Even 
for water mass properties observations in sufficient spatial resolution and accuracy last only 
over one to two decades. Therefore it is still not possible to unambiguously distinguish 
between a trend and decadal to multidecadal variation. In spite of the fact that the variability 
in the deep water masses seems to be relatively small in comparison to those of the surface 
water masses, it is importance, because the large volume of the deep waters can store 
significant heat quantities or dissolved substances even if the changes in property is only 
minor.   

Considering its remote and inhospitable location, the Weddell Sea was well observed 
during WOCE and subsequently through CLIVAR, with (largely summer-time) hydrographic 
sections across the Weddell Gyre onto the Antarctic continental shelf, and with arrays of 
moorings. These sections indicate a number of decadal-scale changes in water mass 
properties. The WDW warmed by some 0.04º C during the 1990s (Robertson et al., 2002; 
Fahrbach et al., 2004) and has subsequently cooled (Fahrbach et al., 2004). This was 
accompanied by a salinification of about 0.004 (note salinity does not have any units), just 
detectable over the decade. A quasi-meridional section across the Weddell Gyre occupied in 
1973 and 1995 revealed a warming of the WDW in the southern limb of the gyre by 0.2º C 
accompanied by a small increase in salinity, whereas there was no discernible change in the 
northern limb of the gyre (Heywood and King, 2002). There has been debate as to whether 
these changes to the warm inflow to the gyre are caused by advection of warmer circumpolar 
waters, and/or by changes in the wind field (Fahrbach et al., 2004, 2006; Smedsrud, 2005). 

During the 1970s a persistent gap in the sea ice, the Weddell Polynya, occurred for 
several winters. The ocean lost a great deal of heat to the atmosphere during these events. The 
polynya strongly affected the mode of overturning in the Weddell Sea, shifting it from shelf 
and slope processes to open ocean convection (Gordon, 1978) with consequences for the 
overturning rates. After this one event the large polynya did not show up again, but weak ice 
cover was observed in the Maud Rise area several times and interpreted as a sign of possible 
emergence of a new polynya, though no such polynya emerged. In a recent study, Gordon et 
al. (2007) attribute the occurrence of the Weddell Polynya to variations in the SAM.  

Weddell Sea Bottom Water is observed on the western continental slope and within the 
basin up to the Greenwich Meridian. Whereas the bottom water was warming and getting 
more saline in the basin (Fahrbach et al., 2004) it became colder and fresher on the slope in 
the western Weddell Sea (Heywood et al, in preparation). It is a matter of debate if such 
regional changes in phase are caused by the time lag of 5-10 years involved when freshly 
formed bottom water spreads across the basin.   

Because much of the Weddell Sea is covered with sea ice for much of the year, there is 
a lack of observations on the continental shelf and slope, especially in winter. This was a 
priority area during IPY and moored arrays were deployed together with hydrographic 
sections to fill the observational gaps. Measurements beneath the sea ice in the Weddell Sea 
were obtained for the first time by acoustically tracked floats and by instruments carried by 
marine mammals such as elephant seals.  
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4.6.6 Small-scale processes in the Southern Ocean 
 
The importance of small-scale processes in surface, bottom and lateral boundary layers is 
well known. In ice-covered oceans the surface boundary layer is of particular interest 
(McPhee, 2009) since it controls the heat and momentum exchange between ice and ocean. 
These exchanges affect ice growth, melt and motion as well as the heat budget of the ocean 
and the currents (McPhee et al., 2008). Appropriate quantification of such processes is a 
prerequisite for successful modelling the large scale conditions.  

For a long time small-scale processes related to ocean turbulence in the interior were 
almost neglected in the consideration of large-scale ocean conditions. This resulted from 
lacking appropriate observation techniques and theoretical concepts for relating small-scale to 
large-scale processes. Normally a simple energy cascade providing turbulent energy from 
larger scale ocean current shear to small-scale mixing was assumed, which could be applied 
in large-scale models by properly selected mixing parameters. However, improved 
measurements of turbulence suggest that the amount of turbulent energy is much larger in the 
interior than previously assumed. There, internal waves, not only generated at the continental 
slope, but as well over rough bottom topography, play a major role in generating intensive 
mixing in the interior away from the well-known strongly mixed boundary layers. The 
intensity of internal mixing is so high, that it has to be taken into account to quantitatively 
understand the meridional overturning circulation. The understanding of spatially and timely 
important variations in the intensity of mixing and its significant role for large-scale 
processes prompted research with the aim of detecting by observations whether changes in 
small-scale processes could affect large-scale conditions i.e. the oceans role in climate.  

It has been estimated (e.g., Wunsch, 1998) that up to one-third of the energy required to 
drive the global ocean’s overturning circulation (2-3 TW, see Wunsch and Ferrari (2004) for 
a review) stems from the work done by the wind on the ACC, and that the bulk of that energy 
is transferred to the mesoscale eddy field. Current conceptual and numerical models of the 
Southern Ocean overturning circulation (see Rintoul et al. (2001) and Olbers et al. (2004) for 
two reviews) unanimously highlight the eddies’ crucial role in transporting water masses and 
tracers along the sloping isopycnals (surfaces of constant density) of the ACC — particularly 
in the upper overturning cell — as well as in transporting the momentum input by the wind to 
the level of topographic obstacles, such as ridges, where it may be transferred to the solid 
Earth.   

Physical processes occurring on length scales on which earth rotation is of similar 
importance to ocean stratification (the baroclinic Rossby radius of deformation), which are 
smaller than 5-20 km south of 40ºS, (see Chelton et al., 1998) play an important role in 
shaping and driving the circulation of the Southern Ocean. To represent ocean properties 
realistically measurements and models would need to resolve this scale. However this is 
normally not possible and the lack of resolution has to be compensated for by assumptions 
about processes at this scale and below. 

For example, formation of the AABW filling the deepest layers of much of the global 
ocean abyss is crucially dependent on the convective (i.e. small scale) production of dense, 
high-salinity shelf waters over the Antarctic continental shelves during periods of sea ice 
growth (Morales Maqueda et al., 2004), as well as on the heat and freshwater exchanges 
between those waters and the adjacent ice shelves (e.g. Hellmer, 2004). The properties of 
Antarctic shelf waters are modified further by turbulent mixing associated with the 
dissipation of tidal energy taking place over the continental shelves fringing the continent 
(Egbert and Ray, 2003), including the vicinity of the ice shelf front (Makinson et al., 2006) 
and sub-ice-shelf cavities (Makinson, 2002). A variety of small-scale processes underlies the 
conversion of tidal energy into turbulence, most prominent are the breaking of internal 
gravity waves generated by tidal flows impinging on rough ocean-floor topography (e.g., 
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Robertson et al., 2003), and the formation of thick frictional boundary layers (e.g., Makinson, 
2002). The importance of these processes is accentuated by the proximity of the Antarctic 
continental shelves to the critical latitude (where the tidal frequency is equal to the one of 
inertial oscillations imposed on ocean flow by the Earth’s rotation) of the dominant tidal 
constituent (M2), near which the generation of internal tides and frictional boundary layers is 
most efficient (Robertson, 2001; Pereira et al., 2002). In addition to their role in moulding the 
properties of shelf waters, tidal fluctuations regulate the flow of those waters across the ice 
shelf front (Nicholls et al., 2004) and the continental shelf break (e.g. Gordon et al., 2004), 
often steered by local topographic features such as canyons. On descending the continental 
slope in broad sheets or narrow plumes, shelf waters tend to focus in largely geostrophic 
boundary currents that entrain ambient surface and intermediate waters and detrain ventilated 
fluid in the offshore direction (Baines and Condie, 1998; Hughes and Griffiths, 2006). The 
shelf waters’ descent is promoted further by other smaller scale processes, such as double-
diffusion (instabilities due to different diffusivities of heat and salt) and interleaving (layer 
formation) across the shelf break zone (Foster and Carmack, 1976; Foster, 1987), as well as 
nonlinearities in the equation of state (thermobaricity and cabbeling) and instabilities of the 
Antarctic Slope Front, which have been reported to generate cyclonic eddies effecting a net 
downward transport of shelf water (see Baines and Condie, 1998 for a review). In subsequent 
stages of its northward journey, the newly formed AABW navigates numerous topographic 
obstacles and, in so doing, undergoes profound modification due to vigorous turbulent mixing 
with overlying water masses (e.g. Heywood et al., 2002). A large fraction of this modification 
is likely driven by flows over small sills in confined passages (Bryden and Nurser, 2003) and 
mid-ocean ridge-flank canyons (Thurnherr and Speer, 2003), although the breaking of 
internal tides (Simmons et al., 2004) and internal lee waves (Naveira Garabato et al., 2004) 
must contribute significantly too. 

While theoretical considerations (Marshall and Naveira Garabato, 2007) and altimetric 
observations of an energy cascade from smaller to larger motions in the Southern Ocean 
(Scott and Wang, 2005) endorse the view that much of the eddy field’s energy is ultimately 
transferred toward the ocean floor and dissipated by viscous bottom drag, measurements of 
oceanic fine structure (Naveira Garabato et al., 2004; Sloyan, 2005; Kunze et al., 2006) 
suggest that a substantial fraction of the energy is dissipated via the generation and breaking 
of internal lee waves. These waves induce intense turbulent mixing (Figure 4.28) and, in so 
doing, contribute to driving the lower cell of the Southern Ocean overturning. It thus appears 
that the upper and lower overturning cells, often treated as largely independent entities in 
descriptions of the ocean circulation, may be strongly coupled by smaller scale processes. 
This proposition is consistent with the concurrent intensification of eddy-driven upwelling 
along inclined surfaces of constant water density, and turbulent mixing of superimposed 
water layers of different density (diapycnal mixing) in ACC regions of complex topography. 
In this view, eddy dampening - which is required to sustain a vigorous meridional circulation 
in the upper ocean - may be connected to the topographic generation of internal lee waves in 
the abyss (Naveira Garabato et al., 2007). Although the patchy indirect evidence available to 
date points to topographic generation as the key agent in the transfer of eddy energy to the 
internal wave field in the ACC (Figure 4.28), other mechanisms are likely to enhance this 
transfer e.g. interaction between internal waves and mesoscale eddies (Polzin, 2007) and the 
generation of internal waves by unstable mesoscale processes (Molemaker et al., 2005). The 
occurrence of these processes is indicated by altimetric evidence of an energy cascade at 
rather small scales in the Pacific sector of the ACC (Scott and Wang, 2005). Nonetheless, it 
appears that diapycnal mixing in these upper layers of the ACC is primarily driven by the 
breaking of downward-travelling near-inertial internal waves generated by the wind in the 
upper-ocean mixed layer (Alford, 2003).  
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The key point emerging is that relatively small scale processes in the Southern Ocean 
exert an important influence on the large-scale behaviour of global ocean circulation over a 
wide range of time scales of climatic significance. This is a highly significant conclusion 
when one considers that these processes and interactions are often absent, or parameterized 
with coefficients tuned to the present ocean state, in the models used to simulate the ocean’s 
evolution (see e.g. Wunsch and Ferrari (2004) for a discussion).  
 

 

 

 
 
 
Figure 4.28 The level of turbulent energy is high over rough bottom topography up to a 
distance of several hundred kilometres and down into the deep ocean. As an indicator of 
turbulent mixing the vertical distribution of log10 of the turbulent diapycnal diffusivity (in 
m2/sec) which can be measured (top), is displayed along a section following the rim of the 
Scotia Sea anticlockwise (green dots on the bottom graph). Density surfaces separating water 
masses (AAIW, Antarctic Intermediate Water; UCDW and LCDW, Upper and Lower 
Circumpolar Deep Water; AABW, Antarctic Bottom Water) are shown by the thick dashed 
lines. Crossings of the two main frontal jets of the ACC (SAF, Subantarctic Front; PF, Polar 
Front) and its southern boundary (SB) are marked in the upper axis. Station positions are 
indicated by tickmarks at the base of the topography. Reproduced from Naveira Garabato et 
al. (2004). 
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4.6.7 Dynamics of the circulation and water masses of the ACC and the polar 

 gyres from model results 

 

Observations are still not as frequent and spatially well distributed as needed to establish a 
well-proven view which would allow the unambiguous determination of forcing mechanisms 
that might be subject to change. To fill this gap, the dynamics are evaluated using results 
from models. However, the models themselves have shortcomings, so their results have to be 
considered with as much care as the ones derived from observations alone. Indeed, some 
models throw up contradictions that cannot be solved until new generations of models or 
observations become available.  

A number of modelling studies, including both general circulation models (GCM) and 
simplified theoretical models, have been carried out in an effort to improve our understanding 
of the basic circulation of the ACC.  These studies examined the controls on its transport 
strength and the mechanisms for import and export of various water masses.  The GCM 
studies involved either the Southern Ocean only or fully global domains, and in most cases 
included the polar gyres, especially the cyclonic Ross Sea and the Weddell Sea Gyres.  These 
gyres are intimately linked to the ACC, sharing their northern boundaries with the 
southernmost front of the ACC.  Excluding the geographical areas covered by these two 
gyres, the ACC approaches close to the Antarctic continent (Orsi et al, 1995) and brings its 
relatively warm Circumpolar Deep Water (CDW) masses close to the edge of the Antarctic 
Ice Sheet.   

A focus of most modelling studies has been to identify the forces that constitute the 
dynamical balance for the ACC.  At the latitude of the Drake Passage, where the ACC is 
unbounded, the current receives a zonally-continuous momentum input from the dominantly 
westerly wind. Using the output from various OGCMs, efforts have been made to identify the 
leading dynamical process that can remove zonal momentum from the ACC at the same rate 
as the wind input.  Given the unbounded nature of the current, it is perhaps not surprising that 
a classical Sverdrup balance is not able to balance the wind input (Gille et al., 2001), and that 
instead bottom form stress counteracts the input of momentum from the wind (Grezio et al., 
2005).  The amount of bottom stress is related to the representation in models of the bottom 
topography; models with a smoothed representation of topography produce less form stress 
and thus higher transport values for the ACC than those with rougher topography.  Increasing 
the wind stress within the Southern Ocean increases the ACC transport (Gnandadesikan and 
Hallberg, 2000). 

Eddies that result from hydrodynamic instability of the mean flow of the ACC also play 
a role in the momentum balance. At high latitudes the length scale at which oceanic flows are 
affected by the Earth’s rotation is rather small - of the order of several kilometres - which 
means that energetic eddies are relatively small. Indeed they may be smaller than the typical 
grid cell in an OGCM. Most modelling studies have been carried out at a relatively coarse 
resolution, in which case they would not simulate eddies well. Some others, of higher 
resolution, do provide eddy-permitting simulations (e.g. Maltrud and McClean, 2005). The 
eddy-kinetic energy in OGCMs varies as a function of the model grid resolution, and this in 
turn has a significant influence on the simulated transport of the ACC.  In some regions of the 
ACC, eddies cause an upgradient transfer of kinetic energy into the mean flow, while for the 
major part of the ACC the transfer is downgradient (Best et al, 1999).  Because coarse-
resolution models represent eddy processes and topography inadequately, they produce an 
unrealistic simulation of the ACC transport, and of the overall Southern Ocean circulation.   

Under some scenarios of modelled climate change, there are significant changes in the 
wind field that drives the ACC. The response of the ACC to a change in the wind field occurs 
in the remarkably short period of two days (Webb and de Cuevas, 2006). The response is 
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largely barotropic (induced by sea surface elevation) and controlled by the topography, with 
the changed wind stress quickly transferred by the barotropic flow into the bottom 
topography as form stress. This is an important finding in the context of climate change, as it 
suggests that changes in atmospheric circulation can be quickly transmitted into changes in 
ocean circulation. The ability of the ACC to respond quickly to the wind may explain the 
observed poleward shift of the ACC over recent decades. An analysis of an OGCM in which 
the observed poleward shift of the ACC was simulated lends support to the idea that human-
induced climate change is currently influencing the ACC and will continue to do so over the 
coming century (Fyfe and Saenko, 2005). 

Although numerical modelling of the ACC and adjacent polar gyres sheds some light 
on the behaviour of the ACC and its interaction with the gyres, at least two pressing questions 
remain poorly addressed. First, the transport volume of the ACC remains poorly constrained 
in different OGCMs, particularly so in models typically used in IPCC simulations, which 
show a wide discrepancy in transport values even where the external forcing is similar 
(Ivchenko et al., 2004). Analyzing the ACC transport in 18 coupled atmosphere-ocean 
models Russell et al (2006b) found that compared to the observed transport estimate of 135 
Sv, the coupled models produced a spread ranging from a low of -6 Sv to a high of 336 Sv. 
They concluded that it is difficult, at present, to get the Southern Ocean “right” in coupled 
atmosphere-ocean models. This shortcoming reflects the lack of high resolution in many 
model simulations, and should be overcome as Southern Ocean eddy resolving ocean models 
become increasingly prevalent. Secondly it is currently difficult to model the interaction of 
the ACC and polar gyres with the edge of the Antarctic Ice sheet. To properly tackle this 
problem requires an OGCM to be coupled interactively to an ice sheet model.  
  
 
4.7 Antarctic Sea Ice Cover during the Instrumental Period 
 
4.7.1 Introduction 

 
This section considers the variability and trend in Antarctic sea ice area and extent over the 
last century. This time splits into two very distinct periods. Since the 1970s microwave 
instruments on polar orbiting satellites have enabled sea ice observations to be made year-
round and even during periods of complete cloud cover. Before that time, data were reliant on 
sparse ship observations that were mainly collected during the summer months. 
 

4.7.2 Sea ice cover in the pre-satellite era 

 
Detailed maps of the distribution of the sea ice cover at a good temporal resolution could not 
be made before the advent of the satellite era, because of the vast extent of sea ice in the 
region, general inaccessibility and adverse weather conditions.   Observations of the sea ice 
cover were confined mainly to ship observations, such as those compiled by MacKintosh and 
Herman (1940). During the whaling period, the ships (which were not icebreakers) were 
normally located at or near the ice edge, the location of which was not precisely defined or 
consistently identified. The ice edge as defined using satellite passive microwave data is 
usually taken as the 15% ice concentration contour, and it is not known how well this would 
match the ice edge as observed by ships (Worby and Comiso, 2004).  The whaling data were 
used by de la Mare (1997) to infer that the ice cover in the 1950s and 1960s was significantly 
more extensive than that seen in more recent times as revealed by satellite data.  

A more direct comparison of the satellite monthly climatology for the period 1978 to 
2007 with the MacKintosh monthly data set, as digitized from the original maps by Wadhams 
(personal communication, 2001), is presented in Figure 4.29. Assuming that the earlier ship 
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observations provide a reasonably accurate representation of average ice edge locations, then 
the average locations of the ice edge during the satellite period were usually further south, 
showing that ice cover was more extensive in the 1950s and 1960s than later. These results 
are consistent with the observation that Antarctica has warmed during the same period (Steig 
et al., 2009).  Interpretation of these results, however, has to be done in the context of the 
uncertainties as pointed out by Ackley et al. (2003). 
 

 

 

 
 
 
Figure 4.29 Average monthly location of the ice edge during the whaling period (1930s to 
1940s) as compiled by MacKintosh (black), and as derived from satellite data for the period 
1978 to 2007 (dark green).  The standard deviation of the ice edge along different longitudes 
separated by one degree is shown in green, while the most northern and most southern 
locations are represented in red and gold, respectively. (Note: MacKintosh digital data was 
provided by P. Wadhams in 2001). 
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Simulations with the climate model LOVECLIM with simple data assimilation 

provides information on sea ice area during the Twentieth Century. It shows a decrease of 0.5 
× 106 km2 from the 1960s to the early 1980s, but a slight increase from 1980 to 2000 (Goosse 
et al, 2008). Although we lack the sea ice data to confirm the early decrease, the model is 
consistent with available data from both atmosphere and ocean. 
 

4.7.3 Variability and trends in sea ice using satellite data 

 
The ESMR instrument flown on board the Nimbus-5 satellite was the first scanning 
microwave radiometer and therefore was first to provide the true spatial distribution of the ice 
cover at a reasonable time resolution.  Although meant primarily for rainfall studies it found 
its best applications for sea ice studies because of the high contrast in the emissivity of sea ice 
and liquid water. While the data from this instrument are not used in the time series analysis 
presented below, the sea ice cover during this period was well documented (Zwally et al., 
1983).  The data led to the discovery of the existence of the large Weddell polynya about the 
size of California that persisted throughout winter and for three successive years from 1974 
through 1976 (Zwally and Gloersen 1977). As discussed in Chapter 2, combining ESMR data 
with SMMR and SSM/I observations is difficult because (i) there is no overlap in data to 
ensure that the ESMR data provides the same ice edge and ice extent as in the other data sets; 
(ii) there are too many gaps including more than 3 months in succession in 1975; (iii) and 
inaccurate ice concentrations were recorded because of only one channel being available for 
the sensor, making it impossible to correct for spatial variations in emissivity and 
temperature. Qualitative analysis can be done: for example, a four-year average of the ESMR 
data can be compared with four-year averages of SMMR and SSM/I data during different 
periods, but, unless large changes are apparent, the comparison may be difficult to interpret. 
The following discussion concentrates on the period from 1978 when the SMMR data 
became available. 

The large-scale seasonal variation of the sea ice cover in the Southern Hemisphere is 
depicted by the colour-coded multiyear monthly averages of the ice cover (Figure 4.30). The 
AMSR-E ice concentration data are gridded at 12.5 km to provide a more accurate spatial 
representation of the sea ice cover than the SMMR and SSM/I data, which are gridded at 25 
km resolution. The maps were derived by taking the average of all data available for each 
month, using the dataset that starts in June 2002 and ends in December 2007. The monthly 
data set thus represents contemporary ice cover and could serve as a guideline for expected 
distribution of the Antarctic sea ice cover.  The series of images starts in January, usually the 
warmest mid-summer month and the time of highest melt rate. The minimum extent usually 
occurs in late February or early March. There are two primary locations where ice survives in 
the summer: one in the Western Weddell Sea and the other in the Bellingshausen, Amundsen, 
and Ross Seas.  The extents of the perennial ice in these two regions are comparable, but vary 
slightly in magnitude and location from one year to another.  The period of most rapid growth 
is from April to June; by July it has reached close to its maximum extent, which is normally 
in September or October. Ice cover decays rapidly between November and January. Around 
the continent, sea ice advances the least from the coastline mainly in the Western Pacific 
(90oE to 150oE) and at the tip of the Antarctic Peninsula, where the coast is farthest to the 
north. The shape of the ice cover during ice maxima (September) is almost symmetrical 
around the continent, with a tendency to have a sharp corner at about 217oE, which is in part 
influenced by the shape of the bathymetry there.   

