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Abstract Simulations performed with the climate model

LOVECLIM, aided with a simple data assimilation tech-

nique that forces a close matching of simulated and

observed surface temperature variations, are able to rea-

sonably reproduce the observed changes in the lower

atmosphere, sea ice and ocean during the second half of the

twentieth century. Although the simulated ice area slightly

increases over the period 1980–2000, in agreement with

observations, it decreases by 0.5 9 106 km2 between early

1960s and early 1980s. No direct and reliable sea ice

observations are available to firmly confirm this simulated

decrease, but it is consistent with the data used to constrain

model evolution as well as with additional independent

data in both the atmosphere and the ocean. The simulated

reduction of the ice area between the early 1960s and early

1980s is similar to the one simulated over that period as a

response to the increase in greenhouse gas concentrations

in the atmosphere while the increase in ice area over the

last decades of the twentieth century is likely due to

changes in atmospheric circulation. However, the exact

contribution of external forcing and internal variability in

the recent changes cannot be precisely estimated from our

results. Our simulations also reproduce the observed

oceanic subsurface warming north of the continental shelf

of the Ross Sea and the salinity decrease on the Ross Sea

continental shelf. Parts of those changes are likely related

to the response of the system to the external forcing.

Modifications in the wind pattern, influencing the ice

production/melting rates, also play a role in the simulated

surface salinity decrease.

1 Introduction

Over the period for which we have consistent satellite

records, i.e., since November 1978, the sea ice extent and

the sea ice area in the Southern Ocean have slightly

increased (e.g. Zwally et al. 2002; Lemke et al. 2007;

Comiso and Nishio 2008). One of the most recent estimates

provides a weak positive trend of 0.9 ± 0.2% per decade

for the ice extent and 1.7 ± 0.3% per decade for the sea ice

area over the years 1978–2006 (Comiso and Nishio 2008).

This clearly contrasts with the Northern hemisphere where

the ice extent and ice area have decreased over the same

period by 3.4 ± 0.2% and 4.0 ± 0.2% per decade,

respectively (Comiso and Nishio 2008). An important

question is to determine if those weak positive trends in the

Southern Ocean are representative for the twentieth century

or if a different behaviour was observed before the 1970s.

To illustrate this point, indirect estimates of the location of

the ice edge have been derived, mainly from whaling

records and from the composition of ice cores drilled in

Antarctica (e.g. de la Mare 1997; Curran et al. 2003; Cotté

and Guinet 2007; de la Mare 2008). They suggest a sig-

nificant decrease of the ice extent between the 1950s and

the 1980s. However, the interpretation of these data is not

straightforward and is still debated (e.g. Ackley et al. 2003;
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Cotté and Guinet 2007; Abram et al. 2007). This has led to

the conclusion in the latest report of the Intergovernmental

Panel on Climate Change (IPCC) that ‘‘the Antarctic data

provide evidence of a decline in sea ice extent in some

regions, but there are insufficient data to draw firm con-

clusions about hemispheric changes prior to the satellite

era’’ (Lemke et al. 2007).

In the ocean, a clear warming signal has been observed

in the latitude band 45–60�S since the 1950s at depths

between 700 and 1,100 m (Gille 2002). This temperature

increase is well reproduced by climate models if they

include the forcing due to the changes in greenhouse gas

concentrations in the atmosphere as well as the influence of

the anthropogenic sulphate and volcanic aerosols (Fyfe

2006). At higher latitudes, observations are scarcer. Never-

theless, they suggest a warming at depths between 300 and

500 m, a surface freshening as well as a salinity decrease

of bottom waters, at least in some regions (e.g. Robertson

et al. 2002; Jacobs et al. 2002; Aoki et al. 2005a, b;

Smedsrud 2005; Rintoul 2007).

A larger number of investigations has been devoted to

assessing changes in the atmospheric temperature and cir-

culation (e.g. Comiso 2000; Marshall 2003; Thompson and

Solomon 2002; Turner et al. 2005; Chapman and Walsh

2007; Marshall et al. 2006, 2007; Monaghan et al. 2008;