Among the most distinctive features in the inner zone of the ice cover are the reduced 
ice concentrations (i) adjacent to the Ross Ice Shelf, (ii) at or near the Maud Rise (5ºE), and 
(iii) near the Cosmonaut Sea (45ºE).  These are regions where short term (or transient) 
polynyas usually occur in mid-winter (Comiso and Gordon, 1996), and which have been 
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associated with the initiation of deep ocean convection and the formation of the high salinity 
bottom water that drives the global thermohaline circulation.  Because they normally appear 
during different times of the winter season and in different places they are not well 
represented in the winter climatological averages.  The features are most evident in the 
images in late winter to spring (September to November) suggesting that the ice cover in 
these regions is vulnerable to divergence and melt because of relatively thinner ice and 
warmer water under the ice.  Such regions have also been the scene of high productivity 
(Smith and Comiso, 2008) reflecting the possible influence of sea ice, as has been suggested 
previously (Smith and Nelson, 1986). 
 

 
Figure 4.30 Monthly climatology of the sea ice concentration as derived from AMSR-E data 
(2002 to 2007). (derivation explained in text). 

 
 
The parameters that have been used for quantifying the variability and trends in the sea 

ice cover are ice extent and ice area, both of which are derived from the passive microwave 
ice concentration data. Ice extent is defined as the integrated sum of the area of all the pixel 
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elements with at least 15 % concentration, while ice area is the integrated sum of the area of 
each pixel multiplied by the ice concentration. Time series plots of monthly values of the ice 
area, ice extent and also average ice concentration as derived from SMMR and SSM/I data 
from November 1978 to December 2007 are presented in Figure 4.31. Over the 28-year 
period of consistently processed passive microwave data, the seasonal and yearly variations 
in the sea ice extent and ice areas appear to be very similar. The annual maxima and minima 
vary only slightly despite relatively large interannual variations in average ice concentrations, 
especially during the summer period. In the summer, the large fluctuation may be caused by 
the vulnerability of the ice cover to divergence due to winds, waves and other forcings, 
because of relatively smaller extents. For example, more ice could be advected further north 
where the water is warmer during some years when southerly winds are prominent. The 
average ice concentration is almost constant in the winter, at about 83%, while the average 
ice concentration in the summer ranges from 59% to 69%. The distributions of ice extents 
vary consistently with the ice area, with the latter being somewhat lower, as expected. 

 
 

 
 

Figure 4.31 Monthly extent (the total area of sea ice and leads within the 15% sea ice 
concentration limit), area (the integrated area of sea ice within the 15% sea ice concentration 
limit), and average ice concentration in the Southern Hemisphere. 
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During the years when the monthly ice extent and area in the winter were most 
expansive (1980) or least expansive (1986), the corresponding values in the subsequent 
summer were not the most expansive or least expansive, respectively.  Thus the decay 
patterns are not significantly influenced by the extent of ice during the preceding winter 
period. Conversely, the growth patterns are also not significantly influenced by the extent of 
ice during the preceding summer. This counter-intuitive phenomenon is more apparent on a 
regional basis.  For example, in the Weddell Sea, anomalously extensive ice cover in winter 
is usually followed by anomalously low ice cover area in the summer and vice-versa (Zwally 
et al., 1983).  

To assess interannual changes and trends in the sea ice extent and ice area, monthly 
anomalies are used, as in previous studies (e.g., Zwally et al., 2002a). The monthly anomalies 
were estimated by subtracting monthly climatologies from each month from November 1978 
to December 2007. The monthly climatologies were generated by taking the average of all 
satellite data available for each of the months.  For consistency only SMMR and SSM/I data 
during the period were used. The sea ice extent shows a positive trend of 0.9 ± 0.2% per 
decade for the Southern Hemisphere for the period January 1979 to December 2008. This is 
consistent with the 1.0 ± 0.4% per decade reported by Zwally et al. (2002a) for the 1979 to 
1998 period. The trend in ice area is slightly more positive at 1.6 ± 0.2%/decade, in part 
because of a positive trend in ice concentration at about 0.93 ± 0.13%/decade. The errors 
cited are the statistical error as provided by the standard deviation of the slopes in the 
regression analysis. Unknown biases that may be associated with different calibration and 
resolution of the SMMR and SSM/I sensors are not reflected by this error. Assuming that the 
latter is small, as inferred from the overlap of SMMR and SSM/I data of about a month, the 
positive trend is small but significant. This is consistent with observed cooling in parts of the 
Antarctic during the period  (Comiso, 2000; Kwok and Comiso, 2002).   

Trend analysis of the ice extent in different Antarctic sectors (as defined in Zwally et 
al., 2002a) (see Figure 4.32) yields positive trends of varying magnitude in all except in the 
Bellingshausen/Amundsen Seas sector. The trend is least positive in the Western Pacific and 
the Weddell Sea sector at 0.7 ± 0.6 and 0.8 ± 0.5%/decade followed by the Indian Oceans 
sectors at 1.9 ± 0.6%/decade. The most positive is the Ross Sea sector at 4.3 ± 0.7%/decade; 
an increase that was simulated by the LOVECLIM model (Goosse et al., 2008).  The trend in 
the Bellingshausen/Amundsen Seas sector is -6.8 ± 1.0%/decade, which serves to balance the 
relatively high trend in the Ross Sea. Since these two sectors are adjacent to one another, the 
opposite trends in the two sectors are in part caused by the advection of ice from one sector to 
the other. This pattern of change has been linked to the recent deepening of the Amundsen 
Sea Low as a result, primarily, of the loss of stratospheric ozone (Turner et al., 2009). 

The Antarctic Peninsula adjacent to the Bellingshausen/Amundsen Seas sector is an 
area of marked warming, as described previously by King (1994) and Jacobs and Comiso 
(1997).  Also, the variability of ice in the Ross Sea region is associated with the influence of 
ENSO (Ledley and Huang, 1997) and the continental area adjacent to it has been 
experiencing some cooling during the last two decades (Comiso, 2000; Doran et al., 2002). 
The positive trend in the Ross Sea, which is the site of a major coastal polynya, suggests 
increased ice production and a more important role of the region in bottom water formation. 

Yearly maximum and minimum ice extent and ice area were estimated for each year 
using 5 day running averages of daily data and the results are presented in Figure 4.33. While 
interannual changes in wind circulation can be a significant factor, these parameters are 
basically associated with the thermal state of the ice-covered ocean and adjacent seas. The 
plots for maximum extents and areas are shown to be basically stable with very little 
interannual variability. Relatively high ice extents occurred in 1980, 1998, 2000, 2005 and 
2006 while relatively low values occurred in 1986 and 2002. The high and low values in the 
ice area maxima are relatively the same but the variability varies slightly because of 
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interannual changes in sea ice concentration. The interannual fluctuations in the ice minimum 
are much higher with relatively high values in ice extents occurring in 1982, 1983, 1986, 
1987, 1994, 1995, 2001 and 2003 while relatively low values occurred in 1993, 1997, and 
2006. The interannual changes in ice area minima are similar but there are significant 
differences, such as the changes from 1982 to 1983 and from 1986 to 1987 where the ice 
extent shows an increase from one year to the next while the ice area shows a decrease. Such 
a phenomenon is likely caused by divergences associated with wind conditions that can cause 
an increase in ice extent but not in ice area. Trend analysis of the data yielded results very 
similar to those of the overall trend, with the trends of maximum ice values being 0.9 ± 
0.4%/decade and 1.5 ± 0.4%/decade for ice extent and ice area, respectively. The trends of 
minimum ice values are 0.6 ± 2.7 and 1.5 ± 3.0%/decade for ice extent and ice area, 
respectively. These results show that the trends of maximum ice extents and areas are similar 
to the corresponding minimum ice extents and areas but with higher statistical variability for 
the latter.  
 

 
 

Figure 4.32 Ice Extent monthly anomalies and trend lines for (a) the Southern Hemisphere; 
(b) Weddell Sea; (c) Indian Ocean; (d) W. Pacific Ocean; (e) Ross Sea; and (f) 
Bellingshausen/Amundsen Seas Sectors 
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Figure 4.33 Yearly maximum and minimum extent and area of the ice cover in the Southern 
Hemisphere and trend results. 
 

 

4.8 The ice sheet and permafrost 

 
4.8.1 Introduction 

 

Ice sheets are to some degree self-regulating systems. Increasing snowfall over the ice sheet 
will act to increase the ice thickness, but that will then increase the rate of ice-flow towards 
the coasts and thus remove the extra snowfall. Thus the ice sheet will evolve towards a shape 
and pattern of flow specific to the current climate, where flow exactly compensates the 
spatial pattern of ice accumulation (snowfall and frost deposition) and ice ablation (melting, 
wind erosion and calving).   

This equilibrium state is a useful concept, but it is rarely realised; the driving 
environmental parameters of climate are themselves constantly changing, which continually 
modifies the equilibrium state sought by the ice sheet.   At any given time, the changes in the 
ice sheet reflect responses to both recent and long-term changes in climate, and for this 
reason, areal extent, magnitude and duration of changes, as well as time scale must be 
carefully considered in any discussion of ice-sheet change.   

Until the era of satellites, large-scale changes in the ice sheet were considered likely to 
unfold over thousands of years (Payne et al., 2006). Now, significant accelerations and 
decelerations of large outlet glaciers and ice streams have been observed on much shorter 
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timescales (Bindschadler et al., 2003; Rignot and Kanagaratnam, 2006; Truffer and 
Fahnestock, 2007). In Antarctica, these changes affect a complex drainage system of ice 
streams and tributaries whose full extent has only become appreciated through satellite 
observations (Joughin et al., 1999; Bamber et al., 2000). Since the 1970s, there have been 
competing hypotheses concerning the influence of ice shelves on the flow rates of upstream 
glaciers. Satellites have confronted these hypotheses with empirical measurements for the 
first time. Another important contribution of satellites has been to identify two key regions of 
change in Antarctica; one near the northern tip of the Antarctic Peninsula, another within the 
rarely visited Amundsen Sea sector of West Antarctica.  

Despite a good understanding of the complexity of the issues, its importance to 
understanding sea level rise has meant that measurement of the ice sheet’s mass balance has 
been a primary goal of Antarctic science since the early efforts following the IGY (1957/58).  
Many of these were based on accounting methods involving calculations of the imbalance 
between net snow accumulation and outflow of ice over particular domains.  Such efforts 
have always been hampered by the intrinsic uncertainty in measuring these parameters, and 
very few have produced measurements of ice-sheet imbalance that do not plausibly allow 
changes in a particular domain to be either positive or negative.  So while there have been a 
few notable exceptions (e.g. Joughin and Tulaczyk, 2002; Rignot and Thomas, 2002; Rignot, 
2008), and future efforts based on satellite data may prove to be valuable, our best 
measurements of change across the majority of the Antarctic ice sheet come not from 
accounting methods, but rather from those techniques that seek to measure the changing 
volume of the ice-sheet directly.   

The most successful of these techniques of direct measurement has been the use of 
satellite altimetry (Figure 4.34). A number of research groups have evaluated data beginning 
in the early 1980s. Spanning data from multiple satellite altimeters, they have produced 
broadly consistent results (e.g., Wingham et al., 1998, 2006a; Davis et al., 2005; Zwally et 
al., 2005). These results illustrate that separate catchment basins within the ice sheet behave 
somewhat independently. What altimetry often fails to capture are the largest changes at the 
ice sheet margins, where steep slopes lead to large errors of measurement, and the large 
thickness changes on the floating ice shelves at the perimeter, where elevation changes 
represent only 1/8 of the full thickness change. 

More recently, measurements of changes in the Earth’s gravity field have been made 
using GRACE (Gravity Recovery and Climate Experiment). These satellites have confirmed 
that the Amundsen Sea sector is losing mass to the ocean (Velicogna and Wahr, 2006; 
Ramillien et al., 2006; Chen et al., 2006). The GRACE system works by tracking the range 
between two orbiting satellites: their differential accelerations provide a sensitive measure of 
how the distribution of mass across the Earth’s surface is changing. The system is unable to 
distinguish separately the changes in ice, rock, and air; so the flows within the Earth’s mantle 
and atmosphere must be removed to reveal changes in the ice sheets. So far this correction 
has been derived using models of the atmospheric and lithospheric mass flows, but 
observations of isostatic uplift measured in the field using GPS receivers mounted on 
exposed rock outcrops should provide a better constraint, especially if GRACE observations 
are combined with altimetric observations (Velicogna and Wahr, 2002). Chen et al. (2006) 
report a localised region of mass increase in East Antarctica. This could either be 
anomalously high snowfall, leading to growth of ice in this region, or an artefact of un-
modelled post-glacial rebound. The system has only been in operation for a few years, and 
snowfall is variable from year to year, so the long-term significance of the available results 
can be questioned. However there is little doubt that longer records from these satellites will 
eventually provide extremely valuable information on the changes in the mass of ice sheets. 
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Figure 4.34 Elevation change Zwally (left) and Davis (right). 
 
 

Antarctica’s ice shelves and ice tongues (‘ice tongues’ are narrowly-confined ice 
shelves bounded by fjord walls) are particularly sensitive to climate change because both the 
upper and lower surface of the ice plate are exposed to different systems, each with a 
potential to cause rapid change: these are the atmosphere and the ocean. The ice-atmosphere 
system affects the ice shelf through changing surface accumulation, dust and soot deposition, 
and surface melt; the ice-ocean system controls basal melting or freezing, tidal flexure, and 
wave action. Moreover, it is now recognized that sea ice, which is not part of the ice sheet, 
but is viewed more properly as a component of the atmosphere-ocean system, has a large 
impact on the local climate and dynamics of the ice shelf front, controlling regional surface 
energy balance, moisture flux, and the presence or absence of ocean swell at the front.   
Antarctica’s ice shelves have provided the most dramatic evidence to date that at least some 
regions of the Antarctic are warming significantly, and have shown, what has been suspected 
for long time (e.g. Mercer, 1978), namely that changes in floating ice shelves can cause 
significant changes in the grounded ice sheet.  This evidence has led to an ongoing re-
assessment of how quickly greenhouse-driven climate changes could translate into sea level 
rise (Meehl et al, 2007). 

Ice shelves in two regions of the Antarctic Ice Sheet have shown rapid changes in 
recent decades: the Antarctic Peninsula and the northern region of West Antarctica draining 
into the Amundsen Sea.  Because there is such spatial variety in the observed changes, and 
because the causes of the changes likely vary regionally, changes over the past 50 years are 
discussed below according to province.  A review of events in these two regions will 
introduce two main mechanisms by which climate change is thought to lead to changes in ice 
sheet mass balance: surface summer melt increase, leading to ponding, fracturing and 
disintegration: and basal melting of the ice shelves, leading to shelf thinning and grounding 
line retreat. 
 
4.8.2 The Antarctic Peninsula 

 
The Antarctic Peninsula north of 70°S represents less than 1% of the area of the entire 
grounded Antarctic ice sheet, but receives nearly 10% of its snowfall (van Lipzig, et al., 
2004a). A third of this area lies close to the coast and below 200 m elevation, where summer 
temperatures are frequently above 0°C, so that this is the only part of continental Antarctica 
that experiences substantial summer melt. About 80% of its area is classed as a percolation 
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zone (Rau and Braun, 2002), and melt water run-off is a significant component in its mass 
balance (Vaughan, 2006).  

Beginning in the early 1990s, climatologists noted a pronounced warming trend 
present in the instrumental record from the Antarctic Peninsula stations (King, 1994; 
Vaughan and Doake, 1996; Skvarca et al., 1998). This region has the highest density of long-
term weather observations in the Antarctic, dating back to 1903 for Orcadas Station.  Rates of 
warming on the Antarctic Peninsula are some of the fastest measured in the Southern 
Hemisphere (~3ºC in the last 50 years) (King, 2003; Vaughan, et al., 2003) and there has 
been a clear increase in the duration and intensity of summer melting conditions by up to 
74% since 1950 (Vaughan, 2006).  

A recent study has shown that circa 2005, the Antarctic Peninsula was contributing to 
global sea level rise through enhanced melt and glacier acceleration at a rate of 0.16 ± 0.06 
mm/yr (which can be compared to an estimated total Antarctic Peninsula ice volume of 
95,200 km3, equivalent to 242 mm of sea-level) (Pritchard and Vaughan, 2007). Although it 
is known that Antarctic Peninsula glaciers drain a large volume of ice, it is not yet certain 
how much of the increased outflow is balanced by increased snow accumulation. One 
estimate of mass change due primarily to temperature-dependent increases in snowfall on the 
peninsula suggested a contribution to sea level of approximately -0.003 mm/yr (Morris and 
Mulvaney, 2004).  
 
4.8.2.1 Glaciers 

 
The ice-cover on the Antarctic Peninsula is a complex alpine system of more than 400 
individual glaciers that drain a high and narrow mountain plateau. The tidewater/marine 
glacier systems in this region (excluding ice shelves and the former tributary glaciers of 
Larsen A, B and Wordie ice shelves) have an area of 95,000 km2 and a mean net annual 
accumulation of 143 ± 29 Gt/yr (after van Lipzig et al., 2004a). Changes in the ice margin 
around the Antarctic Peninsula based on data from 1940 to 2001 have been compiled 
(Ferrigno et al., 2002, 2006; Cook et al. 2005).  Analysis of the results revealed that of the 
244 marine glaciers that drain the ice sheet and associated islands, 212 (87%) have shown 
overall retreat since their earliest known position (which, on average, was 1953). The other 
32 glaciers have shown overall advance, but these advances are generally small in 
comparison with the scale of retreats observed.   

The glaciers that have advanced are not clustered in any pattern, but are evenly 
scattered down the coast (Figure 4.35). Examination of the timing of changes along the 
peninsula indicates that from 1945 until 1954 there were more glaciers advancing (62%) than 
retreating (38%). After that time, the number retreating has risen, with 75% in retreat in the 
period 2000-2004. The results indicate a transition between mean advance and mean retreat; a 
southerly migration of that transition at a time of ice shelf retreat and progressive atmospheric 
warming; and a clear regime of retreat which now exists across the Antarctic Peninsula 
(Figure 4.36). The rapidity of the migration suggests that atmospheric warming may not be 
the sole driver of glacier retreat in this region. Glaciers with fully grounded marine termini 
exhibit unusually complex responses to changing mass balance because in addition to the 
normal forcings they are also subject to oceanographic forcing and subglacial topography. 
Future analysis of changes in all boundary conditions may reveal why the glaciers have 
responded in this way. 
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Figure 4.35 Overall change observed in glacier fronts since earliest records. (From Cook et 
al., 2005). 
 
 

A recent study of flow rates of tidewater glaciers has revealed a widespread 
acceleration of ice flow across the Peninsula (Pritchard and Vaughan, 2007). This widespread 
acceleration trend was attributed not to meltwater-enhanced lubrication or increased snowfall 
but to a dynamic response to frontal retreat and thinning. Measurements were taken from 
over 300 glaciers on the west coast through nine summers from 1992 to 2005. They showed 
that overall flow rate increased by 10% and that this trend is greater than the seasonal 
variability in flow rate. A comparison of measurements between the years 1993 and 2003 
only (with profiles tailored to optimize coverage in just these years) revealed a slightly 
greater overall acceleration of 12.4 ± 0.9%.  

The loss of ice shelves (Section 4.8.2.2) has caused acceleration of the glaciers that fed 
them (Rignot et al., 2004a, 2005; Rott et al., 1996; Scambos et al., 2004) creating locally high 
imbalances in ice mass. Immediately after break-up, glaciers flowing into the now-collapsed 
sections of the Larsen Ice Shelf accelerated to speeds of 2 to 8 times the pre-disintegration 
flow rate (Rignot et al., 2004a; Scambos et al., 2004).  The glaciers flowing into the Wordie 
Ice Shelf also accelerated following ice shelf loss, and have been losing mass to the ocean 
over the last decade (Rignot et al., 2005).  One of these, Fleming Glacier, accelerated by 
about 50% during the period 1974-2003, and the region was losing mass at 18±5.4 Gt/yr. A 
field campaign carried out in December 2008 using GPS measurements and an airborne laser 
survey confirmed that the glacier maintains these high flow rates and experiences a 
pronounced ice thinning (Wendt et al., In Press). The ice flux increase may be partially offset 
by increased precipitation in the western Peninsula (Turner et al., 2005b), but both ice shelves 
(Fox and Vaughan, 2005) and glaciers in the west (Pritchard and Vaughan, 2007) continue to 
retreat. The combined estimate of mass loss (as of 2005) was 43±7 Gt/yr, but a more recent 
assessment of the region suggests this rate has slowed (28±45 Gt/yr, Rignot et al., 2008). In 
addition to the increase in flow rates, a recent study has revealed profound dynamic thinning 
of collapsed-ice shelf tributary glaciers flowing from the Antarctic Peninsula plateau to both 
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east and west coasts (Pritchard et al., submitted). Analysis of ICESat laser altimeter data, 
processed along-track for the period 2003-2007, showed how surface elevation has changed 
over the whole of the Antarctic Peninsula. The high, central plateau and slow flowing ice 
caps thickened at rates as high as 1 m/yr. In contrast, some of the highest rates of thinning 
recorded either in Antarctica or Greenland (up to tens of metres per year) are occurring on 
glaciers that flowed into ice shelves that have now disappeared. Glacier tributaries feeding 
the intact but thinning ice shelves of Larsen C and remnants of Larsen B, plus George VI Ice 
Shelf and the little-studied Larsen D also thinned at rates up to several metres per year. This 
behaviour confirms that glaciers are very sensitive to ice shelf thinning as well as collapse, 
and that shelf collapse leads not just to short-term and localized adjustment but to sustained, 
widespread and substantial loss of grounded ice from tributary glaciers (Pritchard et al., 
submitted). 
 

 
 
 
Figure 4.36 Change in Antarctic Peninsula glaciers over time and by latitude. Prior to 1945 
the limit of glacier retreat was north of 64°S; in 1955 it was in the interval 64-66°S; in 1960 
between 66-68°S and in 1965 between 68-70°S. (from Cook et al., 2005). 
 

4.8.2.2 Ice shelves 

 
Retreat of several ice shelves on either side of the Peninsula was already occurring when 
scientific observations began in 1903.  Since that time, ice shelves on both the east and west 
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coasts have suffered progressive retreat and some abrupt collapse (Morris and Vaughan, 
2003; Scambos et al., 2000). Ten ice shelves have undergone retreat during the latter part of 
the 20th Century (Cooper, 1997; Doake and Vaughan, 1991; Fox and Vaughan, 2005; 
Luchitta and Rosanova, 1998; Rott et al., 1996, 2002; Scambos et al., 2000, 2004; Skvarca, 
1994; Ward, 1995) (Table 4.1).  Wordie Ice Shelf, the northernmost large (>1,000 km2) shelf 
on the western Peninsula, disintegrated in a series of fragmentations through the 1970s and 
1980s, and was almost completely absent by the early 1990s. The Wordie break-up was 
followed in 1995 and 2002 by spectacular retreats of the two northernmost sections of the 
Larsen Ice Shelf (termed Larsen ‘A’ and Larsen ‘B’ by nomenclature proposed by Vaughan 
and Doake, 1996) and the last remnant of the Prince Gustav Ice Shelf (Figure 4.37). A similar 
‘disintegration’ event was observed in 1998 on the Wilkins Ice Shelf (Scambos et al., 2000), 
but much of the calved ice remained until 2008 when dramatic calving removed about 1,400 
km2 of ice. The ice bridge connecting the Wilkins Ice Shelf to Charcot Island disintegrated in 
early April 2009. In all these cases, persistent seasonal retreats by calving (Cooper, 1997; 
Skvarca, 1993; Vaughan, 1993) culminated in catastrophic disintegrations, especially for the 
Larsen A (Rott et al., 1996; Scambos et al., 2000) and Larsen B (Scambos et al., 2003).   

The sequence of events leading up to the collapse of the Larsen B ice shelf suggests the 
processes responsible for the ultimate disintegration. In the 35-day period from 31 January 
2002, satellite images recorded by the Moderate Resolution Imaging Spectroradiometer 
(MODIS) revealed a disintegration of a 5,700 km2 section of the Larsen B ice shelf. The 
January MODIS images showed that prior to its disintegration, the Larsen B ice shelf was 
subject to more extensive ponding of meltwater than in previous years (Scambos et al., 2004). 
As this water drained into pre-existing crevasses, and filled them, the water pressure would 
have been sufficient to propagate the cracks through the entire thickness of the ice shelf 
(Weertman, 1973; Scambos et al. 2000). Satellite radar interferometry has been used with ice 
flow models to show that the ice shelf sped up considerably in the period before its final 
collapse because of weakening within its margins, perhaps as a consequence of this 
mechanism (Vieli et al., 2007).  Once the Larsen B ice shelf had disintegrated into icebergs, 
the forces set up as they toppled against one another drove them rapidly apart (MacAyeal et 
al., 2003). A MODIS image taken on 7 March 2002 (Figure 4.37) shows a plume of icebergs 
being ejected, clearing the bay that was previously occupied by the ice shelf.  
 
 

 
 
Figure 4.37 Rapid disintegration of Larsen B ice shelf.  Image on left collected on January 
31, 2002 and on right collected on March 7, 2002. 
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The latest results reveal an overall reduction in total ice shelf area on the Antarctic 
Peninsula by over 27,000 km2 in the last 50 years. As discussed in the previous section, 
recent findings (and studies of similar events in the southern Greenland ice sheet; see Howat 
et al., 2007) have fostered new appreciation of the importance of floating ice on controlling 
ice flow, and the rapidity with which loss of floating ice could cause an acceleration in the 
contribution to sea level rise. 

The direct cause of the Peninsula ice shelf retreats is thought by many to be a result of 
increased surface melting, attributed to atmospheric warming. Increased fracturing via melt-
water infilling of pre-existing crevasses explains many of the observed characteristics of the 
break-up events (Scambos et al., 2000; 2003), and melting in 2002 on the Larsen B was 
extreme (van den Broeke, 2005).   

Observations of northward-drifting icebergs support the theory that surface melt ponds 
or surface firn saturated with melt-water can rapidly culminate in disintegration of either ice 
shelves or icebergs (Scambos et al., 2004). 
 

Ice Shelf First 
record
ed 
date 

Last 
recorded 
date 

Area on 
first 
recorded 
date 
(Km²) 

Area on 
last 
recorded 
date 
(Km²) 

Chang
e 
(Km²) 

% of 

original 

area 

remaining 

Reference 

Müller 1956 1993 80 49 -31 61 Ward (1995) 

Wordie 1966 1989 2,000 700 -1,300 35 Doake and Vaughan 

(1991) 

Wordie 1989 2009 700 96 -600 5 Wendt et al. (In 

Press) 

Northern 
George 
VI 

1974 1995 ~ 26,000 ~ 25,000 -993 96 
 

Luchitta and 

Rosanova (1998) 

Northern 
Wilkins 

1990 1995 ~ 17,400 ~ 16,000 -1,360 92 Luchitta and 

Rosanova (1998) 

 1995 1998   -1,098 85 Scambos et al. 

(2000) 

Jones 1947 2003 25 0 -25 0 Fox and Vaughan 

(2005) 

Prince 
Gustav 

1945 1995 2,100 ~ 100 -2,000 5 Cooper (1997) 

 1995 2000  47  2 Rott et al. (2002) 

Larsen 
Inlet 

1986 1989 407 0 -407 0 Rott et al. (2002) 

Larsen A 1986 1995 2,488 320 -2,168 13 Rott et al. (1996) 

Larsen B 1986 2000 11,500 6,831 -4,669 59 Rott et al. (2002) 

 2000 2002  3,631 -3,200 32 Scambos et al. 

(2004) 

Larsen C 1976 1986 ~ 60,000 ~ 50,000 -9,200 82 Skvarca (1994) and 

Vaughan and Doake 

(1996) 

 
Table 4.1 Summary of changes observed in ten ice shelves located on the Antarctic 
Peninsula. The figures were obtained from references that recorded the measured area of a 
particular ice shelf on both the earliest and most recent dates available. 
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Specific mechanisms of ice shelf break-up are still debated. The role of subsurface 

waters circulating beneath the shelves in thinning and/or warming the ice remains 
undetermined.  Others have suggested that a change to negative surface mass balance (Rott et 
al., 1998), or reduced fracture toughness due to a thickening temperate ice layer (Vaughan 
and Doake, 1996), or basal melting (Shepherd et al., 2002) caused the break-up. Recent 
modeling and observational studies have shown that the Larsen B, at least, was pre-
conditioned to a retreat and breakup by faster flow, increased rifting, and detachment from 
the coast (Vieli et al., 2007; Glasser and Scambos, 2008); all these are consistent with a 
thinning shelf in the years leading up to disintegration. 

The pattern of ice shelf retreat on the Antarctic Peninsula appears to be consistent with 
the existence of a thermal limit on ice-shelf viability (Morris and Vaughan, 2003; Vaughan 
and Doake, 1996) (Figure 4.38). The limit of ice shelves known to have retreated during the 
last 100 years is bounded by the –5oC and –9oC isotherms (calculated for 2000 A.D.) 
suggesting that the retreat of ice shelves in this region is consistent with the observed 
warming trend of 3.5 ± 1.0oC/century (Morris and Vaughan, 2003).  
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Figure 4.38 Contours of interpolated mean annual temperature. Currently existing ice shelves 
are shown in grey. Portions of ice shelves that have been lost through climate-driven retreat 
are shown in red (From Morris and Vaughan, 2003). 
4.8.2.3 Sub-Antarctic Islands  

 
Glaciers on the sub-Antarctic islands of Heard Island (53°S, 73°30’E), Kerguelen 

Islands (49°15’S, 69°35’E) and South Georgia (54°30’S, 36°30’W) have shown accelerating 
rates of retreat over the past half-century.  The glaciers on Heard Island have shown extensive 
retreat since the 1940s (Allison and Keage, 1986; Kiernan and McConnell, 1999, 2002; 
Budd, 2000).  After a period of advance between 1963-71, most of the recession occurred 
since 1970 (Allison and Keague, 1986). The total glacierized area has reduced by 11%, and 
several coastal lagoons have been formed as a result. The rapid glacier recession reflects a 
temperature rise on the island of about 1.3°C during the last 50 years (Budd, 2000). Of the 
twelve major glaciers and several minor glaciers on the island, current research includes two 
specific examples: Stephenson Glacier and Brown Glacier. Historical records, recent 
observations, and geomorphological evidence indicate that rates of retreat and downwasting 
of the tidewater Stephenson Glacier, and concurrent expansion of ice-marginal melt-lakes, 
has increased by an order of magnitude since 1987 (Kiernan and McConnell, 2002). In 
addition, Brown Glacier retreated 50 metres since 2000/01, contributing to a retreat of 
approximately 1.1 km since 1950 (a decrease in total volume of about 38%) (Australian 
Antarctic Division 2005: http://www.heardisland.aq/). Similarly at Kerguelen, glacier 
recession has accelerated since the early 1970s (Frenot et al., 1993, 1997).  

Glaciers, ice caps and snowfields cover over 50% of the island of South Georgia. In a 
recent study, the changing positions of the 103 coastal glacier fronts on South Georgia were 
mapped using archival aerial photographs and satellite imagery dating from the 1950s to the 
present (Cook et al., in submission). Of these, 97% have retreated since their earliest recorded 
position (which, on average, was 1961). The majority (64%) of the glaciers retreated by 
between 0 and 500 m since their first observations. Two glaciers stand out as having retreated 
the most: Neumayer Glacier by 4.4 km since 1957, and the ice front fed by Ross and Hindle 
Glaciers, by 2.14 km since 1960.  The rate of retreat for all 103 glaciers has increased from 
(on average) 8 m/yr in the late 1950s, to 35 m/yr at present, revealing an accelerating rate of 
retreat since the 1990s. The recent rapid increase in the average rate is largely due to large 
increases in retreat rates of glaciers in the north-east of the island, which are currently 
showing an average of 60 m/yr retreat. The glaciers along the south-west coast of the island, 
however, are significantly different in their rate of change, due to dissimilar weather patterns 
caused by orographic effects (Gordon et. al., 2008). They have been in retreat slowly since 
the 1950s, but this has remained at a constant rate of approximately 8 m/yr. This retreat rate 
may now be gradually increasing, although on a much smaller scale (currently 12 m/yr). The 
climate records from South Georgia (recorded at Grytviken from 1905 until 1988, and 
subsequently from 2001 until 2008) show that in the early 1900s the summer temperatures 
were relatively high, lower between the 1920s to the 1940s, and higher from the 1950s to the 
present (Gordon et al., 2008). The retreat of South Georgia glaciers over the past half-century 
coincides with the recent period of climate warming that began in the 1950s. Acceleration in 
retreat rates of glaciers on the north-east coast has occurred in the past decade as the climate 
has continued to warm, and although the glaciers on the south-west side have been slow to 
respond, their retreat rates may now also be on the increase (Cook et al., in submission). 
 

4.8.3 West Antarctica 

 

West Antarctica has received particular attention because it remains as the last “marine-
based” ice sheet, a configuration that was suggested to be inherently unstable, fated to 
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oscillate between fully extended to the edge of the continental shelf or completely lost, 
having suffered accelerating retreat (Weertman, 1974).  Mercer (1968) suggested that full 
collapse of the West Antarctic ice sheet had occurred as recently as the last interglacial, 
125,000 years ago and the concern driving much of the research of the West Antarctic ice 
sheet was whether such an eventuality was inevitable or even underway.   

The West Antarctic ice sheet is conveniently divided into three sectors, each feeding ice 
into one of the major surrounding seas: the Ross Sea, the Amundsen Sea and the Weddell 
Sea.  Being closest to the US research station at McMurdo, major US field research 
proceeded on the ice streams of the Ross Sea sector along the Siple and Gould Coasts.  
Meanwhile, UK field research was focused on the ice streams of the Weddell Sea sector that 
were similarly closer to their major station at Rothera.  Ironically, the largest changes were 
observed by satellite to be occurring in the Amundsen Sea sector.  Each area is discussed in 
the following sections, beginning with the area exhibiting the largest changes. 
 

4.8.3.1 Amundsen Sea Embayment 
 
The Amundsen Sea sector represents approximately one third of the entire WAIS.  Recent 
observations have shown that this is currently the most rapidly changing region of the entire 
Antarctic ice sheet.  Long before these observations were available the vulnerability and 
potential significance of retreat in this area was highlighted in a prescient paper by Hughes 
(1973). 
 
 

 
 
 
Figure 4.39 Recent and longer term thinning of the Amundsen Sea Embayment sector ice 
sheet.  Regional colours represent rate of elevation change derived from two decades of 
satellite radar altimetry.  Circled colours represent recent elevation changes derived from 
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airborne altimetry flown in 2002. The difference in the two surveys indicates a recent 
increase in the rate of thinning (from Thomas et al., 2004b) 
 
 

Thinning of the ice in the Amundsen Sea sector occurred because of an increase in the 
discharge of several major outlet glaciers (Figure 4.39). Rignot (1998b) first reported flow 
acceleration and subsequent grounding line retreat of Pine Island Glacier, one of the two 
largest West Antarctic outlet glaciers draining into the Amundsen Sea.  This retreat has been 
accompanied by thinning of the ice sheet at a rate of 10 cm/year averaged over a drainage 
basin twice the area of Great Britain (Wingham et al., 1998). Thinning rates reach well over 1 
m/yr at the coast (Shepherd et al., 2001). This discovery of a 10% increase in flow speed in 4 
years was anticipated based on oceanographic evidence of very high and increasing basal 
melt rates beneath the ice tongue fronting the glacier (Jacobs et al., 1996; Jenkins et al., 
1997).  Later direct measurement of elevation loss near the grounding line and an assumption 
of flotation at hydrostatic balance, revealed rates as high as 58 + 8 m/yr with an ice shelf 
wide average of 24 + 4 m/yr. (Rignot, 2006), exceeding the previously value of 15 m/yr 
(Shepherd et al., 2004). As basal melt increased, the grounding line retreated, possibly in two 
stages—during the 1980s and in 1994-96 - each leading to a separate increase in speed 
(Rignot, 1998b; Joughin et al., 2003). Most recently Rignot (2008a) has shown that the 
grounding line at Pine Island has retreated still further, with a simultaneous increase in both 
speed and acceleration. Pine Island Glacier is now moving at speeds nearly double those in 
the 1970s.  No data are available to determine if an earlier period of acceleration occurred, 
however, a study of past images of Pine Island Glacier’s ice shelf indicate that thinning, 
possibly by as much as 134 metres, occurred in 28 years with significant shifts to the lateral 
margins, including a major flow shift, beginning perhaps as early as 1957 (Bindschadler, 
2001).   

Other glaciers in the Amundsen Sea sector have been similarly affected: Thwaites 
Glacier is widening on its eastern flank, and there is accelerated thinning of four other 
glaciers in this sector to accompany the thinning of Thwaites and Pine Island Glaciers 
(Thomas et al., 2004a).  Where flow rates have been observed, they too show accelerations, 
e.g., Smith Glacier has increased flow speed 83% since 1992. 

Calculations of the current rate of mass loss from the Amundsen Sea embayment range 
from 50 to 137 Gt/yr with the largest number accounting for the most recent faster glacier 
speeds (Lemke et al., 2007; Rignot et al., 2008). Data sources and methodologies vary, but 
generally when uncertainties and the time intervals analyzed are considered, the estimates are 
consistent with accelerating rates of loss, in concert with the accelerations of the primary 
discharging glaciers.  These rates are equivalent to the current rate of mass loss from the 
entire Greenland ice sheet.  The Pine Island and adjacent glacier systems are currently more 
than 40% out of balance, discharging 280 ± 9 Gt/yr of ice, while they receive only 177 ± 25 
Gt/yr of new snowfall  (Rignot et al., 2008; see also Thomas et al, 2004b). The increasingly 
negative mass balance is confirmed by several recent radar altimetry assessments of reduction 
in surface elevation of the Pine Island catchment (e.g., Zwally et al., 2005; Rignot et al., 
2008). 

Summer temperatures in the Amundsen Sea embayment rarely reach melting 
conditions, and there is little reason to assume that atmospheric temperatures have had any 
strong role to play in the changes that have occurred there.  Similarly, the patterns of 
thinning, which are very clearly concentrated on the most dynamic parts of the glaciers, 
indicate that the changes are not the result of anomalous snowfall.  The most favoured 
explanation for the changes (e.g. Payne et al., 2004) is a change in the conditions in the sea 
into which this portion of West Antarctica flows (Figure 4.40). ITASE ice core research 
indicates that marine air mass transport in the Amundsen Sea sector of the WAIS has 
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increased in intensity as of recent decades (Dixon et al., 2005. While there are no adjacent 
measurements of oceanographic change that can support this hypothesis, it appears to be the 
most likely option, and the recent observations of relatively warm Circumpolar Deep Water 
on the continental shelf and in contact with the ice sheet in this area suggest it is a reasonable 
one. 
 
 

 
 
 
Figure 4.40 Water masses in the Antarctic coastal zone. (Dieckmann, unpublished) 
 
 
4.8.3.2 Ross Sea Embayment 

 
Elsewhere within West Antarctica, the changes are not as extreme. Among the ice streams 
feeding the Ross Ice Shelf, there is a rich history of change on millennial and shorter time 
scales.  A major event approximately 150 years ago was the stagnation of Kamb Ice Stream 
(formerly ice stream C) (Retzlaff and Bentley, 1993).  Since that time, ice upstream of the 
stagnated trunk has been thickening at a rate of nearly 50 cm/yr over an area tens of 
kilometres across.  The next largest change is the gradual deceleration of the Whillans Ice 
Stream, immediately south of Kamb Ice Stream, at rates of between 1 and 2% annually 
(Joughin et al., 2002).  

Aside from these two phenomena, the remainder of the ice flow in the region appears 
to be near equilibrium.  Overall, Whillans and Kamb ice streams skew the cumulative mass 
balance calculations in the region to a net positive, indicating slight growth.  An earlier 
estimate of 26.8 + 14.9 Gt/yr by Joughin and Tulaczyk (2002) has only been slightly 
modified to 34 + 8 Gt/yr recently by Rignot et al. (2008a), but the errors overlap, indicating 
consistency. The ocean-ice system of the Ross Sea is shown in Figure 4.41. 
 

4.8.3.3 The Weddell Sea Embayment 
 
This final third of the WAIS is about equal in size to the Amundsen and Ross Sea sectors, but 
appears to be more stable, at least for the past millennium.  The ice streams are deeper than 
within the other sectors, but show few signs of flow rates or directions far out of the present 
equilibrium.  The most recent calculation of its mass balance of -4 + 14 Gt/yr (Rignot et al., 
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2008) varies insignificantly from an earlier calculation of +9 + 8 Gt/yr by Rignot and Thomas 
(2002). 

Satellite altimeter records suggest, that there may be some areas within this sector (e.g. 
Rutford Ice Stream) where, in the last decade, there has been an excess of snow 
accumulation, although such records are too short to imply any likely ongoing change 
(Wingham et al, 2006a). 
 
 

 
 
Figure 4.41 Pictoral view of the ocean-ice system of the Ross Sea.  Colours on the ice sheet 
indicate flow speed with speed increasing from yellow to green to blue to magenta (see 
Figure 1.6).   Colour in the ocean represents the major currents: light blue and yellow are the 
surface flows of the Antarctic Circumpolar Current and the opposing boundary current, 
respectively; red is CDW upwelling to reach the continental shelf and dark blue is the sinking 
Ice Shelf Water exiting from beneath the floating ice shelf.  As CDW rises, some loses heat 
to the atmosphere (wavy vertical line) while the remainder circulated under the floating ice 
shelf causing basal melting. (illustration courtesy of National Geographic)  

 
 

4.8.4 East Antarctica 

 
Changes are less dramatic across most of the East Antarctic ice sheet with the most 
significant changes concentrated close to the coast.  Increasing coastal melt is suggested by 
some recent passive microwave data (Tedesco, 2008).  Satellite altimetry data indicate recent 
thickening in the interior that has been attributed to increased snowfall likely because of year-
to-year and decade-to-decade fluctuations in snowfall (Davis et al., 2005), but ice core data 
do not show recent accumulation changes as significantly higher than during the past 50 years 
(Monaghan et al., 2006a).  A resolution of this apparently conflicting evidence may be that 
there is a long-term imbalance in this area, which could possibly reflect a response to much 
more ancient climate changes.  An alternate suggestion, based on direct accumulation 
measurements at South Pole, is that this thickening represents a short period of increased 
snowfall between 1992 and 2000 (Thompson and Solomon, 2002).  The absence of 
significant atmospheric warming inland, distinct from the global trend of warming 
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atmospheric temperatures, may have forestalled an anticipated increase in snowfall associated 
with the global trend.   

The only significant exceptions to this broad-scale quiescence of the East Antarctic ice 
sheet occur on the Cook Ice Shelf and in the mouth of the Totten Glacier where thinning rates 
in excess of 25 cm/year have been measured (Shepherd and Wingham, 2007).  It remains 
unknown whether these events are recent, or indeed, whether they are related to changing 
adjacent ocean conditions, as in the case of the Amundsen Sea outlets, or whether they are 
just longer-term responses of a regional dynamic origin. Both these areas are the outlets of 
the ice sheet occupying the two major marine basins lying beneath the ice sheet (Lythe et al., 
2001).   

The mass balance of the East Antarctic ice sheet has been calculated by many research 
teams with various sensors and methodologies: +22 + 23 Gt/yr (Rignot and Thomas, 2002); -
4 + 61 (Rignot et al., 2008); 0 + 56 (Velicogna and Wahr, 2006); and +15.1 + 10.7 (Zwally et 
al., 2005).  The results range from near zero to slightly positive with some of the variations 
dependent on the time interval investigated.  One of the most significant factors giving rise to 
this uncertainty is that, at present, an ad hoc interpretation of the thickness changes must be 
made to determine whether they represent changes in snow surface accumulation, and thus 
changes in low-density snow and firn, or whether they are dynamic in origin and represent a 
change in ice, which has a much higher density. 
 
4.8.5 Calving 

 
Aside from the catastrophic ice shelf disintegration events already discussed, available data 
suggest that major rift-driven calving events have neither increased nor decreased on the 
major ice shelves (the Ross, Flichner-Ronne, or Amery).  Rather there is ample evidence that 
their calving patterns continue to follow quasi-repetitive patterns extending back to the 
Nineteenth Century, when the ice fronts were first mapped (e.g. Jacobs et al., 1986; Keys et 
al, 1990; Lazzara et al., 1999; Budd, 1966; Fricker et al., 2005; see also Frezzotti and Polizzi, 
2002, and Kim et al., 2007).   So while the periodic calving of massive icebergs that appear to 
represent, in some cases, many decades of ice shelf advance, may appear dramatic, there is no 
reason to believe that they are not part of the normal fluctuations in a ice sheet that is, in the 
long-term, close to equilibrium. 
 