Steig et al. 2008). One of the clearest features detected is

the large warming over the Antarctic Peninsula, with a

temperature increase of more than 2.5�C over the last

50 years at some stations (Vaughan et al. 2003; Turner

et al. 2005; Marshall et al. 2006, 2007). Although uncer-

tainties are large in areas without station data, the

temperature trends over most of the other regions of the

continent appear generally positive for the period 1960–

2005, but they are often insignificant. By contrast, negative

trends are generally obtained for the period 1970–2005

(Chapman and Walsh 2007; Monaghan et al. 2008). Parts

of those temperature changes have been related to the

increase in the intensity of the southern annual mode

(SAM) index over the last 30 years (e.g. Thompson and

Solomon 2002; Marshall 2003; Turner et al. 2005; Mar-

shall et al. 2006, 2007; van Lipzig et al. 2008). The SAM,

which is the dominant mode of variability of the atmo-

spheric circulation in the extratropics of the southern

hemisphere, is related to a vacillation of the atmospheric

mass (and thus of sea level pressure) between high and mid

latitudes. An increase in the SAM index corresponds to an

intensification and a southward shift of the westerlies over

the Southern Ocean. As a consequence, a positive SAM

index induces a stronger flow of relatively warm air of

oceanic origin towards the Antarctic Peninsula which, in

combination of a foehn effect on the eastern side of the

Peninsula (Marshall et al. 2006), leads to a large warming

over this part of the Antarctic continent. However, the

SAM alone could not explain the observed temperature

changes there. A decrease in the sea ice extent and an

overall increase in more northerly winds in this region must

also play a role (e.g. Vaughan et al. 2003; Turner et al.

2005; Meredith and King 2005). In addition, a higher SAM

index is associated with a larger isolation of the Antarctic

continent (Thompson and Solomon 2002), i.e., weaker

exchanges with lower latitudes, and thus a cooling com-

patible with the observed temperature decrease at many

locations on the continent over the last 30 years.

Despite the recent studies of the influence of the changes

in atmospheric circulation on the sea ice-ocean system (e.g.

Lefebvre et al. 2004; Fyfe and Saenko 2006; Sen Gupta and

England 2006; Ciasto and Thompson 2007; Stammerjohn

et al. 2008; Yuan and Li 2008), we are still far from being

able to determine which of the modifications observed in the

atmosphere, the sea ice and the ocean are linked. Further-

more, we do not understand precisely the mechanisms which

are responsible for those changes. For instance, we have not

resolved the potential relationship between trends in surface

air temperature over Antarctica and sea ice over the

Southern Ocean. Our goal here is to study those potential

links between the observed changes, providing a first step

towards a more global understanding of the climate system

at high southern latitudes. We also want to take advantage of

those relationships to gain additional information on the

elements of the system that are poorly constrained by long

term observations, in particular the sea ice area.

To do so, we have performed a group of simulations

with the climate model LOVECLIM, which includes fully

coupled atmospheric, oceanic and sea ice components,

using a simple data assimilation technique. The data used

to constrain the model evolution are observations of near

surface temperature at high southern latitudes over the

period 1850–2000. Because of the small amount of data

available and of the coarse resolution of the model, only

the large-scale patterns could be reasonably analysed. In

addition, we focus our attention on the decadal scale

changes, not on interannual variability. The model and the

data assimilation technique are described in Sect. 2. In

Sect. 3, the model results are compared with data obtained

at high latitudes in order to show that the simulations are

able to satisfactorily reproduce the major observed changes

(in the atmosphere, sea ice and ocean) over the last dec-

ades. The causes of the changes, and implications for

longer term trends are discussed in Sect. 4, followed by the

conclusions.

2 Model description and experimental design

LOVECLIM is a three-dimensional Earth system model of

intermediate complexity that includes representations of
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the atmosphere, the ocean and sea ice, the land surface

(including vegetation), the ice sheets and the carbon cycle.

As the global carbon cycle and the ice-sheet climate

interactions are not the subject of our study, the ice sheet

and carbon cycle components are not activated here in

order to restrict the computer time and memory require-

ments of our simulations. These models components will

thus not be described here. The atmospheric component is

ECBILT2 (Opsteegh et al. 1998), a T21, three-level quasi-

geostrophic model. The oceanic component is CLIO3

(Goosse and Fichefet 1999), which is made up of an ocean

general circulation model coupled to a comprehensive

thermodynamic-dynamic sea ice model. Its horizontal

resolution is 3� by 3�, and there are 20 levels in the ocean.

ECBILT-CLIO is coupled to VECODE, a vegetation

model that simulates the dynamics of two main terrestrial

plant functional types, trees and grasses, as well as desert

(Brovkin et al. 2002). Its resolution is the same as the one

of ECBILT. More information about the model and a

complete list of references is available at the fol-

lowing address: http://www.astr.ucl.ac.be/index.php?page=

LOVECLIM%40Description.

Two versions of the model are used here: LOVEC-

LIM1.0 (Driesschaert et al. 2007) and the more recent

LOVECLIM1.1 (Goosse et al. 2007). Compared to

LOVECLIM1.0, the main modifications in LOVECLIM1.1

are related to the improvement of the land surface scheme

as well as to the inclusion of a different emissivity for the

various surface types and of a less diffusive numerical

scheme in the ocean (Goosse et al. 2007). For LOVEC-

LIM1.0, the model set up is identical to the one used by

Goosse et al. (2006), although the model was not yet called

LOVECLIM at that time but ECBILT-CLIO-VECODE

(i.e. from the name of the components activated here). For

LOVECLIM1.1, the parameter sets are the same as in

experiment E3 of Goosse et al. (2007).