4.8.6 Sub-glacial Water Movement 

 
Regional surface elevation changes confined to areas of a few kilometres have been 
interpreted as manifestations of subglacial water movements (Gray et al., 2005; Wingham et 
al., 2006b; Fricker et al., 2007). These observations are interpreted to reflect the activity of a 
subglacial hydrologic system permitting faster ice flow that is more active than previously 
thought (Figure 4.42).  While those earlier studies lacked simultaneous measurements of ice 
flow to accompany these likely shifts in water mass, a recent study of Byrd Glacier identified 
a period of 10% faster flow that fell within a period where the nearby subglacial lakes 
discharged water that probably exited the system by traveling underneath Byrd Glacier 
(Stearns et al., 2008).  Improvements to numerical ice flow models are including subglacial 
water, but the specific nature of its role in ice sheet dynamics remains undetermined. 
 

4.8.7 Other changes in the ice sheet 

 
Much attention is focused on accelerating changes and instability, yet sediment deposited 
beneath fast moving outlet glaciers might provide some stability to ice sheet retreat driven by 
rising sea level.  Recent observations and modeling suggest that wedges of sediment 
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deposited near the grounding line may be important in stabilizing the ice sheet against sea 
level rise (Anandakrishnan et al. 2007; Alley et al, 2007). This stabilization is conditional on 
the position of the grounding line with respect to the crest of the wedge: should the grounding 
line retreat from the sediment wedge an unstable retreat analogous to that seen in tidewater 
glaciers could occur (Weertman, 1974; Schoof, 2007). It is becoming clear that rates of 
erosion and sediment transport can be large, as shown by the appearance of drumlin-scale 
sedimentary features underneath the ice sheet within just a few years (Smith et al., 2007a). 
Predictive models of the ice sheet will need to include sediment transport, as well as forces 
imposed by ice shelves, since these effects may compete to determine the stability or 
instability of the ice sheet margin. 
 
 

 
 

 

Figure 4.42  Locations of Antarctic sub-glacial lakes are indicated by the yellow circles. 
Over 145 subglacial lakes have been discovered with the majority clustered in the Dome C 
area of East Antarctica.  Colours represent subglacial elevation.  There is no clear 
correspondence between the subglacial topography and subglacial lake occurrence. 
 
 

4.8.8 Attribution of changes to the ice sheet 

 
The Antarctic ice sheet is known to respond slowly to large and sustained climate changes, 
but the new awareness that it can also respond rapidly to other changes makes it difficult to 
attribute a particular change in the ice sheet to a particular causal event or events such as 
recent/anthropogenic climate change.  The inescapable fact is that ice sheet behaviour 
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manifests itself as the superposition of multiple responses on multiple time scales to multiple 
environmental changes.   

Further complicating the situation is that we do not know the changes that were 
occurring in the ice sheet prior to the period of satellite observations (which in the case of ice 
sheets began in earnest in 1992), let alone a century ago, and we have very little knowledge 
as to whether natural changes in the ice sheet over past millennia were smooth or step-wise 
and abrupt.  The context for current changes must be understood by inference.  Caution must 
be used in extrapolating current changes into the future. 

The two areas of most rapid glaciological change are the Antarctic Peninsula ice 
shelves and the Amundsen Sea sector outlet glaciers. A possible trigger for the sudden 
collapse of ice shelves in the Antarctic Peninsula is pressurisation of crevasses filled with 
surface meltwater (Weertman, 1973; Scambos et al., 2000). The supply of meltwater 
increases with surface warming, placing a limit on the regions where ice shelves are viable 
(Vaughan and Doake, 1996). Some of the observed surface warming in the northern Antarctic 
Peninsula can be attributed to changes in global circulation, specifically to changes in the 
SAM (Marshall et al., 2006). The SAM exhibits considerable decadal variability, but 40-year 
trends similar to those observed are reproduced in global climate models forced by a 
combination of ozone depletion, and increasing greenhouse gas concentrations (Arblaster and 
Meehl, 2006). The stronger circumpolar westerlies bring warmer, northwesterly winds across 
the northern Antarctic Peninsula. In the eastern Peninsula, this trend is further amplified 
because northwesterly winds lead to downslope Föhn winds across the ice shelves, promoting 
warmer winter temperatures and longer melt seasons in summer (e.g. Van den Broeke, 2005). 
The loss of sea ice cover in the Amundsen and Bellingshausen seas (Jacobs and Comiso, 
1997) may also affect the climate of the Antarctic Peninsula, and the viability of its ice 
shelves. Thinning from enhanced melting by ocean heat supply at the base of the ice shelf 
(Shepherd et al., 2004), or softening at the margins (Vieli et al., 2007; Khazendar et al., 
2007), may have weakened ice shelves and predisposed them to collapse. While they are 
present, the ice shelves impart forces on the grounded glaciers that drain into them. Once ice 
shelves have disintegrated, these forces are removed, and the grounded glaciers accelerate 
(Rott et al., 2002; De Angelis and Skvarca, 2003; Rignot et al., 2004a) and start to thin 
(Scambos et al., 2004). This increases their discharge of ice into the ocean, and contributes to 
sea level rise. 

The cause of the glaciological changes in the Amundsen Sea embayment is still an open 
topic of research. Ice sheet models have been used to show that changes similar to those 
observed can be caused by loss of basal friction in a small part of the ice sheet near the 
grounding line, perhaps caused by floatation as the grounding line retreats (Payne et al., 
2004; Thomas et al., 2004a). Thinning of ice shelves by basal melt (Walker et al., 2007), 
softening of their margins (Vieli et al., 2007; Khazendar et al., 2007), or shortening by 
iceberg-calving (Dupont and Alley, 2005a) would also affect the force imposed on upstream 
glaciers. The ice shelves in the Amundsen Sea Embayment have been thinning (Shepherd et 
al., 2004; Bindschadler, 2002), and the grounding line of Pine Island Glacier has retreated as 
sections have thinned and gone afloat (Rignot, 1998b). This thinning, together with the 
observation that many independent ice streams are behaving similarly, has been taken to 
imply that changes in the heat supplied from the ocean are responsible for glaciological 
change in this sector (Payne et al., 2004). One mechanism for a variable supply of heat is 
episodic delivery of relatively warm CDW onto the continental shelf (Dinniman and Klink, 
2004). CDW water occupies a deep layer, below the continental shelf break (700 to 1,100 m), 
but can be induced to upwell onto the continental shelf, especially via troughs (Walker et al., 
2007), where it becomes available for basal ice shelf melting. Water layers in the depth of 
700 to 1100 m are observed to be warming significantly further off shore (Gille, 2002), and 
there is evidence from salinity and other measurements over the past 40 years that increased 
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melting is resulting from heat supplied by warmer CDW to northern West Antarctic ice 
shelves (Jacobs et al., 2002). According to coupled ocean atmosphere models, the upwelling 
of CDW is partly controlled by atmospheric circulation patterns (Hall and Visbeck, 2002). 
There is some correspondence between periods of enhanced heat supply predicted by a 
coupled model, and periods of observed glacier acceleration (Thoma et al., 2008). Direct 
observation of temporal changes in the delivery of circumpolar deep water to the ice shelf, 
and of the consequences for inland ice sheet flow are needed to test such models. To attribute 
the glaciological changes in the Amundsen Sea sector to a particular climate forcing will 
require a better understanding of the variability in ice sheet flow, how that flow is influenced 
by melting beneath ice shelves, and how the oceanic heat delivered to the ice shelves can 
change under the different atmospheric circulation patterns produced by various scenarios of 
radiative forcing. 
 
4.8.9 Conclusions regarding the ice sheet 

 
The Antarctic ice sheet is not behaving in a uniform manner – this is not surprising 
considering its enormous size, but the complexity and disparity of responses between 
different areas that has become observable in recent years might have been considered 
unlikely even a decade ago.  The geographic extent of the ice sheet places different parts in 
markedly different positions within the global climate system and subjects them to different 
environmental drivers.  

The most isolated portion is the East Antarctic ice sheet, primarily an extremely cold, 
high elevation plateau of ice, difficult for moisture-laden storms to reach.  Recent atmosphere 
warming, pervasive throughout the rest of the planet, has not yet arrived, but slight increases 
in ice thickness are underway, likely an ongoing response on a centennial or millennial time 
scale to much older changes in climate.   

Around the edges of the Antarctic ice sheet, the current state of the ocean is influencing 
the Amundsen Sea sector of West Antarctica and is likely also responsible for similarly 
behaving, but smaller, regions of East Antarctica.  Here, the ocean appears to be the primary 
driving force, thinning the narrow fringing ice shelves, leading to rapid thinning and 
acceleration of the grounded ice.  What happens at depth in the ocean matters to the ice sheet, 
and is itself strongly determined by the overlying atmospheric circulation, highlighting the 
complex climate interactions in this region.  Other sectors of the West Antarctic ice sheet also 
contain fast moving ice streams, but aside from the now-stagnant Kamb Ice Stream and the 
decelerating Whillans Ice Stream, their current behaviour is far less extreme. 

Ice on the Antarctic Peninsula is behaving quite differently from the rest of the 
continental ice sheet, in that it is engaged in an active interaction with a currently warming 
climate. Its north-south topography is the only barrier to the east-west atmospheric and 
oceanic circulation at these latitudes.  Here, high rates of snow accumulation and melting 
drive a more vigorous glaciological regime.  Recent observations have captured the sudden, 
and very likely recently induced, succession of ice shelf disintegrations followed by the 
dramatic acceleration of the glaciers that fed them.  Perhaps more than any other single 
phenomenon, these events heighten concern about the near-future impact on global sea level 
of change in much larger ice reservoirs.   

The attribution of ice loss on the Antarctica Peninsula to human-driven warming is 
now strong, and although not yet proved conclusively, there is a strong hypothesis that a 
similar case can be made for West Antarctic thinning. The thickening on parts of East 
Antarctica is an expected consequence of climate change, but it is not yet possible to make a 
satisfactory attribution of the changes there to any specifically observed climate change. 
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4.8.10  Changes in Antarctic permafrost and active layer over the last 

  50 years 
 

4.8.10.1 Introduction 

 
Permafrost temperatures and active layer depth are sensitive indicators of climate because 
they integrate different climatic factors (i.e. air temperature, seasonal snow cover, wind), 
which interact with each other and with the ground surface characteristics (i.e. vegetation, 
surface microrelief). 

Permafrost temperatures and active layer thickness respond to the climate variations at 
different time scales because the permafrost thermal regime reacts: a) seasonally above the 
depth of zero annual amplitude (ZAA), b) annually at the ZAA, and c) from years to millenia 
at progressively greater depth. The active layer thickness responds seasonally to the climate 
input. Different methods are needed to monitor the permafrost thermal regime and the active 
layer thickness.  

 
4.8.10.2 Changes in the last 50 years 

 
Permafrost monitoring in Antarctica is a relatively new topic, although monitoring began in 
the 1960s at Signy Island in the South Orkney Islands. 

More recently, new data were obtained on the thermal active layer (Cannone et al., 
2006; Guglielmin et al., 2007). Comparing the new data with those collected at the same 
location four decades earlier, Cannone et al. (2006) show that the active layer thickness 
increased around 30 cm over the period 1963–90 (a period of warming on Signy Island), but 
then decreased by the same amount over the period 1990–2001 when Signy Island had a 
series of particularly cold winters. 

The site of Boulder Clay (McMurdo Sound) represents the longest and most continuous 
data series of permafrost and active layer temperature (Guglielmin, 2004; 2006). Figure 4.43 
shows the temperature recorded near the permafrost table (at a depth of 30 cm) and at the end 
of the borehole (360 cm deeep). 

The permafrost temperature is stable at 360 cm, while at the permafrost table it  shows a 
slight decrease of 0.1°C/year (Figure 4.43). This slight decrease (Guglielmin, In Prep.) is 
mainly related to the decrease of the air temperature and the decrease of the snow cover in the 
winter. 

The decrease of ground surface temperature in relation to the decrease of surface air 
temperature confirms the pattern for the Dry Valleys by Doran et al. (2002) for the period 
1986 to 1999 at Lake Hoare.  

Five km north of Boulder Clay, at the MZS station, a borehole 15.5 m deep was drilled 
in bedrock in 1999 and monitored manually once a year and, since 2003, automatically all 
year round (Guglielmin, 2006). In the summer 2005/2006 a new borehole 30 m deep, just 
some metres away, was drilled as a template for the new IPY-ANTPAS monitoring network. 
The thermal profile obtained in the 30 m borehole (Figure 4.44) suggests at least two periods 
of cooling (around 14-15 m), following a previous period of warming. Guglielmin (2007, in 
prep) describes these quite short fluctuations of the ground surface temperature at MZS in the 
last 30 years. 
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Figure 4.43 Monthly mean temperatures at depths of 30 and 360 cm at Boulder Clay since 
1996. Note that the depth of 30 cm is very close to the permafrost table. The linear regression 
lines for 30 cm depth (solid line) and for 360 cm (dashed line) are also reported. 
 
 

 

 

Figure 4.44 Permafrost profile recorded in the borehole at Oasi on 7 November 2006. The 
borehole was drilled through a homogenous granite outcrop on a gentle slope at 80 m a.s.l. 
 
 
4.9 Long Term Sea Level Change 
 
The first three assessment reports of the IPCC arrived at similar conclusions with regard to 
global sea level change during the Twentieth Century. For example, the third report (Church 
et al., 2001) concluded that global sea level had changed within a range of uncertainty of 1-2 
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mm/yr. Since then, there have been major workshops (e.g. World Climate Research 
Programme workshop on Sea Level Rise and Variability, Church et al., 2007), reviews by 
individual scientists (e.g. Woodworth et al., 2004), and, most recently, the publication of the 
ocean climate and sea level change chapter within the IPCC Fourth Assessment Report 
(Bindoff et al., 2007). A consensus seems to have been achieved that the Twentieth Century 
rise in global sea level was closer to 2 than 1 mm/year, with values around 1.7 mm/yr having 
been obtained for the second half of the last century in the most recent studies (e.g. Church et 
al., 2004; Holgate and Woodworth, 2004). However, it should be noted that the Antarctic 
contribution to sea level now is small compared to what it was following the LGM Transition 
and through the Holocene. 

Fluctuations in the size of Antarctic and Greenland ice sheets during the 
glacial/interglacial cycles resulted in sea level variations of over 120 m. However, in spite of 
the enormous sea level-equivalent of the ice stored in the two ice sheets (Table 11.3 of 
Church et al., 2001), both seem to have played relatively minor roles in sea level change 
during the last two centuries. The major contributions to Twentieth Century sea level rise are 
believed to have originated from ocean thermal expansion and the melting of glaciers and ice 
caps. Antarctica’s contribution appears to have been of the order of 0.1-0.2 mm/yr over the 
last few decades with some evidence for a slightly larger value in the 1990s (Bindoff et al., 
2007).  

The most recent data (i.e. from the 1990-2000s) from tide gauges and satellite altimeters 
suggest that global sea level is now rising at a rate of 3 mm/yr or more (e.g. Holgate and 
Woodworth, 2004; Beckley et al., 2007). The IPCC’s 4th Assessment Report cites 3.1 mm/yr 
for 1993-2003 (IPCC, 2007). However, according to Cazenave et al., (2009), and based on 
GRACE and altimetric satellite data and Argo ocean float data from 2003-2008, the rate has 
slowed to 2.5 mm/yr; this reflects a significant slow down in the thermosteric component, 
balanced by an increase in ice contributions (half from mountain glaciers and half from ice 
sheets). This is still a higher rate than typical for the Twentieth Century. As pointed out by 
Milne (2009) the latest results are not the last word and we need longer time series to be 
confident in the magnitude of the trend. 

Figure 4.45 shows a time series of annual mean sea level values from Vernadsky, 
suggesting an upward trend (uncorrected for local land movements) of 1.6 ± 0.4 mm/year, 
with a dip in the 1970s for which one has to be concerned about instrumental problems, and 
no evidence for recent acceleration. As an aside, one may note that observed Southern 
Hemisphere Twentieth Century sea level trends tend to be generally lower than Northern 
Hemisphere ones (e.g. see the long southern records studied by Hunter et al., 2003 and 
Woodworth et al., 2005). 
 

 

4.10 Marine Biology 
 

4.10.1 The open ocean system 

 
The area covered by winter sea ice in the Southern Ocean has not changed significantly over 
the past decades suggesting that the impact of global warming on Antarctic ecosystems is not 
as severe as it is in the Arctic. There the sea ice cover is declining in both thickness and 
extent at a rapid rate, profoundly affecting the structure and functioning of Arctic marine 
ecosystems, particularly mammal and bird populations. For a comprehensive and most recent 
review with additional relevant literature see Nichol (2008). In the Antarctic, comparable 
shrinking of the winter ice cover has occurred only along the western side of the Peninsula 
and adjoining seas. This is a relatively small region but home to the well-known whale-krill-
diatom food chain. Based on data shown in Figure 4.46, Atkinson et al. (2008) calculated that 
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70% of the total krill stock resides in the sector 0o-90o W, a region characterised by rapid 
regional changes both in water temperature (Meredith and King, 2005; Whitehouse et al., 
2008) and winter sea ice cover (Parkinson, 2004). 

 

Figure 4.45 PSMSL Revised Local Reference (RLR) annual mean sea level time series for 
Vernadsky/Faraday (called Argentine Islands in the PSMSL data set) 
 

 

Following near-extinction of the whale populations, the krill stock was expected to 
increase as a result of release from grazing pressure. Although predation pressure by seals 
and birds increased, the total biomass remained only a few percent of that of the former 
whale population. About 300,000 blue whales alone were killed within the span of a few 
decades equivalent to more than 30 million tonnes of biomass. Most of these whales were 
killed on their feeding grounds in the southwest Atlantic in an area of at most 2 million km2 
(10 % of the entire winter sea ice cover), which translates to a density of one blue whale per 6 
km2. Today’s whale watchers would be thrilled. A 100 tonne blue whale (adults weigh 150 
tonnes) contains about 10 tonnes of carbon, so the biomass of the whales on their feeding 
grounds would have amounted to 1.5 g C m-2 which is equivalent to the average coastal 
zooplankton biomass. Adding the biomass of krill estimated to have been annually eaten by 
the whales (150 million tonnes) to the m2 calculation, we get 12 g C m-2 just for blue whales 
and their annual food intake. This number is equivalent to the biomass of an average 
phytoplankton bloom or, to take an example of more familiar grazers, to 240 cows of 500 kg 
each grazing on one km2 of meadow. 

The actual krill stock, from which the 150 million tonnes were being eaten, will have 
been at least three times higher prior to whaling. The magnitude of primary production 
required them to fulfil their food demands at the trophic transfer rule of thumb (10:1) would 
be around 300 g C m-2 yr-1 which is about that estimated for the North Sea, hence this does 
not leave much scope for other grazers such as protozoa and copepods. What percentage of 
the production was exported then from the surface through the mesopelagial habitat and 
ultimately to the deep-sea benthos, hence also sequestered as carbon, is an interesting but 
open question. 
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Figure 4.46 Circumpolar distribution of Antarctic krill, Euphausia superba. based on 
standardised data from KRILLBASE (8,789 stations). Black lines (from north to south) show 
Antarctic Polar Front and Southern Boundary of the Antarctic Circumpolar Current. 
Population centres drawn by eye, relative to the Commission for the Conservation of 
Antarctic Living Resources (CCAMLR) Survey (from Atkinson et al., 2008, © Atkinson et 
al., and InterResearch). 
 
 

The above calculations indicate that krill stocks in the whale feeding grounds were 
close to the carrying capacity of the ecosystem prior to whaling. That being the case, when 
less krill was eaten by whales, enabling more krill to survive, many of the survivors would 
have starved. This would explain why a krill surplus, at least equivalent to the amount 
annually eaten by whales, was not recorded. At their former high stock sizes, and given the 
tendency of krill schools to appear at the very surface and discolour the water, they were 
commonly observed from ship decks, as noted for example by the scientists of the Discovery 
cruises (Hardy, 1967). Since that time, despite a significant increase in the numbers of 
observers, from cruise ships to research vessels, krill swarms are now rarely seen from ships 
decks. A thorough statistical assessment of all net catches has been carried out for different 
sectors of the Southern Ocean. The analysis suggests a 38 - 81% decline in krill stocks of the 
southwest Atlantic accompanied by an increase in salp populations (Figure 4.47, Atkinson et 
al., 2004; Ross et al., 2008). The extent of the krill decline and the underlying factors are 
under vigorous debate (Ainley et al., 2007; Nicol et al., 2007), because of difficulties in 
unravelling the effects of industrial whaling from those of sea ice retreat; there are also 
discrepancies between the abundances of krill as measured by net and acoustic methods, and 
enormous intra-annual as well as spatial variability has to be considered (Hewitt et al., 2003; 
Saunders et al., 2007). However, a significant negative correlation between krill density 
(30°W to 70°W) and mean sea surface temperature at South Georgia has been found for the 
period 1928-2003, which implies a large-scale response not only of krill but of the entire 
open ocean ecosystem to climate change (Whitehouse et al., 2008). 
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Figure 4.47 Temporal change of krill and salps. a, Krill density in the southwest Atlantic 
sector, 30o – 70oW. Illustrated temporal trends include b, post 1976 krill data from scientific 
trawls; c, 1926-2003 circumpolar salp data. Green spots denote grid cells useable in a spatio-
temporal model, with data subdivided according to sampling method (Atkinson et al., 2004). 
This model revealed significant decreases in krill density within the southwest Atlantic sector 
since 1976 and a significant increase in salp densities at high latitudes since 1926. Reprinted 
by permission from Macmillan Publishers Ltd: Nature (Atkinson et al., 2004), © 2004 
 
 

If former krill stocks were close to the carrying capacity provided by primary 
production, then a decrease in grazing pressure should have resulted in a “phytoplankton 
surplus”, but there is also little evidence for that. Unfortunately, a comparison with 
phytoplankton stocks recorded during the Discovery era is not possible because the methods 
used at that time soon became obsolete. Nevertheless, the impression gained by the 
Discovery scientists is one of large diatom stocks: “...extremely rich production, which will 
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probably be found to exceed that of any other large area in the world …” (Hart, 1934). The 
Discovery scientists were familiar with North Sea phytoplankton, which today has much 
higher biomass levels than those recorded for the Scotia Sea in recent decades. That 
comparison makes it likely that phytoplankton production has indeed decreased with that of 
krill stocks, a conclusion supported by the increase in the salp population. In contrast to krill, 
which are equipped to deal with the characteristically spiny and heavily silicified diatoms of 
the Southern Ocean, salps are adapted to feed on the lower biomass concentrations typical of 
the iron-limited microbial food webs. Their encroachment into the former krill habitat is an 
indication of declining phytoplankton, in particular diatom stocks. 

A decline in phytoplankton concentrations can be explained by a corresponding decline 
in the supply of iron. There is reason to believe that the reduction in sea ice formation has 
resulted in a decrease in iron input from the continental margins of the Western Peninsula. In 
contrast, the simultaneous retreat of glaciers should have increased run-off, and possibly also 
iron input, from the land along the coasts of the Peninsula and adjacent islands. Comparisons 
of the chlorophyll concentrations recorded by the CZCS satellite of the 1980s with those from 
the current SeaWifs satellite indicate a decline along the Antarctic ice edge and particularly in 
the Scotia Sea, the only region of the globe where production has declined, but no major 
change along the coast (Gregg and Conkright, 2002). Production was found to have increased 
by 50%, off the Patagonian shelf, so it is also possible that the wind field transporting 
Patagonian dust from mud fields laid bare by retreating glaciers has changed, reducing the 
aeolian iron supply to the Scotia Sea. Also, the westerlies have intensified and would carry 
more dust. Whatever the mechanism, a reduction in phytoplankton biomass can only be 
explained by a corresponding reduction in iron supply combined with light limitation by deep 
mixed layers and heavy grazing pressure on phytoplankton stocks. Recently, five mesoscale, 
in situ iron fertilization experiments, carried out in the Pacific and southeast Atlantic Sectors 
of the Southern Ocean, have unambiguously demonstrated that plankton biomass is limited 
by iron availability. It follows that the higher productivity of coastal regions, including the 
southwest Atlantic, is maintained by input of iron supplied from land-masses, and from the 
sediments by deep mixing and upwelling along the continental margin. The presence of 
excess nutrients in these regions allows the assumption that iron supply limits productivity 
over most of the year throughout the Southern Ocean. The ramifications of this finding for 
the structure and functioning of Antarctic ecosystems have yet to be adequately explored, 
particularly because ongoing global change will affect coastal hydrography and hence the 
supply of iron. 

An alternative but not mutually exclusive explanation for the phytoplankton decline can 
be a decrease in the rate of recycling of the iron entering the system. It is now well 
established that primary production in microbial food webs is based on recycling by grazers 
feeding on pico- and nano-phytoplankton, which are in turn eaten by predators such as 
ciliates and copepod larvae. The latter are the preferred prey of copepods, whereas filter-
feeding salps consume all the components en masse. In the Southern Ocean the microbial 
community is characteristic of the iron-limited HNLC (high nutrient, low chlorophyll) area, 
where chlorophyll concentrations remain below 0.5 mg-Chl/m2 throughout the year. These 
regions support a surprisingly high zooplankton biomass, comprising slow growing copepods 
and fast-growing salps, throughout the year, suggesting that they are an integral part of a 
recycling system that also regenerates iron in addition to ammonium (Barbeau et al., 1996). 

Local increases in production above this level are invariably due to accumulation of 
diatoms and Phaeocystis colonies, and will be caused by input of new iron, whether from 
above or from below. The fate of these diatom blooms is under debate: are they consumed 
and their nutrients recycled in the surface or sub-surface layer, or does a significant portion 
sink to greater depths or to the sea floor? The latter fate is of particular interest in the light of 
proposals for large-scale ocean fertilization to sequester atmospheric CO2.  
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Given the high densities of the former krill stocks, their rate of recycling will have been 
as effective as that in the microbial food web today, but on a much larger scale. Predation by 
whales will have contributed significantly to the iron recycling pool. That is because, except 
in the case of pregnant and lactating females, whales convert krill protein into blubber 
(hydrocarbons), so retaining energy but excreting nutrients, including iron. Whale faeces are 
liquid and rise to the surface where they are likely to have released iron, thereby increasing 
the efficiency of recycling. Krill also have a high (50%) lipid content, and krill excretion 
releases large amounts of iron (Tovar-Sanchez et al., 2007). It follows that the exceptionally 
productive ecosystem characterised by the food chain of the giants was maintained by the 
recycling of iron by krill and whale feeding. An alternative, but mutually inclusive hypothesis 
in which large whale stocks promoted the development of large stocks of their prey (krill) by 
dispersing them over a larger area has been recently suggested. 

It is now acknowledged that large terrestrial herbivores (megafauna) condition 
ecosystems by promoting a vegetation cover conducive to their demands, e.g. grassland 
instead of forest by elephants. The removal of those herbivores leads to profound changes in 
landscape. Similarly, the top predators in lakes can determine the structure of the ecosystem 
down to the composition and biomass of the phytoplankton. Predation pressure on upper 
trophic levels is propagated down the food web by mechanisms known as trophic cascades. 
Although the effects of top-down control have been demonstrated for shallow benthic 
environments from many coastal regions, comparable mechanisms are only now coming to 
light from planktonic ecosystems, such as the reported worldwide increase in gelatinous 
plankton after removal of dominant fish stocks. Whether such changes can cascade down to 
the level of phytoplankton is not known. We simply do not know what effect the removal of 
whales (and seals) through hunting had on the ocean ecosystem around Antarctica. The belief 
that marine phytoplankton productivity is determined primarily by bottom-up driving forces 
is entrenched in the marine biological literature, but why the interaction between marine 
plankton and whales around Antarctica should be fundamentally different from that between 
their non-polar lake counterparts has yet to be addressed. The fact is that the processes 
driving annual cycles of phytoplankton production, biomass and species composition in the 
marine environment remain largely unknown. It is time to explore new approaches. 

The linkages between phytoplankton and bacterioplankton in the Southern Ocean are 
not well understood. The timing of spring phytoplankton blooms and bacterioplankton 
activities are not necessarily linked, as they are in other pelagic systems, though there may 
just be a lag in this linkage that is longer than in lower latitude systems (Ducklow et al., 
2007). Even less is known of the relationships between phytoplankton species and 
bacterioplankton species composition (e.g. whether particular bacteria are associated with 
diatom vs. cryptophyte phytoplankton). Considerations of phytoplankton primary 
productivity, linkages to CO2 drawdown, and grazer populations are also linked to 
phytoplankton species composition. Phytoplankton species are susceptible to changes in sea 
ice duration and position of the ice edge, and shifts in water column properties such as the 
depth of the mixed layer. Shifts in phytoplankton species composition from diatom-
dominated communities to more diverse communities dominated by cryptomonads and 
flagellates occurs following the ice edge retreat and spring diatom bloom in the Western 
Antarctic Peninsula (Moline and Prezelin, 1996), and will be (or already are) potentially more 
common occurrences as a result of warming in this region (Clarke et al., 2007). The linkages 
between phytoplankton and zooplankton populations are tight, as krill tend to dominate the 
zooplankton assemblages when diatoms are abundant, and zooplankton dominance can shift 
to salp dominance when the community is cryptomonad or flagellate dominated. One study in 
the Western Antarctic Peninsula recently reported that there has been a shift from krill-
dominated waters to salp dominance since 1999 This trend may also be potentially 
representative of the longer term trends referred to above. 
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Acquiring a mechanistic understanding of the structure and functioning of the 
ecosystems surrounding Antarctica is a prerequisite for predicting their performance under 
the influence of global warming. Hypothetical conceptual frameworks of relevant 
mechanisms need to be developed that can be tested by comparing intact ecosystems with 
those where top-predators have been depleted both regionally and, where baseline data are 
available, temporally. Satellite data have vastly extended the scales accessible to such 
regional studies. Larger scale in situ iron fertilization experiments open up an exciting new 
avenue to study the effects of bottom-up versus top-down factors on higher trophic levels, 
and if carried out over several years, also on krill populations and on the underlying deep sea 
and benthos. Such experiments provide an ideal background to study the relationship between 
ecology and biogeochemistry at the species level, which in turn will improve interpretation of 
sedimentary proxies, in particular microfossils, for reconstruction of past climate change. 
Conceptual frameworks emerging from field studies and experiments can be explored, tested 
and refined with new generations of 4D mathematical models. 
 
4.10.1.1 Iron fertilization experiments 

 

It has been suggested that one way in which the rise of carbon dioxide in the atmosphere may 
be mitigated is to fertilise the ocean with iron so as to stimulate the production of plankton 
and hence the draw-down of carbon dioxide from the atmosphere into the ocean (Boyd et al., 
2007a). These ideas are based on the results of a limited number of experiments in which 
different parts of the ocean, including the Southern Ocean, were seeded with iron (Boyd et 
al., 2007b). This current debate (e.g. see Oceanus, 24 June 2009, 
http://www.whoi.edu/oceanus/viewArticle.do?id=34167) may at some time shift its focus to 
exploring how to maximise the efficiency of the process and minimise harmful side effects. 
The hypothesis could be tested by a new generation of iron fertilization experiments carried 
out at larger scales and longer periods on the former whale feeding grounds. Given the 
apparent high rates of krill decline and a steady southward encroaching ocean warming there 
is a pressing need to develop an integrated understanding of how this ecosystem functioned 
not only in the recent past but also in the glacial ocean, in order to predict future changes in 
the pelagic and underlying benthic ecosystems around Antarctica. In situ iron fertilization 
experiments provide one methodology for testing ecosystem models, by enabling the study of 
interactions within ecosystems with a full complement of grazers and pathogens. The effect 
of iron fertilisation on higher trophic levels will depend on the locality and duration of the 
experiment. A regional survey of the underlying benthos prior to fertilization would yield a 
baseline to monitor possible changes in this ecosystem. Preliminary surveys of the deep-sea 
benthos of the Peninsula region have shown the presence of communities with high biomass 
and species numbers (Brandt et al., 2007) but their areal extent is not known. Deep carbon 
export flux has been shown to be above global average and to have a high regional variability 
in the Southern Ocean (Boyd and Trull, 2007; Sachs, 2008). Since fertilization will be carried 
out offshore, it is quite unlikely that shelf and coastal benthos are significantly affected.  

An added incentive to carrying out such experiments is that they would offer an ideal 
training ground for the kind of large-scale international, interdisciplinary research taking a 
whole Earth System Science approach to investigating global change. Such large-scale 
experiments would not only provide a wealth of new insights into the structure and 
functioning of pelagic and underlying benthic ecosystems. They could also provide more 
reliable data for parameterising current and new coupled ecological-biogeochemical ocean-
circulation models for use in assessing the Southern Ocean as a sink for anthropogenic CO2. 
There is a concern that the incentive offered by the carbon credit market could result in 
excessive fertilization which could lead to unacceptable harm to Southern Ocean ecosystems 
(Chisholm et al., 2001). Three United Nation bodies, the Intergovernmental Oceanographic 
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Commission (IOC), the International Maritime Organization (IMO), and the Convention on 
Biological Diversity (CBD) agreed that proposals to use ocean fertilization to sequester 
carbon in the ocean give cause for concern due to unknown negative impact to the 
ecosystems (http://ioc3.unesco.org/oanet/OAdocs/INF1247-1.pdf). The two latter 
organizations recently argued that large operations are currently not justified and should not 
be allowed (www.cbd.int/decisions/?m=COP-09&id=11659&lg=0, www.maritime-
connector.com/NewsDetails/2203/lang/.wshtml, www.ioccp.org). Scientists emphasized the 
necessity for independent research on small scale fertilisation studies (Buesseler et al., 2008). 
In addition it must be considered that once done such large global experiments with unknown 
outcomes would be very difficult or impossible to reverse. 

 

4.10.2. Sea ice ecosystems 

 

It is now clear that decreasing sea ice cover in the southwest Atlantic is due to a decline in ice 
production along the Peninsula. This can significantly reduce the supply of iron to the surface 
layer. The formation and presence of sea ice has several effects on the underlying water 
column and benthos. Deep convection due to brine discharge during ice formation can mix 
the entire water column down to the sea floor. Downward transported organic particles from 
the productive surface layer thus become available to benthic filter feeders. This mechanism 
will be a major source of food supply to the sponge-dominated fauna of Antarctic shelves and 
explains the apparent lack of gearing of reproduction of the shelf benthos to the ice–free 
period, when vertical particle flux from the overlying water column is at its maximum. 
Upward mixing of water that has contacted the sediment surface will bring iron to the surface 
layer. This mechanism of convective upward iron transport and subsequent fuelling of 
surface phytoplankton blooms has been reported from the Peninsula and around islands with 
shallow shelves where convective winter mixing is sufficient to reach the sediment surface 
without ice formation. It follows that the ongoing retreat of winter sea ice along the western 
Peninsula will result in declining depths of winter mixing and hence also in the supply of iron 
to the water column overlying deeper shelves, where surface warming reduces ice formation. 
A decrease in downstream spring productivity can be expected, which might be a factor 
contributing to krill decline in this region. However, it cannot be the only factor because the 
krill decline began before the retreat of the sea ice.  
 
4.10.3 ENSO links and teleconnections to vertebrate life histories and population 

 

Biological impacts with consequences for upper trophic levels in the southwest Atlantic 
region occur at the same time as the rapid warming observed to the west of the Antarctic 
Peninsula, in the Amundsen Sea and across the Bellingshausen Sea, and to the east of the 
Peninsula across the northwestern Weddell Sea, where the sea ice season has decreased 
(Parkinson, 2004). Food webs in these regions are dominated by euphausids, and in particular 
by Antarctic krill, Euphausia superba, which provide ecosystem structure and function, 
supporting the energetic demands of abundant predator populations (Croxall et al., 1988) and 
also a commercial fishery. As shown above, the relative density of krill across the region has 
shown a significant negative trend over the last 30 years, during which summer mean krill 
density correleated positively with the duration of sea ice the previous winter (Atkinson et al., 
2004). 

The strong connections between sea ice and ENSO variability across the southwest 
Atlantic result in correlations between ENSO variation and krill recruitment and abundance; 
quasi-cyclic sea ice variation is related to cycles in krill population (Fraser and Hofmann, 
2003; Quetin and Ross, 2003). Recent studies have shown how ENSO related fluctuations in 
SST and winter sea ice extent affect the recruitment and dispersal of Antarctic krill. Delayed 
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effects of sea ice conditions on abundance relate to the production, survival and development 
of the larval and juvenile krill. Same-year effects of spring and summer temperatures 
probably reflect a distribution and dispersal effect across the Scotia Sea and the degree of 
influence of cooler polar waters in northern regions around South Georgia (Murphy et al., 
1998, 2007).  

These effects cascade, bottom-up, to upper trophic levels. With few exceptions, periods 
of reduced predator breeding performance in this region are the result of low prey availability 
rather than direct local weather or oceanic effects (Croxall et al., 1988; Fraser and Hofmann, 
2003; Forcada et al., 2005, 2006; Trathan et al., 2006; Hinke et al., 2007; Murphy et al., 
2007).  

For Adélie penguins breeding on the western Antarctic Peninsula, changes in sea ice 
extent during the breeding season covary positively with krill abundance and negatively with 
penguin foraging effort (Fraser and Hofmann, 2003). In the South Shetland Islands, krill 
recruitment covaries positively with Adélie penguin recruitment, which has declined 
dramatically (Hinke et al., 2007). The population trends of Adélie and Chinstrap penguins 
appear to be affected by a winter krill deficit. This deficit also affects the Gentoo penguins, 
but their population trends are positive (Figure 4.48, Ducklow et al., 2007). Similar results on 
population trends at the South Orkneys suggest the loss of buffering against the changing sea 
ice environment by the more abundant and ice-dependent Chinstrap and Adélie penguins, and 
positive population consequences through habitat improvement for the less ice-related 
Gentoo penguin (Forcada et al., 2006). 
 
 

 
 

Figure 4.48 Population trends for three penguin species in the Anvers Island vicinity (West 
Antarctic Peninsula), 1975-2003, 1975-2006. Graph courtesy of W.R. Fraser and Palmer 
LTER, see also Ducklow et al., 2007) 

 
 
Other krill dependent predators have shown comparable responses to the propagation of 

ENSO variability. Breeding outputs of Gentoo penguins and Antarctic fur seals at Bird 
Island, South Georgia (Forcada et al., 2005; Trathan et al., 2006) and southern right whales 
(Eubaleana australis), which feed in the waters around South Georgia (Leaper et al., 2006), 
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correlate negatively with SST anomalies. Low chick and pup production and survival in 
penguins and fur seals result from a reduced food supply, usually of krill and krill-dependent 
fish species, such as mackerel icefish.  

Signals of climate change related to ENSO variability are also observed elsewhere in 
the Southern Ocean. However, the consequences for ecosystem fluctuation are less well 
understood. In the Indian Ocean, and in particular in regions of the Antarctic continent, long-
term reductions in sea ice extent have occurred in parallel with reductions of the Southern 
Oscillation Index (and an opposite trend in ENSO) (Barbraud and Weimerskirch, 2006). 
Long-term increases in sea ice season duration have possibly reduced the quantity and 
accessibility of the food supplies available in early spring for upper trophic levels. This 
would partly explain the delays in phenology observed in a guild of seabird species (Barbraud 
and Weimerskirch, 2006). While little is known about the marine ecosystem structure and 
food web interactions, there have been major fluctuations in the late 1970s suggesting a 
regime shift with repercussions for lower trophic levels (Hunt et al., 2001), but also for upper 
trophic levels, and in particular Emperor penguins, which suffered a major population decline 
(Weimerskirch et al., 2003). Long-term environmental effects in breeding success were 
further explored in long-term data sets of seabirds, including southern fulmars, snow petrels 
and emperor penguins in Terre Adélie. The observed population fluctuation in these species 
had a periodicity of 3-5 years, consistent with that in sea ice anomalies and the SOI (and 
hence ENSO). The observed cyclical patterns also indicated significant change since 1980, 
consistent with a regime shift, although these populations have remained stable since then. 

In the Antarctic sector of the Pacific Ocean, and in particular the Ross Sea sector, trends 
in surface temperatures are less apparently correlated with ENSO, although there has been a 
decrease in the SOI. The impacts may be less evident or may even be the reverse of those 
observed in the Atlantic and the Indian Oceans. Annual estimates of breeding population size 
for Adélie penguin colonies on Ross Island, in the Ross Sea, show significant inter-annual 
variability, consistent with ENSO and the propagation of its variability through the ACW 
(Wilson et al., 2001; Ainley, 2005). Lagged correlations with a sea ice index and the SOI 
(ENSO) suggest demographic cycles, with reverse population trends to those observed in the 
Southwest Atlantic. However the consequences for Adélie penguins changed between the 
1970s and the 1980s, with a concurrent increase in population trend and in the sea ice 
polynya providing improved penguin habitat. Like the Emperor Penguins in Terre Adélie, in 
the Indian Ocean, populations of Weddell seals at McMurdo Sound, in the Ross Sea, declined 
in the early 1970s, to become stable later on (Ainley et al., 2005). This suggests that ENSO 
impacts have not been so obvious in the Pacific sector as in the Atlantic Ocean and Indian 
Ocean sectors of the Southern Ocean. Based on long-term studies, Dayton (1989) and Barry 
and Dayton (1988) speculated about ENSO-related hydrodynamic processes supporting the 
explosive growth of fast growing sponges in McMurdo Sound with significant consequences 
for the entire benthic assemblage. 
 
4.10.4 Invertebrate physiology 

 

Decadal-scale variations in the coupled ocean-atmosphere system have an impact on animal 
communities and populations in marine ecosystems (Cushing, 1982; Beamish, 1995; Bakun, 
1996; Finney et al., 2002). Present-day effects of global warming on the biosphere are 
associated with shifts in the geographical distribution of ectothermic (cold-blooded) animals 
along a latitudinal cline or with poleward or high-altitude extensions of geographic species 
ranges (Walther et al., 2002; Parmesan and Yohe, 2003; Root et al., 2003). Temperature 
means and variability associated with the climate regime can be interpreted as major driving 
forces on the large scale biogeography of marine water breathing animals. These 
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relationships lead us to expect that climate warming will have a significant impact on 
ecosystems at both poles. 

The marine Antarctic has cold temperatures that are close to freezing in several areas, 
and which have the lowest temperature variability at high latitudes (Clarke, 1998; Peck, 
2005). Thus, Antarctic marine ectotherms live at the low end of the aquatic temperature 
continuum and within a narrow temperature window (making them highly stenothermal) 
(Somero and De Vries, 1967; Peck and Conway, 2000; Somero et al., 1996, 1998; Pörtner et 
al., 1999, 2000; Peck et al. 2002, 2006). Climate-induced changes in mean temperature and 
its variability should influence the survival of such organisms. That begs the questions – (i) to 
what extent has stenothermy in Antarctic species and phyla been overestimated? and (ii) how 
may species differ with respect to their respective levels of stenothermy and their capacities 
to acclimate to thermal change? Recent data show that Antarctic fish can undergo thermal 
acclimation and shift their physiological characters accordingly, e.g. in a zoarcid (Lannig et 
al., 2005) and a notothenioid (Seebacher et al., 2005).  

A comparison of the mechanisms characterizing thermal intolerance between and 
within species of marine invertebrates and fish has led to the development of a unifying 
physiological concept of thermal limitation and adaptation. The first line of thermal 
intolerance in animals, which restricts performance in behaviour, growth and reproduction, is 
the limit on the capacity of oxygen supply mechanisms (Pörtner, 2001, 2002; Pörtner et al., 
2001). Thermally induced reduction in oxygen supply capacity can take place at both high 
and low temperature extremes, before any biochemical stress indicators are affected. Between 
these extremes is a temperature window in which there is maximum scope for the aerobic 
activity and associated performance needed for successful survival in the wild. These 
thresholds were defined as critical temperatures (Tc) (see review by Pörtner, 2001). At more 
extreme low and high temperatures, there is a transition to anaerobic mitochondrial 
metabolism as the capacity for oxygen supply diminishes. This is seen in crustaceans 
(Frederich and Pörtner, 2000) and other invertebrate phyla (Pörtner, 2001, 2002), in 
temperate and Antarctic fish like zoarcids (temperate Zoarces viviparus, Antarctic Pachycara 

brachycephalum) and in sub-Arctic fish like Atlantic cod (G. morhua) (Mark et al., 2002; 
Zakhartsev et al., 2003; Lannig et al., 2004) (see also Van Dijk et al., 1999; Pörtner et al., 
2004). 

Recent evidence demonstrated the ecological relevance of oxygen limited heat tolerance 
through its effect at ecosystem level (Pörtner and Knust, 2007). Heat stress in the wild 
reduced performance (Pörtner and Farrell, 2008, Figure 4.49) and enhanced mortality even 
before critical temperatures were reached. These findings emphasize the early effect and 
crucial role of limitation in oxygen supply in compromising fitness. 