Both model configurations provide a reasonable mean

climate at high latitudes. In particular, the ice extent in the

Southern Ocean, defined as the total oceanic area with an

ice concentration of at least 15%, is in good agreement

with observations. Averaged over the period 1980–2000,

its minimum is equal to 5.3 9 106 km2 in LOVECLIM1.0

and 3.9 9 106 km2 in LOVECLIM1.1 while the maxima

for the same period are 18.4 and 17.8 9 106 km2, respec-

tively. Those values are close to the observed ones of 4.9

and 19.4 9 106 km2 (Rayner et al. 2003). From this small

difference between model and observations, LOVECLIM

would be ranked amongst the best atmosphere ocean gen-

eral circulation models (AOGCMs) regarding its ability to

simulate the mean ice extent (Arzel et al. 2006). For the sea

ice area, which is defined as the total surface covered by

sea ice (i.e., excluding open water), the mean range of the

seasonal cycle is 3.9–16.3 9 106 km2 for LOVECLIM1.0

and 2.8–15.8 9 106 km2 for LOVECLIM1.1. This is also

close to the observed value of 3.1–16.1 9 106 km2 (Ray-

ner et al. 2003).

The two model configurations have a distinctly different

response to a perturbation. For instance, the climate sen-

sitivity (defined here as the global surface temperature

change after 1,000 years in an experiment performed with

LOVECLIM in which the CO2 concentration increases

from pre-industrial levels by 1% per year and is maintained

constant after 70 years of integration when it reaches a

value equal to two times the pre-industrial level) is 1.8�C in

LOVECLIM1.0 and 2.8�C in LOVECLIM1.1 with the

parameter values selected here. This is due to much

stronger radiative feedbacks in LOVECLIM1.1 than in

LOVECLIM1.0 (for more details on the parameters

selection, see Goosse et al. 2007). Using both model ver-

sions could thus provide a test of the robustness of our

results and of their dependence on the model behaviour.

The experiments analysed here cover the period 1851–

2000. They are driven by natural (solar and volcanic) and

anthropogenic (greenhouse gas, sulphate aerosols, land

use) forcings, as described in Goosse et al. (2006). The

initial conditions are derived from a numerical experiment

covering the years 1–1850 AD using the same forcing, in

order to take into account the long memory of the Southern

Ocean (Goosse and Renssen 2005). For the 1851–2000

simulations, the model is forced to follow the observations

of surface temperature, using an updated version of the

data assimilation technique described in Goosse et al.

(2006) (see also Collins 2003). The method is briefly

described as follows. For the first year (1851 AD), a large

ensemble of initial conditions (96 here) is generated by

introducing very small perturbations in the quasi-geo-

strophic potential vorticity field. A 1 year simulation is

then performed from all those initial conditions, forming a

96-member ensemble which provides a reasonable sample

of model internal variability. The 96 simulations are then

compared to the available observations for the corre-

sponding year, using a cost function CF:

CFkðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

n

i¼1

wi FobsðtÞ � Fk
modðtÞ

� �2

s

ð1Þ

where CFk(t) is the value of the CF for each experiment k,

for a particular period t; n is the number of observations

used in the model/data comparison. Fobs is the observed

value of the variable F and Fmod
k is the value of F simulated

in model experiment k at the same location. wi is a weight

factor. The member of the ensemble that is the closest to

the observations, i.e., the one that minimises the CF, is

selected as representative for this particular year. The state

obtained at the end of the year in this simulation is then

used as the initial condition for the subsequent year.
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Finally, the procedure is repeated until year 2000 is

reached.

By grouping all the years for which the agreement

between model variability and the observed one is the best,

we obtain a nearly continuous reconstruction for the period

1850–2000 (continuous if we neglect the small perturba-

tion imposed on the quasi-geostrophic geopotential each

first of January). This reconstruction is consistent with the

forcing applied, the model physics, as well as with the

observations used to constrain the model evolution, if

the technique is successful.