Antarctic marine invertebrates may be more thermally sensitive than fish (Pörtner et al., 
2007). The critical temperature in the infaunal bivalve Laternula elliptica lies at about 6°C 
(Pörtner et al., 1999; Peck et al., 2002). Before reaching that temperature this species 
develops systemic hypoxia (hypoxemia), which reduces whole organism performance. Early 
reductions in aerobic scope include a complete loss of ability to burrow in L. elliptica or to 
self-right in the limpet Nacella concinna at 5°C (Figure 4.50), and a 50% loss of capability at 
temperatures between 2°C and 3° C (Peck et al., 2004). The scallop, Adamussium colbecki 
was even more thermally constrained, being totally incapable of swimming when 
temperatures rose to 2°C. The early loss of performance and a progressive reduction in 
haemolymph oxygenation suggests that thermal thresholds are close to 0°C in L. elliptica 
(Peck et al., 2004; Pörtner et al., 2006). The thermally most sensitive Antarctic invertebrate to 
date is the bivalve Limopsis marionensis from the Weddell Sea, with a critical temperature of 
2°C (Pörtner et al., 1999). Mortality tests confirm the fatal effect of oxygen limited thermal 
tolerance and the inability of invertebrates to acclimate to higher temperatures. In epifaunal 
scallops (A. colbecki), half of the specimens died after 19 days at 4°C (D. Bailey, pers. 
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commun.). In infaunal clams (L. elliptica), half died in 2 months at 3°C, and in the brittle star 
Ophionotus victoriae half died in less than 1 month at 3°C (L. Peck, pers. obs.). It appears 
that Antarctic stenotherms, especially among the invertebrates, live close to their thermal 
optimum, while others, like Antarctic fish, may live permanently below their optimum. For 
example, the Antarctic eelpout (P. brachycephalum) grows optimally at around 5°C, well 
above ambient temperatures (Brodte et al., 2006), in accordance with its ability to acclimate 
to warmth (Lannig et al., 2005). 

 
 

 
 

Figure 4.49 Temperature effects on aquatic animals. The thermal window of aerobic 
performance (left) display optima and limitations by pejus (“turning worse”), critical, and 
denaturation temperatures, when tolerance becomes increasingly passive and time-limited. 
Seasonal acclimatization involves a limited shift or reshaping of the window by mechanisms 
that adjust functional capacity, endurance, or protection. Positions and widths of windows on 
the temperature scale shift with life stage (right). Synergistic stressors like ocean acidification 
and hypoxia narrow thermal windows according to species-specific sensitivities (broken 
line), further modulating biogeographies, coexistence ranges, and other interactions. From: 
Pörtner, H.-O. and Farrel, A.P. (2008) Pysiology and Climate Change. Science 322:690-692; 
reprinted with permission from AAAS. 

 

 
 

Figure 4.50 Acute temperature influences on Antarctic invertebrates. Survival and ability to 
‘right’ (turn back over) of the Antarctic limpet Nacella concinna. Data from Peck (2005, 
unpublished).  
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Several Antarctic marine invertebrate species dwell in the intertidal zone and may 
experience elevated temperatures in summer. They likely use metabolic depression strategies 
and anaerobic metabolism to survive in response to temperature-induced hypoxemia (Pörtner, 
2002). A role for hypoxia in metabolic depression was also evident during the winter season 
(Morley et al., 2007) and is known in temperate zone invertebrates (Grieshaber et al., 1994). 

Under field conditions, the loss of aerobic performance capacity at higher temperatures 
limits the survival of invertebrates in warmer summers. Data from physiological and other 
laboratory studies suggests that further warming of the marine environment by as little as 1°C 
will exceed the thermal tolerance of some marine invertebrate species. These polar 
ectotherms clearly do not have the opportunity to retreat to cooler, i.e. higher latitude waters, 
which leads to the expectation of fatal consequences not only for individual species but 
possibly also for characteristic properties of ecosystem structure and functioning. While the 
apparent stability of Antarctic foodweb structures in response to potential species losses may 
at least temporarily buffer such changes (Jacob, 2006), it cannot prevent the potential loss of 
typical Antarctic fauna. 

Functional or physiological aspects of meiofauna in general, and nematodes in 
particular, remain poorly known. Studies of the trophic position of meiobenthos in temperate 
and tropical areas have led to conflicting results (van Oevelen et al., 2006 and references 
therein) and studies in Antarctic and sub-Antarctic sediments are preliminary and restricted to 
a limited number of habitats (Moens et al., 2007). Biomarker analysis of bulk sediment 
organic matter and of nematodes in different regions and sediment types was carried out to 
assess the energy source of meiobenthic fauna in Antarctic shelf sediments (Moens et al., 
2007). The results of this study suggested substantial selectivity of the metazoan meiobenthos 
for specific components of the sedimented organic matter, such as ice algae or flagellates, 
with this selectivity differing between sites and sediments. Laboratory experiments on a 
number of selected species from temperate regions showed that reproductive success, growth 
and metabolic activity of nematodes largely depend on temperature, the quality and quantity 
of food, and to a lesser extent salinity, with different species thriving under different 
conditions (Moens and Vincx, 2000a,b). A better understanding of the current functionality 
of the meiobenthic communities in different habitats is needed, and will allow for assessment 
of how these processes can be affected by changes in the environment. These changes might 
also impact structural aspects of the meiobenthic, and more specific the nematode 
communities, such as community composition and diversity, but also densities and biomass. 

Examining physiological responses to temperature change is difficult for free-
swimming pelagic organisms such as Antarctic krill, which do not behave naturally in 
captivity. For krill an alternative approach has been taken to look at temperature effects. 
Somatic growth rates can be determined in a manner largely free from laboratory artefacts, 
making them useable as a field-derived index of physiological health (Atkinson et al., 2006). 
By performing many such experiments across krill’s temperature range during the summer 
growth period, the various factors affecting growth (chiefly food, krill size and temperature) 
can be teased apart. These results showed that, having adjusted for food and krill size, growth 
was highest at low temperatures and decreased substantially above 3oC (Figure 4.51). This 
stenothermy has implications for krill at their northern limits, for example at South Georgia. 
Surface layer temperatures have already warmed there by about 1oC in the last 80 years 
(Whitehouse et al., 2008) and future increases could make this region increasingly unsuitable 
for krill in summer. 
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Figure 4.51 Daily growth rates of krill in the Scotia Sea/South Georgia region measured in 
January-February, and having been adjusted for effects of variable food availability and krill 
size via a mixed model (re-drawn from Atkinson et al., 2006). Each point represents a growth 
experiment derived for a swarm of krill, sampled across nearly the full range of summer 
surface temperatures that they occupy.  

 
 

4.7.2.5 Seasonality Effect on the high Antarctic benthic shelf communities? 

 

The Antarctic spring is one of the planet’s principal episodes of oceanic primary production 
(Hense et al., 2003), reaching maximum values of 0.1 mg Chl/l  in just a few weeks. As more 
than 107 km2 of sea ice melts, it releases a huge trapped biomass (Thomas and Dieckmann, 
2002). Sunlight continues to increase from spring to summer, driving notable changes within 
an ecosystem just emerging from a long, dark winter. This explosion of life is immediately 
followed by a growth spurt in the life cycle of the krill, the organism standing at the base of 
the food chains for nearly all Antarctic marine vertebrates. As winter approaches, the 
continental shelf and large areas of the open ocean pass back towards a seasonal coverage of 
ice more than a metre thick, which is why most of the large predators abandon the high 
Antarctic at the start of the long austral winter.  

This pattern led to the conception of a long-lasting paradox – that the ocean around 
Antarctica experienced pronounced marine seasonality (Clarke, 1988), with a period of low 
activity in winter as a consequence of reduced food availability, despite the fact that the sea 
water temperature remained practically constant all year round. 

While the marked environmental seasonality naturally does influence and condition life 
in the water column, the first inklings that the Antarctic paradox might not be entirely 
accurate arose after the discovery of the rich marine fauna that dwells on the continental 
shelves in the high Antarctic (Gutt et al., 1992). Over the past twenty years, the region has 
been shown to host one of the most diverse, high-biomass benthic communities in the ocean 
(Clarke and Johnston, 2003). Suspension feeders constitute the bulk of these communities, 
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which depend on the particles settling down from the upper layers of the water column or 
laterally advected to them by currents. Due to low temperatures, a large number of species 
have slow metabolic rates, associated with a low energy demand, yet they still attain 
considerable age and size (Peck et al., 2006). This and other traits connected with 
reproduction patterns would at first glance appear to be in harmony with the tenets of the 
Antarctic paradox, rooted in the dormant state thought to prevail in winter. However, new 
features forcing the scientific community to reconsider the Antarctic Paradox have recently 
come to light. For instance, quite a few species exhibit reproduction rates similar to those in 
other regions, while others demonstrate higher growth rates than expected by quickly 
occupying areas scraped clean by icebergs (Teixidó et al., 2004). Experimental observations 
have furnished earlier selected results (Barnes and Clarke, 1994, 1995) supporting the 
assumption that the long Antarctic winter may not be as inactive as hitherto thought.  These 
findings include: 
 
1.  The existence of “food banks” extending over hundreds of kilometres, offering a potential 
food source for numerous bottom-dwelling organisms (Mincks et al., 2005). This 
phenomenon also known as “green carpets” tends to form at the beginning of the austral 
spring, when the high primary production generated by melting ice is not immediately 
exploited by planktonic grazers and settles on the shelf seabed in a time span of hours to days 
(Gutt et al., 1998). 
 
2. Widespread distribution of seabed sediment with high nutritive quality and grain sizes 
suitable for the anatomic structures of benthic suspension feeders. On average, measured 
concentrations of protein (3 mg/g) and lipids (2 mg/g) are higher than on other continental 
shelves and similar to the contents found in settling particles (Smith et al., 2006). 
 
3. Tides acting as an incessant mechanism to resuspend the “food banks” and supply particles 
to suspension feeders throughout the year (Smith et al., 2006). 
 
4. Benthic suspension feeders on Antarctic shelves feeding on small-sized particles in 
contrast to species from other latitudes that mainly ingest zooplankton (Orejas et al., 2003). 
 

The new evidence of the physical-chemical conditions on the shelf seabed at Antarctic 
latitudes makes it necessary to reconsider the paradox that had formerly served as a 
cornerstone for understanding polar ecosystems. After the summer, resuspension by tidal 
currents and the high nutritional quality of the seabed sediment allow benthic trophic 
conditions to remain almost constant throughout the year, which provides the basis for a new 
model of Antarctic seasonality. The new model helps to explain the high diversity and high 
biomass of benthic communities around Antarctica, even when the food input from the 
euphotic zone becomes scarce when ice covers the ocean surface during the winter months. 
These new findings must be taken into account when planning future research on the 
Antarctic bottom-dwelling fauna. Special emphasis should be placed on carrying out studies 
during the austral winter, when processes occurring near the seabed (Figure 4.52) could be a 
key to understanding both the high productivity of the system in the early spring and the high 
biodiversity of the benthic ecosystem (Gili et al., 2006). 
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Figure 4.52 Synoptic view of the processes described in the text showing the seasonal 
vertical flux of new organic matter originated mainly at the beginning of spring (green line), 
the seasonal variation of food banks and the lateral and resuspension transport just above the 
seabed (arrows close the bottom). 
 
 
4.7.2.6 Macroalgal physiology and ecology 

 

Many Antarctic macroalgae, especially from the subtidal zone, are adapted to low 
temperatures (Wiencke et al., 1994, 2007), especially those endemic to the Antarctic. For 
example, the red algae Georgiella confluens (Figure 4.53), Gigartina skottsbergii and 
Plocamium cartilagineum grow only at 0°C and not at 5°C, and exhibit upper survival 
temperatures (USTs) as low as 7 to 13-14°C, respectively (Bischoff-Bäsmann and Wiencke, 
1996). Other Antarctic red algae grow at temperatures up to 5 or 10°C and have USTs of up 
to 19°C. Macroscopic growth stages of endemic Antarctic brown algae grow up to 5°C and 
exhibit USTs of 11 to 13°C. Their reproductive microscopic stages grow up to 10 or 15°C 
and have USTs between 15 and 18°C (Wiencke and Dieck, 1989). Antarctic cold-temperate 
species (especially from the intertidal) are characterised by higher temperature requirements 
(Wiencke and Dieck, 1990).  

This adaptation of Antarctic macroalgae to low temperatures is also reflected in 
photosynthesis. The photosynthetic capacities of endemic Antarctic species measured at 0°C 
are as high as in temperate algae measured at higher temperatures (Thomas and Wiencke, 
1991; Wiencke et al., 1993; Weykam et al., 1996; Eggert and Wiencke, 2000). However, 
optimum temperatures for photosynthesis are clearly above the Antarctic water temperatures. 
The lowest temperature optima have been recorded in Ascoseira mirabilis (1 to 10°C). The 
other species tested so far are characterised by higher values between 10 and 20°C. 
Temperature optima for dark respiration are higher than those for photosynthesis (Drew, 
1977; Wiencke et al., 1993; Eggert and Wiencke, 2000).  

Due to global warming the geographic distribution of stenothermal cold water species 
will be limited in future to the coasts of the Antarctic continent itself. Species presently 
occurring today predominantly in the cold-temperate region and rarely in the Antarctic will 
become more established in the Antarctic region (Müller et al., submitted). This can cause 
unforeseeable changes in the ecology of Antarctic shallow water communities. 

Light determines significantly the depth zonation and survival of macroalgae. Antarctic 
seaweeds are able to tolerate dark periods of up to one year without suffering damage, and 
their light requirements for growth are very low (Wiencke, 1990). In juvenile sporophytes of 
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Antarctic Desmarestiales, growth is light saturated at ≤ 20 µmol photons/m2/s1 (Wiencke and 
Fischer, 1990). The low light requirements for completion of the life cycle and for growth of 
Antarctic seaweeds are based on the low light requirements for photosynthesis (Wiencke et 
al., 1993; Weykam et al., 1996; Eggert and Wiencke, 2000). As a result, light compensation 
(Ic) and saturation (Ik) points are very low in Antarctic species and mostly range between 1 

and 15 and between 14 and 52 µmol photons/m2/s1, respectively (Wiencke et al., 1993; 
Weykam et al., 1996; Brouwer, 1996; Eggert and Wiencke, 2000). These low light 
requirements allow Antarctic macroalgae to grow down to considerable depths. Theoretically, 
growth of some species is possible at water depths down to approximately 75 m (Wiencke, 
1990; Wiencke et al., 1993). 
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Figure 4.53 Physiological temperature adaptation of Antarctic macroalgae (after Wiencke 
and Clayton, 2002) 
 
 

Antarctic algae are not only low light adapted but can also cope with high light 
conditions in summer due to their ability for dynamic photoinhibition, a photoprotective 
mechanism by which excessive energy absorbed is rendered harmless by thermal dissipation. 
The capability for dynamic photoinhibition is related to the depth distribution of the 
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individual species. Species from the eulittoral, upper and mid sublittoral show a more or less 
pronounced decrease in photosynthetic activity during high light stress, and full recovery 
during subsequent exposure to dim light. In contrast, deep water and understory species 
recover only slightly and slowly indicating photodamage, especially after exposure to UV 
radiation. Recent studies indicate that the effect of UV radiation is not limited to the 
physiological and organism level. Rather, it influences the biodiversity, structure and function 
of macroalgal communities (Zacher et al., 2007; Campana et al., submitted). The effects on 
the community level depend on the UV susceptibility of the unicellular propagation units of 
the seaweeds (Roleda et al., In Press Zacher et al., 2009). So UV radiation represents an 
important factor for the determination of the upper distribution limit on the shore. The 
obtained results are of great importance for the estimation of the effects of enhanced UV 
radiation due to stratospheric ozone depletion. UV induced changes in algal zonation and 
biodiversity make changes in the trophic relations of coastal ecosystems very probable.  
 

4.10.3 Marine/terrestrial pollution  

 

Increasing concern about global changes and environmental protection is promoting 
international efforts to assess future trends and to mitigate the main causes and effects of 
climatic and environmental changes. In the last century the economic and industrial 
development of the Northern Hemisphere has had a dramatic impact on the global 
environment. Antarctica, the remotest continent in the Southern Hemisphere, has thus 
become a symbol of the last great wilderness and pristine environment. However, the world’s 
future population growth and industrial development will occur in countries of the Southern 
Hemisphere. The rapidly changing global pattern of persistent anthropogenic contaminants 
and greenhouse gases may reduce the value of Antarctica and the surrounding Southern 
Ocean for research on evolutionary and ecophysiological processes and as an ideal archive of 
data for better understanding global processes (Bargagli, 2005). 

Antarctica has a very small, non-native population and is protected by natural “barriers” 
such as the Antarctic Circumpolar Current and the zone of circumpolar cyclonic vortex, 
which reduce the entry of water and air masses from lower latitudes and the consequent 
import of propagules and persistent contaminants. Nonetheless, the recurring appearance of 
the “ozone hole” and the rapid regional warming of the Antarctic Peninsula indicate that 
Antarctica and the Southern Ocean are inextricably linked to global processes and that they 
are not escaping the impact of local and global anthropogenic activities. 

Exploration, research, sealing and whaling have drawn people to Antarctica since the 
early 1900s, and the development of research, tourism and fishing in the last 50 years has 
driven a striking increase in human presence. Local impacts due to the presence of humans, 
such as contamination of air, ice, soil, marine sediments and biota through fuel combustion 
(for transportation and energy production), waste incineration, oil spillage and sewage, are 
inevitable, especially near operational bases. Another serious anthropogenic impact, 
especially in the sub-Antarctic islands (where climatic and environmental conditions are less 
extreme) is the introduction of alien organisms (Frenot et al., 2005). Although the number of 
tourists visiting Antarctica is usually two-three times greater than that of the logistic and 
scientific personnel, the latter reside for a longer time in permanent or semi-permanent 
stations. Most stations are located in coastal areas and until twenty years ago refuse was 
dumped into landfill sites or the sea or burnt in the open air. Several accidental spills of oil, 
lubricants and foreign chemical compounds have occurred at and around Antarctic stations; 
unfortunately, in the Southern Ocean there have also been significant oil spills, such as the 
release in January 1989 of about 550 m3 of diesel fuel during the sinking of the Argentine 
supply ship Bahia Paraiso, near Anvers Island (Antarctic Peninsula).  
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4.10.3.1 Local-scale pollution  

 
The IGY (1957-1958), with the involvement of 12 countries and over 5,000 persons 
occupying 55 stations in the continent and the islands of the Southern Ocean, marked the 
beginning of significant local detrimental impacts on the Antarctic environment. Although 
concern about local environmental pollution has been expressed since the 1970s (e.g. 
Cameron, 1972), the value of the Antarctic environment to science was only definitively 
acknowledged in 1991 with the adoption of the Madrid Protocol to the Antarctic Treaty. The 
Protocol marked the exclusion of Antarctica from the geopolitics of the Cold War period, 
territorial claims and the possible exploitation of natural resources. It provided strict 
guidelines for environmental management and protection, and established the obligation to 
clean-up abandoned work sites. Some countries began to document environmental pollution 
at abandoned stations and waste-disposal sites, and developed strategies for clean-up and 
remediation (e.g., Kennicutt et al., 1995; Deprez et al., 1999; COMNAP-AEON, 2001; 
Webster et al., 2003; Stark et al., 2006). Trace metals and several Persistent Organic 
Pollutants (POPs) such as Polycyclic Aromatic Hydrocarbons (PAHs) and other by-products 
of combustion and incineration processes, including Polychlorinated Dibenzo-p-Dioxins 
(PCDDs), Polychlorinated Dibenzofurans (PCDFs) and Polychlorinated Biphenyls (PCBs), 
were among the most common persistent contaminants in terrestrial and marine ecosystems 
within a few hundred metres of scientific stations (UNEP, 2002). However, despite existence 
of the Protocol, its translation into practice is patchy at best, and much remains to be achieved 
even to quantify direct human impacts on the Antarctic, let alone effective mitigation where 
required (Tin et al., 2009).  

Most ice-free areas of continental Antarctica are cold desert environments with sparse 
biotic communities, comprising few species of microorganisms, cryptogams and 
invertebrates. Although there are several reports on the distribution of persistent contaminants 
in Antarctic soils, mosses and lichens (e.g. Bacci et al., 1986; Claridge et al., 1995; Bargagli, 
2001), possible long-term (biotic and abiotic) effects of persistent contaminants in Antarctic 
terrestrial ecosystems are largely unknown. There is evidence that hydrocarbon spillage in 
soils can result in an increase in hydrocarbon-degrading microbes and concomitant decrease 
in the diversity of the soil microbial community (Aislabie et al., 2004). However, the “in situ” 
biodegradation rate is probably very low, because aliphatic and aromatic compounds can be 
detected in soils more than 30 years after a spill.  

In striking contrast with the extremely reduced number of species in terrestrial biotic 
communities, most Antarctic marine ecosystems have a rich variety of species and a high 
biomass. Contaminants are introduced in the coastal marine environment through waste 
water, leachates from dump sites, and deposition of particulates from station activity and ship 
operations. The accumulation of metals and POPs has been reported in samples of water, 
sediments and organisms collected in the vicinity of several Antarctic stations (e.g. UNEP, 
2002; Bargagli, 2005). Throughout the 1970s, wastes from McMurdo station were routinely 
discharged along the eastern shoreline of Winter Quarter Bay, which also provided docking 
facilities for ships. In 1988 the US National Science Foundation began a dumpsite cleanup 
and abatement programme and the bay became one of the most studied marine environment 
in Antarctica. Concentrations of PAHs, PCBs, Polichlorinated Terphenyls (PCTs) and metals 
such as Ag, Pb, Sb and Zn in sediments from the bay were much higher than in samples from 
outside the area (Risebrough et al., 1990; Lenihan et al., 1990; Kennicutt et al., 1995). 

In Antarctica, evolutionary processes in isolation contributed to the development of rich 
communities of coastal benthic organisms such as sponges, hydroids, tunicates, polychaetes, 
molluscs, actinarians, echinoderms, amphipods and fish. These organisms are characterized 
by a high degree of endemism and ecophysiological adaptations to peculiar physico-chemical 
features of the Southern Ocean. As many species are long-lived, have low metabolic rates, 
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lack the pelagic larval phase and need longer development time, Antarctic benthic organisms 
are more exposed to the long-term effects of environmental contaminants than are temperate 
or tropical species. Significant disturbance of benthic communities has generally been 
reported in the proximity of the most polluted coastal sites (e.g., Lenihan and Oliver, 1995; 
Conlan et al., 2000; Stark et al., 2003). Organism responses to the combined effects of toxic 
pollutants and organic enrichment from sewage disposal usually involve a decrease in the 
abundance and diversity of benthic fauna and an increase in resistant and opportunistic 
species. Research on polluted sediments near Casey Station (Cunningham et al., 2005) has 
revealed that benthic diatom communities are good indicators of anthropogenic metal 
contamination and may be useful in monitoring the success of environmental remediation 
strategies in polluted Antarctic sites.  