The observations used here are annual mean near surface

temperature at mid and high southern latitudes derived from

the HADCRUT3 dataset over the period 1851–2000 (Bro-

han et al. 2006). Unfortunately, only a few observations are

available for Antarctica and the surrounding seas, which are

the main focus on our study (Fig. 1). In order to give a

larger weight to those points, the region southward of 30�S

has been first divided into seven boxes: an ‘‘Antarctic’’ box

covering all the longitudes southward of 67�S, three boxes

in the latitude band 50–67�S, corresponding to the ‘‘Ross’’

sector (135�E–85�W), the ‘‘Weddell’’ sector (85�W–0�E),

and the ‘‘Amery’’ sector (0�E–135�E), and three boxes in

the latitude band 30�S–50�S separated by the same longi-

tudes. The surface temperature is first averaged over those

boxes for both the observations and model results using in

the latter case only the locations where observations are

available. The CF is then evaluated by using those seven

averages, so n equals 7 in Eq. 1 above. As a consequence, if

the same weights are used for all the boxes, the few

observations southward of 67�S have the same influence on

the selection of the best simulation as the larger number of

observations in a box between 30�S and 50�S.

For both model versions, three different experiments

were launched. One with all the weights wi equal to 1, one

with the wi for the four southernmost boxes equal to 1 and

equal to 0.75 for the three northernmost boxes and one with

the wi for the four southernmost box equal to 1 and equal to

0.5 for the three northernmost boxes. The scatter between

those six experiments, measured by the standard deviation

of those six members, is used to estimate the uncertainty of

our results. In particular, it allows determining if the model

evolution is really constrained by the data or if small

modifications in the design of the technique have a large

influence.

3 Description of the changes

3.1 The surface and the atmosphere

As expected, in the six simulations using data assimilation,

the simulated surface air temperature at high southern

latitudes is very close to the observations used to constrain

the model evolution (Fig. 2). The agreement is very high

for the second half of the twentieth century, except maybe

in the ‘‘Amery’’ sector where the model tends to overes-

timate the temperature over the last two decades. For the

first half of the century, a larger variance is obtained for the

temperatures averaged over the various boxes because of

the smaller number of stations available. During this data-

sparse period, the model simulates generally the same long

term trend as the data but it fails to reproduce some of the

largest anomalies such as the large cooling in 1922 in the

‘‘Ross’’ sector.

The spatial distribution of the simulated trend of the

near-surface temperature over the Antarctic continent is

also in relatively good agreement with recent estimates

based on observations. Over the period 1960–2000

(Fig. 3 left column), the largest warming is found over

the Antarctic Peninsula with values larger than 0.4�C per

decade in both the model and the reconstruction of

Chapman and Walsh (2007). Compared to the Peninsula

region, a much weaker warming is simulated over the

majority of the continent while a cooling is obtained only

over the ocean, except for a very small zone close to the

Ross Sea. In the climatology of Chapman and Walsh

(2007), the cooling trend over this period is restricted to

the centre of the continent but still covers a larger region

compared to model results. By contrast, Steig et al.

(2008) argue that the warming over West Antarctica may

have been underestimated by previous reconstructions

Fig. 1 The boundaries of the seven boxes used to compute the CF.

The dark grey area represents the model grid boxes for which

observations (Brohan et al. 2006) are available since 1960 while the

light grey area represents the model grid boxes for which observa-

tions are available since 1980. No data is available in the white grid
boxes
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and show a clear warming in this region over the period

1957–2007.

For the period 1980–2000 (Fig. 3 right column), in

addition to a large warming being present mainly over the

Antarctic Peninsula, a cooling over a large part of the

continent is found both in model and observations. How-

ever, the cooling trend appears underestimated in our

simulations. Chapman and Walsh (2007) argue that the

uncertainty of their results is relatively large over the

eastern continental interior where a large part of the dis-

crepancies occurs. Nevertheless, it is reasonable to

consider that the few data used to constrain model results in

the continent interior (Fig. 1) are probably not sufficient to

mitigate the externally forced climate trends that corre-

sponds to a warming in those areas in LOVECLIM

(Swingedouw et al. 2008, see also Sect. 4).

Compared to the dataset of Chapman and Walsh (2007),

both positive and negative temperature trends are larger

over the ocean in the simulations. Their analysis is based

on various data sources, including direct surface tempera-

ture observations as in the HADCRUT3 dataset. However,

because of the data availability, land-based stations over

Antarctica form the core of their analysis (see their Fig. 2)

and uncertainties can be large over the ocean, in particular

in the Amundsen Sea (see their Fig. 8). As the oceanic

values of Chapman and Walsh (2007) are frequently

extrapolations from land areas, this likely leads to smaller

changes in their dataset than in our simulations for which

the full model dynamics can induce large temperature

variations over the ocean.

Different definitions have been proposed for the SAM

index, all of them leading basically to the same conclu-

sions. Here, for model results we apply a similar procedure

as in Gong and Wang (1999) who define the SAM index as

the difference between the zonal mean normalised sea level

pressure between 40�S and 65�S. However, because sea

level pressure is not a dynamic variable in our model

(Opsteegh et al. 1998), we instead use the difference of

normalised geopotential height at 800 hPa between the

same latitudes. As the simulated atmospheric circulation is

not directly constrained by the observations, the scatter

between the different simulations is larger for the SAM

Fig. 2 Anomaly of near surface

temperature over the twentieth

century at high latitudes. The

green line is the HADCRUT3

dataset (Brohan et al. 2006).

The grey lines are the results of

the six model simulations all

using HADCRUT3 to constrain

the model evolution but using

slightly different weights for the

various grid boxes (Fig. 1) in

the assimilation procedure.

a The ‘‘Antarctic’’ box

corresponds to an average over

all the longitudes southward of

67�S. For the three other boxes,

the average has been performed

over the latitudes 50–67�S and

longitudes. b 135�E-85�W

(‘‘Ross’’), c 85�W–0�E

(‘‘Weddell’’) and d 0�E–135�E

(‘‘Amery’’). Only the points

where observations are

available are taken into account

in the average so the number of

points increases with time and is

even zero during the late 1910s,

early 1930s and early1940s for

the ‘‘Amery’’ area
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index (Fig. 4) than for the surface temperature (Fig. 2).

However, the standard deviation of the ensemble is still

relatively low for the last 50 years and all the simulations

show a clear increase of the SAM index between 1970 and

2000 consistent with observations. The decrease between

1950 and 1970 is also similar to the observed one. For the

first half of the twentieth century, the range of the model

results is larger, likely because of the smaller amount of

temperature observations used to constrain model evolu-

tion. The long term increase obtained for the mean of the

six simulations over this period bears clear similarities with

a reconstruction of the SAM index in summer over the

twentieth century (Jones and Widmann 2003, 2004) but the

uncertainties of model results are too large to gain robust

conclusions for this period.

3.2 The sea ice

As found for the SAM index, the uncertainties in

the smulated ice area are large for the first half of the

twentieth century (Fig. 5). For the more recent past, the

model simulations show clearly a decrease of about

0.5 9 106 km2 between the early 1960s and the early

1980s before a slight increase during the last 15 years.

For comparison, this decrease centred over the 1970s

corresponds to roughly half of the annual mean decrease

Fig. 3 Trend of annual mean

near surface temperature over

the period 1960–2000 for a the

observations (Chapman and

Walsh, 2007) and b for the

model results averaged over the

six simulations with data

assimilation (units are K per

decade). c and d are the trend

for the period 1980–2000 for the

observations and model results,

respectively

Fig. 4 Annual mean SAM index over the twentieth century. The

green curve is the estimate of Marshall (2003), based on station data.

The black line is the average over the six model simulations while the

grey lines are the mean plus and minus one standard deviation of the

ensemble. This standard deviation is computed for each time step. An

11-year running mean has been applied to the time series. Because of

the different definitions of the SAM index, the model results have

been scaled to have the same mean and variance as the observed index

over the period 1960–2000
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of the sea ice area in the Arctic over the last 30 years

(e.g. Comiso and Nishio 2008).

Unfortunately, reliable continuous information on the

sea ice concentration from satellite measurements is

available only since November 1978. Over this period, the

simulations are in good agreement with observations, both

for the integral over the Southern Ocean (Fig. 5) as well as

regionally (Fig. 6). In particular, the observed increase of

the annual mean ice concentration in the Ross Sea and in

the South Pacific, with values up to 0.1 per decade, is well

reproduced by the model. Integrated over the whole Ross

Sea (between 160�E and 140�W), the trend of the annual

mean ice area over the period 1980–2000 reaches

0.15 9 106 km2 per decade for the mean of all the simu-

lations compared to 0.17 9 106 km2 per decade in the

observations (Rayner et al. 2003). In the Bellingshausen

and Amundsen Seas, the model overestimates the ice extent

compared to observation, leading to a too zonal ice edge

(Fig. 6). As a consequence, the simulated decrease appears

there a bit too diffuse. However, the trend over the period

1980–2000 integrated over both regions (140�W–60�W),

giving a value of -0.08 9 106 km2 per decade, is also in

good agreement with the observations of -0.05 9 106 km2

per decade (Rayner et al. 2003). We must recall that our

model has a relatively coarse resolution that does not allow

reproducing all the regional details in currents and winds.

Furthermore, no surface temperature observations are

available in the Bellingshausen and Amundsen Seas

to constrain the model evolution (Fig. 1). The good

correspondence between simulated and observed ice con-

centration trends in this zone could thus be considered as a

successful test of the ability of the method to provide

reasonable results in regions without any data. This also

increases our confidence in the value of the temperature

trend simulated in this area (Fig. 3).

Before October 1978, no large scale data could be

directly and quantitatively compared with model results.