In recent years there has been considerable interest in astrobiology and microbial forms 
living in extreme environments. Antarctica has become one of the most important places for 
research on bacteria that thrive on ice or in subglacial lakes. One of the main challenges for 
such research is the contamination of ice, especially by drilling fluids. These fluids are a 
complex mixture of aliphatic and aromatic hydrocarbons and foranes that coat the ice surface 
and may penetrate into the interior of the ice through micro-fissures. As a rule, the fluid is not 
sterilized during use, and Alekhina et al. (2007) isolated bacteria of the genus Sphingomonas 
(a well-known degrader of polyaromatic hydrocarbons) as well as bacteria attributable to 
human and soil sources from specimens of the deepest (3,400 and 3,600 m) ice borehole at 
Lake Vostok. 
  
4.10.3.2 Global-scale contaminants 
 
Today, human activity is one of the most important parameters affecting the chemical 
composition of the atmosphere. The most marked recent changes in the chemistry of the 
atmosphere over Antarctica are associated with greenhouse gases, notably the largely 
anthropogenically caused decrease in stratospheric ozone, and increases in anthropogenically 
sourced CO2 (380 ppmv), CH4 (1755 ppbv), and N2O (319 ppbv). Anthropogenically sourced 
radionuclides stemming from above ground nuclear bomb testing are also present throughout 
Antarctica, as is evidence of the Chernobyl nuclear accident (Dibb et al., 1990), and have 
even been used to provide dating control within long-lived biological systems (Clarke, 2008).  

Of particular concern also is how to unravel human-induced changes in the atmospheric 
cycles of heavy metals entering the Antarctic atmosphere. The chemical analysis of snow and 
ice deposited over time in polar ice caps gives unique information on the pollution of the 
atmosphere with heavy metals over the last centuries. It should however be emphasized that 
these Antarctic archives mainly reflect pollution emitted in the Southern Hemisphere, 
especially in South America and South Africa. This is because pollution emitted in the 
Northern Hemisphere is less likely to penetrate into the Southern Hemisphere and ultimately 
to reach Antarctica. Deciphering these frozen archives is very difficult. Antarctic snow is so 
clean that the utmost precautions are required to collect the samples without contaminating 
them. As an example, one thousand tonnes of Antarctic snow typically contains no more than 
a few milligrams of lead. Heavy metals, metals or metalloids associated with contamination 
and potential toxicity, are derived from both natural and anthropogenic sources. While the 
main natural sources of heavy metals include rock and soil, volcanoes, sea-salt spray, wild 
forest fires, and continental and marine biogenic activities (Nriagu, 1989), anthropogenic 
toxic metals come mainly from industrial and domestic activities such as the mining and 
smelting of metals, the combustion of fossil fuels and refuse incineration (Nriagu and Pacyna, 
1988).  

Local emissions of heavy metals from human activities in Antarctica have the potential 
to give rise to environmental contamination in local areas. Major anthropogenic emissions 



4   The Instrumental Period 

283 
 

within Antarctica are related to fuel burning for operation of Antarctic stations, snowmobiles, 
heavy vehicles, ships and aircraft (Boutron and Wolff, 1989). Although local effects may be 
confined to an area close to the site of such activities, special attention has to be given to 
local pollution related to stations and regularly utilized traverse routes (Qin et al., 1999, 
because human activities within Antarctica are increasing in number, magnitude, and 
intensity. An inventory of these emissions is needed for assessing the discharges of heavy 
metals into the Antarctic environment. 
 

            
 

 
Figure 4.54 A comparison of 206Pb/207Pb ratios at Coats Land, Law Dome and Victoria Land 
over the past 200 years (Van de Velde et al., 2005).  
 
 

Amongst the most spectacular results obtained so far is the reconstruction of past 
changes in lead pollution achieved by analyzing a series of snow samples collected in Coats 
Land, Victoria Land and Law Dome (Van de Velde et al., 2005). Lead isotopic profiles 
(Figure 4.54) show that lead pollution of Antarctica started as early as the 1880s. This early 
pollution was at least partially linked with non-ferrous metal production activities in South 
America, South Africa and Australia. Another important contribution was from coal-powered 
ships that crossed Cape Horn en route between the Atlantic and Pacific Oceans, as well as 
whaling ships and shore based stations along the Antarctic coast and Southern Ocean islands. 
This lead pollution then declined in the 1920s, correlated with the opening of the Panama 
Canal in 1914, which resulted in a pronounced decrease in ship traffic around the southern tip 
of South America. Lead pollution then increased again after World War II because of the 
very large rise in the use of leaded petrol in various countries in the Southern Hemisphere, 
combined with the continuous increase in non-ferrous metal production in South America, 
South Africa and Australia. Finally, lead concentrations strongly declined from the mid 1980s 
onwards, because of the fall in the use of leaded petrol in modern cars. 

There is growing evidence from Antarctic snow and ice sampling highlighting the fact 
that Antarctica is already significantly contaminated with other metals such as Cr, Cu, Zn, 
Ag, Bi and U as a consequence of long-distance transport from surrounding continents (Wolff 
and Suttie, 1994; Wolff et al., 1999; Planchon et al., 2002; Vallelonga et al., 2002; Van de 
Velde et al., 2005) 



4   The Instrumental Period 

284 
 

POPs, pesticides and industrial chemicals, are ubiquitous anthropogenic compounds 
that are released around the world and found in the remote polar regions far distant from their 
primary sources, due to long-range atmospheric transport. Because they are hydrophobic, 
persistent and toxic, the trend of their distribution and their concentration are urgently needed 
to assess environmental contamination. The distribution pattern and levels of POPs such as 
PCBs and chlorinated pesticides such as Dichlorodiphenyltrichloroethane (DDT) and 
hexachloribenzene (HCB) are reported in the Antarctic environment (Fuoco et al., 1996; 
Carsolini et al., 2002; Weber and Goerke, 2003; Montone et al., 2003). Changing levels of 
some compounds of POPs in living organisms such as fish species reflect global 
redistribution and increasing transfer to Antarctic waters probably due to recent usage in the 
Southern Hemisphere and climate change (Weber and Goerke, 2003). 

Despite increasing documentation, our ability to quantify environmental contamination 
from natural and industrial sources and to clarify the effects of various physico-chemical 
processes controlling atmospheric cycles of anthropogenic pollutants in the Antarctic is still 
limited because of weaknesses in the available scientific database. 

Although some human activity in Antarctica, such as ship or aircraft transportation or 
the release of weather and research balloons can have widespread effects, scientists, tourists 
and fishermen are generally the main causes of local disturbance of the Antarctic 
environment. As pesticides have neither been produced nor applied in the continent, the 
discovery of DDT and its congeners in Antarctic marine biota in the 1960s and in the 
environment in the 1970s proved that persistent contaminants in the region come from other 
continents. Since then, HCB, Hexachlorocycloexanes (HCHs), aldrin, dieldrin, chlordane, 
endrin, heptachlor and other POPs have all been detected in Antarctica and the Southern 
Ocean. These chemicals are persistent, hydrophobic and lipophilic, accumulate in organisms 
and biomagnify in marine food chains (UNEP, 2002). While early ecotoxicological studies 
concentrated mainly on eggshell thickness and reproductive potential of birds, more recent 
evidence suggests that several POPs are also immunotoxic, endocrine disrupters and tumor 
promoters.  

Although migrating species of marine birds and mammals may contribute to the 
southward transfer of POPs, their transport to the Southern Ocean and Antarctica mainly 
occurs through atmospheric and marine pathways. The Antarctic atmosphere loses more heat 
by radiative cooling than it gains by surface energy exchange and the deficit is balanced by 
atmospheric transport of heat, gases, moisture and aerosols from lower latitudes. The global 
transport of radiatively important trace gases such as CO2, CH4 and CFCs contribute for 
instance, to climate change and springtime ozone depletion events. Particles and reactive 
gases in air masses are partly removed by cyclonic storms in the belt of “westerlies” and are 
deposited in the Southern Ocean (Shaw, 1988). However, during the austral summer the 
circumpolar vortex disappears and long-term records of mineral dust, black carbon and 210Pb 
at the South Pole and at some coastal Antarctic stations indicate an enhanced poleward 
transport of air masses (Wolff and Cachier, 1998). For instance, the contamination of 
Antarctic aerosol and snow by Pb and Cu has been widely documented (e.g., Barbante et al., 
1998) and has usually been attributed to leaded petrol, non-ferrous metal mining and smelting 
and other anthropogenic sources in South America, Africa and Australia. Moreover, although 
during the last decades the deposition of Pb in Antarctic snow is decreasing, that of Cu, Zn 
and other elements is increasing (Planchon et al., 2002).  

As the two hemispheres of the Earth have separate circulation systems through much of 
the atmosphere, there is probably a limited input of anthropogenic contaminants from the 
Northern Hemisphere to Antarctica. However, the profiles of radioactive debris deposition in 
Antarctic snow and ice during the 1950s and 1960s showed the presence of fission products 
released in the Northern Hemisphere (Koide et al., 1979). Under ambient temperatures POPs 
may volatilize from water, soils and vegetation into the atmosphere, where they are 
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unaffected by breakdown reactions and may be transported over long distances before re-
deposition. Volatilization/deposition cycles may be repeated many times and according to the 
theory of cold condensation and global fractionation (Wania and Mackay, 1993) the most 
volatile compounds such as HCHs, HCB and low-chlorinated PCBs can redistribute globally. 
Although their concentrations in Antarctic biota are usually below those documented to have 
reproductive effects in related species in temperate and Arctic regions, organisms living 
under harsh Antarctic conditions may be more stressed and more vulnerable to the adverse 
effects of pollutants than those in temperate regions (Bonstra, 2004; Corsolini et al., 2006). 
There is evidence that in some Antarctic marine organisms concentrations of Cd, Hg and 
other pollutants can be relatively high (e.g., Bargagli, 2001; Bustnes et al., 2007); 
furthermore, POP accumulation in marine sediments is increasing their availability and 
accumulation in benthic fish species feeding on benthic invertebrates (Goerke et al., 2004).  

While there is serious concern related to protection of the Antarctic environment, major 
efforts in international legislation that will help to safeguard the Antarctic environment are 
underway. The Stockholm Convention on Persistent Organic Pollutants (2004) is a global 
treaty designed to protect the environment from chemicals that remain intact in the 
environment for long periods, such as POPs. This legislation follows in the footsteps of 
international legislation that protects Antarctica such as the Montreal Protocol (1989). The 
Montreal Protocol is designed to protect the ozone layer by phasing out the production of a 
number of substances believed to be responsible for ozone depletion. 
 
4.10.3.3 Concern about the future impact of human activity  
 
New classes of global pollutants are emerging, such as perfluorinated compounds (PFCs) that 
have a wide range of industrial applications. These compounds have been shown to be toxic 
to several species of aquatic organisms and to occur in biota from various seas and oceans, 
including the Arctic and the Southern Ocean (Yamashita et al., 2005). Catalytic converters in 
motor vehicles are increasing global emissions of Pt and other companion elements such as 
Pd, Rh, Ru, Os and In. Increased concentrations of Rh, Pd and Pt with respect to ancient 
Greenland ice samples were measured in surface snow from the Alps, Greenland and 
Antarctica (Barbante et al., 1999).  

Climate change and global warming could enhance the transport and deposition of 
persistent contaminants in Antarctica. The oceanic transport of persistent contaminants is 
often considered to be much less important than atmospheric transport; however, models 
which combine the transport of semi-volatile chemicals in air and water, and consider 
continuous exchange between the two compartments indicate that the overall transport of 
POPs to remote regions is accelerated with respect to models treating air and water separately 
(Beyer and Matthies, 2001). The rapid regional climatic warming of the Antarctic Peninsula 
has also been detected in oceanic waters to the west (e.g. Meredith and King, 2005). The 
warming of surface water can affect POP volatilization and transport. In contrast to 
organisms in temperate and tropical seas, those in the Southern Ocean are well adapted to 
narrow ranges of water temperature close to the freezing point. Slight increases in 
temperature may have disproportionate influence on the properties of cell membranes and 
biological processes involved in the uptake and detoxification of environmental pollutants. 

Although for continental Antarctica there is as yet no significant trend in meteorological 
temperature, a loss of ice shelves such as that in the Antarctic Peninsula (six ice shelves have 
largely disappeared in the last 50 years) could have dramatic effects on atmospheric 
precipitation (i.e. the deposition of contaminants) and the biogeochemical cycle of trace 
elements such as Hg. Mercury emitted by anthropogenic and natural sources occurs in the 
atmosphere mostly in the gaseous elemental form (Hg0), which has a long lifetime in tropical 
and temperate regions. Once deposited in terrestrial and aquatic ecosystems the metal is 
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partly re-emitted into air, thus assuming the characteristics of global pollutants such as POPs. 
The metal is now acknowledged to be one of the most serious contaminants in polar 
ecosystems because of the springtime Hg depletion events that have been reported in the high 
Arctic (Schroeder et al., 1998) and Antarctica (Ebinghaus et al., 2002). In polar regions, after 
sunrise, the globally-distributed Hg0 undergoes photochemically-driven oxidation by reactive 
halogen radicals (from sea-salt aerosols) and rapidly deposits on snow and on terrestrial and 
marine ecosystems. Field evidence of enhanced Hg accumulation in soil and cryptogamic 
organisms from terrestrial ecosystems facing the Terra Nova Bay coastal polynya raises 
concern that Antarctica may become an important sink in the global Hg cycle (Bargagli et al., 
2005). By changing the sea ice cover and increasing the availability of reactive halogens, 
warming could enhance the role of Antarctica as a “cold trap” for Hg through an increase in 
the out-gassing of the metal from continents and oceans. Furthermore, while the use of Hg 
and many POPs has declined or ceased in North America and Europe since the 1990s and 
earlier, the growing demand for energy, the burning of coal and biomass, the extraction of 
gold, intensive agriculture, the spraying of pesticides for disease vector control, and the lack 
of emission control technologies in South America, Africa and Asia will likely increase the 
atmospheric burden of Hg and many other persistent contaminants.  
 
 
4.11 Biogeochemistry - Southern Ocean Carbon Cycle Response to 

 Historical Climate Change 
 
4.11.1 Introduction 

 
The Southern Ocean, with its energetic interactions between the atmosphere, ocean and 

sea ice, plays a critical role in ventilating the global oceans and regulating the climate system 
though the uptake and storage of heat, freshwater and atmospheric CO2 (Rintoul et al., 2001; 
Sarmiento et al., 2004a). The Southern Ocean is dominated by the eastward flowing ACC. 
The surface of the ACC is characterized by a northward Ekman flow creating a divergent 
driven deep upwelling south of the ACC and convergent flow north of the ACC. In the 
southern part, the upwelling of mid-depth (2-2.5 km) water to the surface provides a unique 
connection between the deep ocean and the atmosphere while in the northern part the 
downwelling provides a strong connection to water masses that resurface at lower latitudes 
e.g. Sarmiento et al. (2004a). These connections make the Southern Ocean extremely 
important in controlling the storage of carbon in the ocean and a key driver in setting 
atmospheric CO2 levels (Caldeira and Duffy, 2000). 
 
4.11.2 CO2 fluxes in the Southern Ocean  

 

The Southern Ocean carbon cycle response uptake can be described as a combination of 
seasonal and non-seasonal variability. In the Southern Ocean seasonal variability is the 
dominant mode of variability, and the mechanisms that drive the air-sea CO2 fluxes are well 
known but their magnitudes remained poorly constrained (Metzl et al., 2006 and references 
therein). The seasonal cycle of CO2 uptake is a complex interplay between the biological and 
physical pumps and can be described both in terms of its magnitude and phase. A recent 
climatological synthesis of more than 3 million measurements of surface pCO2 measurements 
provides important insights into Southern Ocean behaviour at the seasonal timescales 
(Takahashi et al., 2009). During the austral summer biological production reduces surface 
ocean pCO2 through photosynthetic activity and then exports part of this organic matter to the 
deep ocean.   This reduction in surface pCO2 is offset by the changes in the physical pump 
that reduce the capacity of the surface water to store CO2 through upper ocean warming, 
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which lowers solubility, thereby increasing the surface ocean pCO2. The net result of this 
competition between the biological and physical pumps is that the Southern Ocean acts a sink 
of atmospheric CO2 in the summer in the sub-Antarctic zone (SAZ; nominally 40°S – 50°S) 
and south of the Polar Front (PF; ~50°S; Figure 4.55). During the austral winter, a picture of 
two distinct zones separated by the PF is evident. South of the PF relatively little biological 
activity occurs in winter (deep mixing and light limitation); therefore surface pCO2 values are 
set by the competition within the physical pump between deep winter mixing bringing up 
CO2 water from the carbon rich deep ocean, leading to increased pCO2 surface levels, and a 
cooling that increases the ability of the surface waters to store CO2. As the deep winter 
mixing dominates in this region a net out-gassing of CO2 to the atmosphere occurs. North of 
the PF during the austral winter the same cooling and mixing processes that occur further 
south exist, but with the addition of biological activity during the period, albeit at a reduced 
rate, reducing the pCO2 in surface waters. The result of the combined responses of the 
biological and physical pumps means this region acts as a weak sink of atmospheric CO2 
during the austral winter. 
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Figure 4.55 The annual cycle of ∆pCO2 (pCO2

ocean-pCO2
atm; i.e. negative/positive = 

atmospheric CO2 sink) in the Southern Ocean for the regions 40°-50°S (black line) and 50°-
62°S (dashed line; Takahashi et al., 2009). The Sub-Antarctic zone (40°-50°S) acts a 
permanent CO2 sink but at higher latitudes the ocean acts as an atmospheric sink during 
summer and a source during winter (Metzl et al., 2006).  
 
 

When the observed winter and summer fluxes are integrated, the annual mean uptake is 
small south of 50°S (about -0.08 PgC/yr); conversely the SAZ (40°S-50°S) behaves as a 
strong sink (-0.74 PgC/yr) (Takahashi et al, 2009; see comments below). The response of the 
SAZ is consistent with other studies that suggest the SAZ is also a strong CO2 sink 
approaching -1 PgC/yr (McNeil et al., 2007; Metzl et al., 1999) and an important region of 
mode and intermediate water formation and transformation. In comparison to the total uptake 
of 2 GtC/yr for the global ocean, the Southern Ocean south of 40°S takes up more than 40% 
of the total uptake. Note in these calculations we have used the gas transfer coefficent of 
Wanninkhof (1992) with the dataset of Takahashi et al., (2008). 

 Significant progress has been made in recent years in simulating the annual mean 
uptake of CO2 by the Southern Ocean as precursor to understanding interannual to decadal 
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variability. Figure 4.56 shows that the spatial pattern of the annual mean uptake is well 
represented in comparison with that simulated from the current class of ocean 
biogeochemical models (e.g. OPA/PISCES model; Aumont and Bopp, 2006)). Although 
different models do contain different representations of the magnitude of the seasonal cycle, 
the phase between each model and observations shows good agreement. This suggests that 
seasonal processes that drive this variability are well captured, and that as a result, we are in a 
better position to explore changes at interannual and longer timescales.  
 
 

 
 
 
Figure 4.56 Annual mean uptake of air-sea CO2 fluxes as calculated from OPA/PISCES 
1990-1999 (Lenton et al., 2006) and that from the new climatology of Takahashi et al. 
(2009). The sub-Antarctic region (40-50°S) represents a strong sink (blue colors), whereas 
south of 50°S, large regions act as a CO2 source for the atmosphere (red).  
 
 
4.11.3 Historical Change - Observed Response 

 
The Southern Ocean has undergone significant changes in response to climate changes; such 
as a net increase in heat and freshwater fluxes, and a poleward movement and intensification 
of winds e.g. Thompson and Solomon (2002). The major driver of these changes has been the 
SAM that is associated with changes in the Antarctic Vortex, primarily in response to 
depletion of stratospheric ozone and increasing atmospheric greenhouse gas concentrations 
(Arblaster and Meehl, 2006). While the SAM is a significant driver of variability it cannot 
explain all the variability present, as it has both linear and non-linear interactions with other 
climatic modes such as ENSO and Indian Ocean Dipole (IOD) that drives diverse responses 
in different regions. These physical changes impact directly on the physical pump and to a 
lesser extent on the biological pumps, therefore on the concentration of CO2 in surface waters 
and the magnitude of both uptake and export of CO2 from the atmosphere to the deep ocean.  

In the Southern Ocean the interannual to decadal changes in biological production, 
ocean dynamics and thermodynamics that drive oceanic pCO2 and air-sea CO2 exchanges 
remain poorly understood and very undersampled. Decadal and interannual variations have 
been observed at high latitudes, but at only very few locations and during the austral summer 
(Jabaud-Jan et al., 2004; Brévière et al., 2006, Borges et al., 2008). Although these analyses 
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provide important information on the response of the ocean to climate variability in the 
Southern Hemisphere, there is no clear detection of the decadal trends of oceanic CO2 and 
associated air-sea CO2 fluxes, unlike the situation in the north Atlantic or the north and 
equatorial Pacific where there are long-term time series of such data (e.g. Bates, 2001; Feely 
et al., 2002). Takahashi et al. (2009) have recently constructed a pCO2 data synthesis, from 
which a significant increase of oceanic pCO2 during winter has been calculated, about 
+2.1±0.6 µatm/yr, which is close to or faster than the growth rate in the atmosphere (1.7 
ppm/yr) over the period 1986-2007.  

Repeat underway measurements of surface pCO2 have been made regularly in the 
Southern Indian Ocean since the 1990s (e.g. Metzl et al.,1999). Although these measurements 
are quite often confined to regions where ships travel to resupply Antarctic and sub-Antarctic 
bases, they represent a valuable timeseries for exploring the evolution of the surface ocean. A 
recent study by Metzl (2009; Figure 3.68) in the South Western Indian Ocean calculated 
surface trends of pCO2 between 1991-2007 and showed that oceanic pCO2 increased at all 
latitudes south of 20°S (1.5 to 2.4 µatm/yr depending the location and season). More 
specifically, at latitudes of less than 40°S, they determined that oceanic pCO2 increased faster 
than in the atmosphere since 1991, suggesting the strength of the oceanic sink decreased. In 
addition, when pCO2 data are normalized to temperature, removing the effect of solubility on 
CO2, this analysis showed that the system is increasing much faster in the winter than in the 
summer (Figure 4.57). These results suggest that the increase may be due to changes in ocean 
dynamics, given that the largest response occurs in the austral winter, when the winds are 
strongest. In the recent period (since the 1980s) the increase of pCO2 appeared to be faster 
compared to the trends based on historical observations from 1969-2002 (Inoue and Ishii, 
2005), suggesting that the Southern Ocean CO2 sink has continued to evolve in response to 
climate change.  
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Figure 4.57 Annual mean trends of temperature normalized fCO2 in 4 regions of the South-
Western Indian Ocean (based on summer and winter observations in 1991-2007). The open 
bars indicate the growth rates estimated for summer and black bars for winter. Standard 
errors associated to each trend are also indicated. The dashed line indicates the atmospheric 
CO2 annual growth rate (figure reproduced from Metzl, 2009). 
 