Early satellite observations obtained between December

1972 and March 1977 show a significantly higher ice

extent over the early 1970s than during the last two decades

(e.g. Cavalieri et al. 2003). However, because of the

absence of intercalibration with the other satellite sensors

that have been operational after October 1978, these data

are generally not included in the analysis of the recent

trends (e.g. Lemke et al. 2007). It is the reason why they

are not displayed on Fig. 5. Before this period, the infor-

mation on the sea ice concentration is even sparser. The

Fig. 5 Anomaly of annual mean sea-ice area (in 106 km2) in the

Southern Ocean over the twentieth century. The green curve is the

estimate based on the HADISST data set (Rayner et al. 2003). The

black line is the average over the six model simulations while the grey

lines are the mean plus and minus one standard deviation of the

ensemble. An 11-year running mean has been applied to the time

series. The reference period is 1960–2000

Fig. 6 The trend of annual mean sea-ice concentration over the

period 1980–2000 for a the observations (Rayner et al. 2003) and b
for the model results averaged over the 6 simulations with data

assimilation (units are per decade). The black line represents the

location of the September ice edge, as defined by an annual ice

concentration equal to 15%, for the observation (a) and the model (b)
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only nearly-continuous record for the twentieth century is,

to our knowledge, the duration of fast ice record in the

South Orkney Islands (northwest of the Weddell Sea,

Murphy et al. 1995). It shows a decline during the 1950s

and the 1960s which is preceded and followed by relatively

stable conditions. For the HADISST dataset, prior to 1973,

the ice edge location is based on two atlas climatologies: a

climatology for the period 1929–1939, used to define the

sea ice over the period 1871–1939, and a climatology

based on information collected between 1947 and 1962

from Russian expeditions. For the period 1947–1962, this

provides an ice area that is 0.4 9 106 km2 higher than over

the last two decades while for the earlier period the ice area

is higher by more than 1 9 106 km2. However, we must

take into account that the uncertainties of the observation

are very high for this period. For instance, analysing his-

torical records of UK cruises from the 1920s and the 1930s,

Ackley et al. (2003) suggested little change in the summer

ice extent between the first half of the twentieth century

and the years 1979–1998. Furthermore, the definition of the

ice edge derived from ships, as used in those climatologies,

can be very different from the one derived from satellite

data. The bias on the ice extent between those two methods

might reach more than 1 9 106 km2 during some seasons

(e.g. Ozsoy-Cicek et al. 2008). As a detailed intercalibra-

tion is not presently available, this forbids a precise

analysis of the long term trend in records such as HAD-

ISST which blends information from satellites and ship

records.

Additional information on the sea ice cover could also

be gained from indirect sources. Two such sources have

received significant attention recently: the long-term

whaling database and the methanesulfonic acid (MSA)

measured in Antarctic ice cores. On the one hand, whales

tend to feed close to the ice edge because of generally high

zooplankton densities found there. The southernmost whale

catches have thus been used as a proxy for the location of

the ice edge (de la Mare 1997; Cotté and Guinet 2007; de la

Mare 2008). On the other hand, MSA sources are ulti-

mately related to marine phytoplankton productivity. As

this productivity is strongly modified by sea ice processes

at the ice margin, MSA has also been proposed as a proxy

of the ice extent. These proxies are both difficult to inter-

pret, and their ability to quantitatively estimate sea ice

extent changes has been questioned (e.g. Ackley et al.

2003; Ozsoy-Cicek et al. 2008). In particular, the definition

of the ice edge from the whaling record could be different

from the one derived from satellite data, leading to a

potential bias in the evaluation of long-term changes (e.g.

Ackley et al. 2003; Cotté and Guinet 2007). Different types

of whales could also feed at different distances from the ice

edge (e.g. Cotté and Guinet 2007). For the MSA, a positive

correlation with winter ice extent in the South Pacific

sector has been found for the Law Dome ice core (Curran

et al. 2003) while a negative correlation has been obtained

for the Weddell Sea, emphasising a cautious approach

when using MSA data to reconstruct past circumpolar sea-

ice changes (Abram et al. 2007). Despite large differences

on the magnitude of the changes, the reconstructions based

on those proxies all suggest a retreat of the ice cover since

1950 (de la Mare 1997; Curran et al. 2003; Cotté and

Guinet 2007; de la Mare 2008). However, because of the

uncertainties associated with those records, this result must

be taken with great caution.

3.3 The ocean

In a few regions south of 60�S, it is possible to compare

oceanic observations (starting in the 1950s) to model

simulations for both the evaluation and investigation of

simulated ocean changes. The Ross Sea continental shelf is

probably the best-sampled shelf region in Antarctica, both

in space and time, (e.g. Jacobs et al. 2002; Orsi and Wie-

derwohl 2008). Here, Jacobs et al. (2002) have shown a

freshening at all depths over the continental shelf of the

Ross Sea as well as a warming at intermediate depth

(around 300 m) north of the continental shelf. By com-

paring the observations of Jacobs et al. (2002) with the

result of an ocean-sea ice model, Assmann and Timmer-

mann (2005) have suggested that in some regions, below

300 m, at least part of this trend could be due to aliasing

irregularly sampled observations. Nonetheless, a compre-

hensive compilation of the Ross Sea hydrography (Stover

2006; Orsi and Wiederwohl 2008) confirms the widespread

freshening observed during the past few decades over the

Ross continental shelf, as reported by Jacobs et al. (2002).

This is in qualitative agreement with our model results

which give a near surface salinity decrease of about

0.04 psu on average over the entire Ross Sea continental

shelf between 1960 and 2000 (Fig. 7). At the surface, the

maximum freshening occurs actually in our simulations in

the Amundsen Sea (Fig. 8). This is the region that Jacobs

et al. (2002) proposed as the likely source for the anomalies

observed in the Ross Sea, but observations are lacking to

confirm this hypothesis. At depth, the freshening is

detectable only on the shelf of the Ross Sea and Adélie

Land because of the intense vertical mixing that induces a

downward propagation of the signal. There, the salinity

decrease could still be found close to the bottom (Fig. 9).

The amplitude of these simulated decadal changes in

Ross Sea waters is smaller than the one reported by Jacobs

et al. (2002) who show a decrease of *0.1 psu near the

western end of the Ross Ice Shelf, and by Stover (2006)

who shows a freshening between 0.05 and 0.2 psu

depending on the region analysed. The same conclusion is

valid for the temperature north of the shelf. It is clearly
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increasing in the model but the warming is of 0.1�C at

300 m over the period 1960–2000 (Fig. 7). This is about

half that estimated by Jacobs et al. (2002) and by Stover

(2006). At deeper levels, a warming is also simulated north

of the Ross Sea shelf but the amplitude decreases with

depth, reaching 0.05�C in 40 years at 1,800 m.

The observations close to the continental slope, south-

ward of 56�S, indicate a freshening of the bottom waters of

the Australian Antarctic basin (between 80� and 150�E)

since the late 1960s, with differences between a few

thousands of psu up to 0.02 psu over this period (Whit-

worth 2002; Aoki et al. 2005b; Rintoul 2007). This is again

in agreement with model results which display a

corresponding salinity decrease of about 0.005 psu. It has

been suggested that this freshening is related to the salinity

decrease in the zone of deep water formation (Aoki et al.

2005a, b; Rintoul 2007). This is perfectly consistent with

Fig. 7 a Surface salinity anomaly (in psu) averaged over the

continental shelf of the Ross Sea (region shallower than 900 m in

the area 170–200�E, 73.5–79.5�S) and b Ocean temperature anomaly

in �C at a depth of 300 m averaged over the region north of the

continental shelf of the Ross Sea (region deeper than 900 m in the

area 170–200�E, 67.5–73.5�S). The black line is the average over the

six model simulations while the grey lines are the mean plus and

minus one standard deviation of the ensemble. An 11-year running

mean has been applied to the time series. The reference period is

1960–2000

Fig. 8 Difference of ocean salinity (in psu) between 1980 and 2000

and 1950–1970 at (a) 5 m and (b) 300 m in the area 140–290�E, 58–

80�S

Fig. 9 Difference of ocean salinity (in psu) between the years 1980–

2000 and 1950–1970 at (a) 590 m, (b) 1,718 m and (c) 2,963 m in the

area 110–195�E, 58–80�S showing the propagation to great depth of

the fresh anomaly originating from the continental shelf of the Ross

Sea and Adélie Land
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our simulations showing clearly the freshening signal

cascading along the continental slope from the continental

shelves of the Ross Sea and Adélie Land towards the ocean

bottom (Fig. 9). In our simulations, the freshening is

accompanied by a slight warming in this region.

At a depth of 300 m, the simulations show in the

Weddell Sea a long term warming (Fig. 10) as in the Ross

Sea. This is qualitatively consistent with observations (e.g.

Robertson et al. 2002). However, the magnitude of the

trend is smaller and the decadal variability is larger in the

Weddell Sea. There is even a small cooling over the last

few years of the twentieth century, as observed by Fahr-

bach et al. (2004). Close to the bottom, the warming trend

over the period 1950–2000 is slightly clearer than in the

upper part of the water column (Fig. 10). Over the 1990s,

the simulated warming rate reaches 0.001�C per year there,

which is nearly identical to the one measured over the

period 1992–1998 by Fahrbach et al. (2004). Fahrbach

et al. (2004) mentioned that the trend has weakened and

even reversed after 1998. We also simulate a weakening of

the trend but a cooling during the last years of the twentieth

century is only found above 2,500 m in the model (though

is propagating slowly downward).