 

As oceanic pCO2 in recent years has been observed to be increasing close to, or faster 
than in the atmosphere, the signature of these changes in atmospheric CO2 data should be 
detectable, as has been observed in the Equatorial Pacific during ENSO events (e.g. Peylin et 
al., 2005). At latitudes south of 40°S the ocean has a very large surface and it is expected that 
continental carbon source/sink variability has a low imprint in atmospheric CO2 records 
(compared to the tropics and north hemisphere). This is clearly seen in the CO2 record at La 
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Nouvelle Amsterdam Island (in the South-Indian Ocean), for example, where the seasonality 
of atmospheric CO2 is very low. A recent study by Le Quéré et al. (2007) using a 
combination of atmospheric observations and inverse methods reported that in the period 
1981-2004, the strength of the Southern Ocean CO2 sink (south of 45°S) was reduced (Figure 
4.58). Although this result remains controversial (e.g. Law et al., 2008), it does suggest that 
the observed increase in oceanic pCO2 acts to reduce the strength of the air-sea CO2 gradient 
(∆pCO2) and this in turn translates to reduction in the strength of the Southern Ocean CO2 
sink. This result is significant as it was expected in response to strengthening air-sea CO2 
gradient that the Southern Ocean CO2 uptake would increase. These results are also 
consistent with a number of recent modeling studies, that have also suggested a decrease in 
uptake in the last decades and which attributed the upper ocean pCO2 values to increases in 
the wind speed increasing the ventilation of carbon rich deep waters e.g. Lenton and Matear 
(2007).  
 

 
 

Figure 4.58 Sea-air CO2 flux anomalies in the Southern Ocean (PgC/y, >45°S) based on 
atmospheric CO2 data and inversed transport model (on top) and a global biogeochemical 
ocean model  (bottom). Compared to experiments that do not take into account the climate 
variability (in red), both approaches suggest a stabilization or reduction of the ocean CO2 sink 
since the 1980s (LeQuéré et al., 2007). 
 
 
4.1.4 Historical Changes – Simulated View 

 
To explore how changes in Southern Ocean air-sea CO2 fluxes have responsed to historical 
climate change between 1948-2003. Matear and Lenton (2008) used a biogeochemical ocean 
model driven with observed changes (NCEP R1; Kalnay et al., 1996). They explored how the 
total carbon cycle as well as the natural and anthropogenic carbon uptake responded to the 
observed increases in windstress, heat and freshwater fluxes (Figure 4.59). Their results show 
a complex picture: when only either heat or freshwater fluxes increase, the total uptake is 
slightly greater than the total CO2 flux response (with all fields increasing). In contrast, when 
only the wind speed increased, the total uptake was less than the total response. In addition, 
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the anthropogenic response was always much smaller than the natural carbon cycle response 
and hence the natural response dominated the total response. The natural carbon sink 
dominates the total response over the last 50 years for two reasons:  (i) because wind stress 
changes are larger than the corresponding changes in heat and freshwater flux, therefore 
changes in solubility are dominated by changes in ocean dynamics; and ii) the CO2 gradient 
between the atmosphere and the ocean due to anthropogenic emissions is strong enough over 
this period to counter the increased CO2 in surface waters caused by winds bringing up water 
rich in dissolved inorganic carbon from the deep ocean. Although there is some question of 
the validity of the changes in the pre-satellite era (1948-1979; Marshall, 2003), the largest 
changes occur in the later period 1979-2003, as seen in Figure 4.58.  

As reanalysis products used in Matear and Lenton (2008) are assimilated products, all 
climate modes/variability are represented. Other studies using different ocean models and 
experiments to explore the response of the Southern Ocean air-sea CO2 flux to the SAM 
alone e.g. Lenton and Matear (2007), Lovenduski et al. (2007) are very consistent with the 
view determined using all the superposition of all the climatic modes. This is not surprising 
given that these studies suggest that more than 40% of the total variance in CO2 flux is be 
explained by the SAM in the recent period Lenton and Matear (2007). 

Over the period only a small increase in primary production and export production is 
evident, suggesting only a weak link between atmospheric forcing and export production, 
despite the increased upwelling of deep waters in response to increased winds (i.e. supplying 
also macro and micro nutrients).  The largest response was on the northern boundary of the 
High Nutrient Low Chlorophyll  (HNLC) area of the Southern Ocean. Over the rest of the 
Southern Ocean, very little response was seen, demonstrating only a weak link between 
atmospheric forcing and production.   

The increased ventilation of the Southern Ocean from simulations does not only alter 
the concentration of upper ocean CO2 and the air-sea CO2 fluxes, it also alters the carbonate 
chemistry of the upper ocean. These changes in carbonate chemistry affect the ability of the 
ocean to take up atmospheric CO2, through changes in the Revelle factor (Revelle and Suess, 
1957) and through the lowering of seawater pH. This pH reduction, or ocean acidification, 
reduces the ability of organisms that use calcite to build shells, potentially adversely 
impacting the marine ecosytem (Feely et al., 2004). In response to ocean acidification, a key 
carbon parameter is the aragonite saturation state (ΩA), which influences the rate of 
calcification of marine organisms (Riebesell et al., 2000; Langdon and Atkinson, 2005). 
Simulations show that the observed increases and variability in heat, freshwater fluxes and in 
particular wind stress in the last 50 years, has moved the saturation horizon closer to the 
surface (Orr et al, 2005), potentially already impacting on the ecosystems in the Southern 
Ocean, although we do not yet have the observational evidence to support this hypothesis.  
 

4.11.5 Changes in CO2 inventories  

 
In the previous sections, we focused on the changes of the air-sea CO2 fluxes as observed and 
simulated over the last 50 years. When discussing the capacity of the ocean to reduce the 
impact of climate changes, the change in anthropogenic CO2 in the water column since the 
pre-industrial era must be evaluated. This is important not only to estimate the global ocean’s 
capacity to absorb anthropogenic CO2 emissions, but also to detect the changes in carbonate 
saturation levels and the potential increase of ocean acidity, especially in the Southern Ocean 
(Feely et al., 2004; Orr et al., 2005). It has been estimated that in recent decades 30% of the 
total uptake since the preindustrial period has been taken up by Southern Ocean mode waters 
(Sabine et al., 2004). The anthropogenic CO2 in the ocean (Cant) cannot be directly measured, 
but under several assumptions, it can be derived from in-situ observations. This was first 
suggested by Brewer (1978) and Chen and Millero (1979), and in the last ten years several 
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data-based methods have been investigated at regional and global scales (see a review in 
Wallace 2001; Sabine et al., 2004; Waugh et al., 2006; Lo Monaco et al., 2005). Comparisons 
of data-based methods (Lo Monaco et al., 2005) clearly show that all methods converge to 
estimate large inventories associated with mode and intermediate waters (Figure 4.60). 
Meanwhile in Southern Ocean uptake south of 50°S uncertainties in Cant still exist, but these 
differences appear to reflect techniques that have been recognized to underestimate 
anthropogenic carbon in deep and bottom waters along the Antarctic coast (Lo Monaco, 
personal communication). 
 

 
 

Figure 4.59 Annual-averaged Southern Ocean uptake of: a) total carbon; b) natural carbon; c) 
anthropogenic carbon.  The different experiments use the following colour coding, total 
experiment (black line), 1948 (red line), wind stress (tau, green line), heat flux (blue line) and 
freshwater flux (cyan line). 
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Figure 4.60 Anthropogenic carbon concentrations (colour scale, in umol/kg) derived using a 
back-calculation method in the Indian Ocean sector of the Southern Ocean between 
Antarctica (left) and Africa (right) (redrawn from Lo Monaco et al., 2005). 
 
 
4.11.6 Concluding Remarks  

 
The Southern Ocean plays a critical role in the uptake of atmospheric CO2, accounting for 
more that 40% of the annual mean CO2 uptake. Modelling and observational studies show 
that the Southern Ocean has undergone significant changes in the last 50 years; these views 
appear to be converging towards a coherent view. The largest change has been a reduction in 
the total CO2 uptake in recent decades in response to the observed changes in climatic 
forcings, particularly changes in wind speed. The increased wind speed drives strong changes 
in the physical carbon pump, specifically through ocean dynamics, rather than through 
changes in solubility or in the Revelle factor; this view is further reinforced by only a weak 
response in the biological pump. In the future, in response to climate change, both the 
biological and physical pumps are expected to be impacted (see Section 5.8 for details). 
 
 
4.12 Terrestrial Biology 

 
Contemporary terrestrial and freshwater ecosystems within Antarctica occupy only 0.34% of 
the continental area (British Antarctic Survey, 2004), the remainder being permanent ice and 
snow. The combined land area of the isolated sub-Antarctic islands is likewise small. 
Individual areas of terrestrial habitat are typically ‘islands’, whether in the true sense of the 
word, being surrounded by ocean, or in the sense of being surrounded and isolated by terrain 
inhospitable to terrestrial biota in the form of ice (Bergstrom and Chown, 1999). While the 
most biologically developed and most studies of terrestrial exposures are found in coastal 
regions of the continent, particularly along the Antarctic Peninsula and in Victoria Land, 
terrestrial habitats exist in all sectors of the continent, and both in coastal and inland 
locations.  

Terrestrial biological research within Antarctica has, however, been much more 
spatially limited, with major areas of activity restricted to the South Orkney and South 
Shetland Islands, Anvers Island, the Argentine Islands and Marguerite Bay along the 
Antarctic Peninsula/Scotia Arc, and the Dry Valleys and certain coastal locations in Victoria 
Land. Terrestrial and freshwater research along the continental Antarctic coastline has largely 
been limited to areas in the vicinity of the Schirmacher Oasis, Windmill Islands and Davis 
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Station, Casey Station, and mountain ranges in Dronning Maud Land. Sporadic biological 
records exist from more widely dispersed locations, but in most cases these relate to single 
short field visits to these locations, often by non-biologists or non-specialists. Indeed, there 
remain many instances where the only biological records available, or only species 
descriptions that exist, derive from the original exploring expeditions of the ‘heroic era’. 
Even where terrestrial biological research is undertaken within a region or by a national 
operator, both taxonomic and process-based research coverage is extremely uneven across 
different regions or operators. 

All Antarctic terrestrial ecosystems are simple in global terms, lacking or with low 
diversity in specific taxonomic or biological functional groups (Block, 1984; Smith, 1984; 
Convey, 2001). It is therefore likely that they lack the functional redundancy that is typical of 
more diverse ecosystems, raising the possibility of new colonists (arriving by both natural 
and, more recently, human-assisted means) occupying vacant ecological niches. Such 
colonists could include new trophic functions or levels, threatening the structure and function 
of existing trophic webs (Frenot et al., 2005, 2007; Convey, 2008). Responses of indigenous 
biota will be constrained by their typically ‘adversity-selected’ life history strategies, which 
have evolved in an environment where abiotic environmental stresses and selection pressures 
(i.e. properties of the physical environment) far outweigh in importance biotic stresses and 
pressures (i.e. competition, predation, etc.) (Convey, 1996). 

The growth and life cycle patterns of many invertebrates and plants are fundamentally 
dependent on regional temperature regimes and their linkage with patterns of water 
availability (Convey et al., 2006). In detail, the interaction between regional macroclimate 
and smaller scale ecosystem features and topography define the microclimate within which 
an organism must live and function. There has to date been remarkably little effort to identify 
connections between macro and microclimatic scales, or to probe the application of large-
scale macroclimatic trends and predictions at microclimatic scale. Distinct patterns in sexual 
reproduction are evident across the Antarctic flora and are most likely a function of 
temperature variation - indeed recent increase in the frequency of successful seed production 
in the two maritime Antarctic flowering plants (Convey, 1996) is proposed to be a function of 
warming in this region. In addition, phenology of flowering plants is cued to seasonality in 
the light regime. In regions supporting flowering plants, wind is assumed to play a major role 
in pollination ecology of grasses and sedges resulting in cross-pollination. The lack of 
specialist pollinators in the native fauna, combined with high reproductive outputs in non-
wind pollinated species implies a high reliance on self-fertilisation. 

The Antarctic biota shows high development of ecophysiological adaptations relating to 
cold and desiccation tolerance, and displays an array of traits to facilitate survival under 
environmental stress (Hennion et al., 2006). While patterns in absolute low temperatures are 
clearly important in determining survival, perhaps more influential is the pattern of the 
freeze-thaw regime, with repeated freeze-thaw events being more damaging than a sustained 
freeze event (Brown et al., 2004; Sinclair and Chown, 2005). How these patterns change in 
the future will be an area of major importance. 

The response of Antarctic plants to increased UV-B radiation (280-315 nm) associated 
with the ozone hole, provides an illustration of another suite of ecophysiological/biochemical 
strategies. Reported responses vary widely between studies, ranging from negative effects on 
chlorophyll concentrations in tissues, on growth, and evidence of DNA damage in some 
species (e.g. Ruhland and Day, 2000; Xiong and Day, 2001; Robinson et al., 2005; Turnbull 
and Robinson, 2008), through little change (e.g. Björn, 1999; Lud et al., 2002; Boelen et al., 
2006) to consistent positive effects, such as increased concentrations of UV-B screening 
pigments (Newsham et al., 2002). Previously it has been suggested that higher plants and 
bryophytes could differ in their abilities to synthesize UV-B screening pigments (Gwynn-
Jones et al., 1999), but most recent data from Antarctic studies do not support this proposition 
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(e.g. Newsham et al., 2002; Newsham, 2003; Newsham et al., 2005; Dunn and Robinson, 
2006; Clarke and Robinson, 2008). The majority of Antarctic bryophytes  studied have 
potential UV screening compounds inside their cells and/or attached to their cell walls 
(Clarke and Robinson, 2008), suggesting widespread UV screening potential in these species. 
A recent study has estimated that the cost of synthesising new protective pigment molecules 
on exposure to UV-B represents approximately 2% of the carbon fixated by a common 
Antarctic liverwort, analogous to estimates of 1-10% of biomass invested in cryoprotectants 
or desiccation protectants by many Antarctic terrestrial invertebrates and microbes (Snell et 
al., 2009). 

 

 
Table 4.2 The occurrence of alien non-indigenous terrestrial species across Antarctic 
biogeographical zones (extracted from Frenot et al. (2005); see also Greenslade (2006) for a 
detailed description of established and transient alien species, and species recorded only 
synanthropically, from sub-Antarctic Macquarie Island). 

 
 
A meta-analysis of the response of polar vegetation to UV-B radiation concludes that 

Antarctic bryophytes and vascular plants respond in a similar fashion to vegetation from 
other regions, with UV-B exposure leading to decreased above-ground biomass and height 
and increased DNA damage (Newsham and Robinson, 2009). Plants also appear able to 
protect themselves from elevated UV-B radiation through the induction of UV screening 
pigments (Newsham and Robinson, 2009), although this likely comes at a cost to biomass 
production (Snell et al., 2009). However this meta-analysis does suggest that the method by 
which UV-B radiation is applied to plants plays an important part in determining the strength 
of plant response to UV-B. 

The final suite of life history traits includes elements relating to competition and 
predation. Their potential significance is illustrated by reference to ecosystem changes caused 
through the introduction of new predatory invertebrates to certain sub-Antarctic islands (e.g. 
Table 4.2). The introduction of carabid beetles to parts of South Georgia and Îles Kerguelen, 
where such predators were previously absent, is leading to extensive changes to local 

 

 
 Entire 
sub-
Antarctic 

Maritime 
Antarctic 

South 
Georgia 

Marion 
Prince 

Edward 
Crozet Kerguelen Heard 

Mac 
Donald 

Macquarie 

Dicotyledons 62 0 17 6 2 40 34 0 0 2 

Mono-
cotyledons 45 2 15 7 1 18 34 1 0 1 

Pteridophytes 1 0 1 0 0 1 1 0 0 0 

Total non-
indigenous 
plants 

108 2 33 13 3 59 69 1 0 3 

Invertebrates 72 2-5 12 18 1 14 30 3 0 28 

Vertebrates 16 0 3 1 0 6 12 0 0 6 
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community structure, which threatens the continued existence of some indigenous and/or 
endemic invertebrates (Ernsting et al., 1995; Frenot et al., 2005, 2008). Regional warming 
has also been predicted to rapidly increase the impact of certain indigenous predators (Arnold 
and Convey, 1998). Providing an analogous impact within the decomposition cycle, detailed 
studies on Marion Island indicate that indigenous terrestrial detritivores are unable to 
overcome a bottleneck in the decomposition cycle, hence illustrating a further ecosystem 
service likely to be strongly influenced by recently introduced non-indigenous species 
(Slabber and Chown, 2002). 

The lack of attention to these traits to date is unfortunate, particularly with respect to the 
understanding of alien species’ impacts. It is already well known that Antarctic terrestrial 
biota possess very effective stress tolerance strategies, in addition to considerable response 
flexibility. The exceptionally wide degree of environmental variability experienced in many 
Antarctic terrestrial habitats, on a range of timescales between hours and years, means that 
predicted levels of change in environmental variables (particularly temperature and water 
availability) are often small relative to the range already experienced. However, as illustrated 
above with biochemical responses to UV-B exposure, any change in the balance of use of 
specific strategies carries a quantifiable cost, and carries implications for changes in the 
allocation of resources within the organism. 

Given the absence of more effective competitors, predicted and observed levels of 
climate change may be expected to generate positive responses from resident biota of the 
maritime and continental Antarctic, and this is confirmed in general terms both by 
observational reports of changes in maritime Antarctic terrestrial ecosystems, and the results 
of manipulation experiments mimicking the predictions of climate change (Convey, 2003, 
2007). Over most of the remainder of the continent, biological changes are yet to be reported, 
as might be expected given the weakness or lack of evidence for clear climate trends over the 
instrumental period. Potentially sensitive indicators of change have been identified amongst 
the biota of this region (e.g. Wasley et al., 2006), particularly in the context of sensitivity to 
changes in desiccation stress (Robinson et al., 2003). More local scale and short-term trends 
of cooling over recent decades in the Dry Valleys of Victoria Land have been associated with 
reductions in abundance of the soil fauna (Doran et al., 2002). The picture is likely to be far 
more complex on the different sub-Antarctic islands as, in addition to various different trends 
being reported in a range of biologically important variables, many also already host 
(different) alien invasive taxa, some of which already have considerable impacts on native 
biota (Frenot et al., 2005; Convey, 2007, Table 4.2). 

The best-known and frequently reported example of terrestrial organisms interpreted to 
be responding to climate change in the Antarctic is that of the two native Antarctic flowering 
plants (Deschampsia antarctica and Colobanthus quitensis) (Figure 4.61) in the maritime 
Antarctic (Fowbert and Smith, 1994; Smith, 1994; Grobe et al., 1997; Gerighausen et al., 
2003). At the Argentine Islands numbers of plants increased by two orders of magnitude 
between the mid 1960s and 1990 (Fowbert and Smith, 1994), although it is often overlooked 
that these increases have not involved any change in the species’ overall geographic ranges, 
limited in practice by extensive ice cover south of the current distribution. These increases 
are thought to be due to increased temperature encouraging growth and vegetative spreading 
of established plants, in addition to increasing the probability of establishment of germinating 
seedlings. Additionally, warming is proposed to underlie a greater frequency of mature seed 
production (Convey, 1996b), and stimulate growth of seeds that have remained dormant in 
soil propagule banks (McGraw and Day, 1997). However, since 1990, there has been no 
further increase in the Argentine Islands populations, while there has also been no significant 
warming trend in either the annual or seasonal air temperature data record at this location 
over the period 1990-2008, which might suggest the link between environmental conditions 
and plant responses is even closer than initially thought (Parnikoza et al., in press). 
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Figure 4.61 The only two flowering plants native to the Antarctic continent are both 
restricted to the Antarctic Peninsula. The grass Deschampsia antarctica may develop into 
swards covering several to tens of square metres (left), while the pearlwort Colobanthus 

quitensis more typically is encountered as individual cushions (right) (photos P. Convey). 
 

 
 
Changes in both temperature and precipitation have already had detectable effects on 

limnetic ecosystems through the alteration of the surrounding landscape and of the time, 
depth and extent of surface ice cover, water body volume and lake chemistry (with increased 
solute transport from the land in areas of increased melt) (Quesada et al., 2006; Lyons et al., 
2006; Quayle et al., 2002, 2003.  The latter authors highlight that some maritime Antarctic 
lake environmental changes actually magnify those seen in the atmospheric climate, 
highlighting the value of these locations as model systems to give ‘early warning’ of potential 
changes to be seen at lower latitudes. Predicted impacts of such changes will be varied. In 
shallow lakes, lack of surface ice cover will lead to increased wind–induced mixing and 
evaporation and increases in the diversity at all levels of the ecosystem. If more melt water is 
available, input of freshwater into the mixolimna of deeper lakes will increase stability and 
this, associated with increased primary production, will lead to higher organic carbon flux. 
Such a change will have flow–on effects including potential anoxia, shifts in overall 
biogeochemical cycles and alterations in the biological structure and diversity of ecosystems 
(Lyons et al., 2006).  

Alien microbes, fungi, plants and animals, introduced directly through human activity 
over approximately the last two centuries, already occur on most of the sub-Antarctic islands 
and some parts of the Antarctic continent (Frenot et al., 2005, 2007; Greenslade, 2006; 
Convey, 2008, Table 4.2). The level of detail varies widely between locations and taxonomic 
groups (although at the microbial level, knowledge is virtually non-existent across the entire 
continent). On sub-Antarctic Marion Island and South Atlantic Gough Island it is estimated 
that rates of establishment through anthropogenic introduction outweigh those from natural 
colonization processes by two orders of magnitude or more. Introduction routes have varied, 
but are largely associated with movement of people and cargo in connection with industrial, 
national scientific programme and tourist operations. Although it is rare to have a record 
available of a specific introduction event, and there are undoubtedly instances of natural 
colonization processes resulting in new establishment, the impact of undoubted human-
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assisted introductions to some sub-Antarctic islands (particularly South Georgia, Kerguelen, 
Marion, Macquarie) is substantial and probably irreversible. Thus a range of introduced 
vertebrates and plants have led to large shifts in ecosystem structure and function, while in 
terms of overall diversity some islands now host a greater number of non-indigenous than 
indigenous species of plant. The large majority of aliens are European in origin. 
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