In contrast to the Ross Sea, no clear freshening is simu-

lated in the Weddell Sea over the last decades neither at the

surface over the shelves nor in the deep ocean (Fig. 10).

Some long term changes are noticed in the simulation but

they vary strongly with depth and location. Consistent with

model, Fahrbach et al. (2004) measured very small salinity

variations over the 1990s. In contrast, Gordon (1998), in

explaining water mass distribution measured in 1992,

postulated that the recently formed deep water appeared

fresher. Such a freshening is not present in our model

results.

An important feature of the Weddell Sea was the for-

mation of the big Weddell Polynya in 1974, 1975 and 1976

(e.g. Carsey 1980). During those 3 years, a region covering

about 0.25 9 106 km2 within the seasonal ice pack

remained ice free all year long. The Weddell Polynya was

associated with deep mixing in the ocean, bringing rela-

tively warm and salty deep water to the surface (Gordon

1978, 1982). The resulting heat flux was high enough to

compensate for the large sensible heat loss towards the

atmosphere during winter without significant ice formation.

This intense vertical mixing has profoundly modified the

characteristics of the water masses in this region, affecting

the system on decadal scales at least (Gordon 1982;

Smedsrud 2005; Fahrbach et al. 2006; Gordon et al. 2007).

Part of the oceanic trends observed since 1977 may thus be

attributed to a recovery from those events. Unfortunately,

the data constraints used in our numerical experiments

appear too weak to force the model to simulate a large

polynya in the Weddell Sea. The model displays clear

variations in the intensity of vertical mixing in this region.

In particular, relatively strong mixing is simulated in the

1970s as well as in the 1950s, the absolute maximum being

in the 1930s. However, the coincidence could likely occur

just by chance. Furthermore, this increase in vertical mix-

ing is too weak to be considered as equivalent to the

observed processes during the three years when the Wed-

dell Polynya occurred. This must be kept in mind when

analysing the model results in the Weddell Sea.

Fig. 10 (a) Temperature

anomaly (in �C) at 300 m depth,

(b) 3,660 m depth and (c)

salinity anomaly (in psu) at

3,660 m depth averaged over

the Weddell Sea (60�W–9�E,

64.5–79.5�S). The black line is

the average over the six model

simulations while the grey lines
are the mean plus and minus one

standard deviation of the

ensemble. An 11-year running

mean has been applied to the

time series. The reference

period is 1960–2000
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4 Analysis of the causes of the changes

The description of our results in Sect. 3 has shown that our

simulations using observed near surface temperature to

constrain model evolution are able to reasonably reproduce

the major observed trends over the last 50 years in the

lower atmosphere, the sea ice and the ocean. Although the

simulated signal in the ocean has the right sign, it appears

somewhat weaker than the observed one. However, this

could be due to the fact that we present averages over

relatively large regions for the simulations (which are

certainly the most robust features for a coarse resolution

model) while observations come mainly from more

restricted areas or circulation features not well resolved by

the model. The changes in atmospheric circulation have

been well described previously (e.g. Thompson and Solo-

mon 2002; Gillett and Thompson 2003; Arblaster and

Meehl 2006), so we mainly focus our attention on the

ocean and sea ice here. In those two media, the decrease in

sea ice area (Fig. 5), the freshening of the continental shelf

of the Ross Sea as well as of the bottom water in the

Australian Antarctic basin and the warming at mid-depth

north of the continental shelf of the Ross Sea (Fig. 7) are

probably amongst the clearest and most interesting modi-

fications over the last 50 years. The goal of this section is

to analyse the causes of those changes.

As a first step, we should determine if the observed

trends are consistent with the response of the system to

changes in the radiative forcing. In order to isolate this

response, we use two ensembles of simulations. The first

one consists of an ensemble of 20 numerical experiments

performed with LOVECLIM driven by the same forcing as

described in Sect. 2 but without data assimilation (10

simulations with LOVECLIM1.0 and 10 with LOVEC-

LIM1.1 were used for consistency with the data assimilated

runs although the two model versions give a similar

response in the Southern Ocean). The second one is based

on the simulations performed with AOGCMs for the Fourth

Assessment Report of the Intergovernmental Panel on

Climate Change (IPCC AR4). Here, the results of 16

GCMs are used: IPSL-CM4, CNRM-CM3, GISS-AOM,

GISS-ER, CSIRO-Mk3.0, INM-CM3.0, UKMO-Had-

GEM1, UKMO-HadCM3, MRI-CGCM2.3.2, MIROC3.2

(hires), MIROC3.2 (medres), CGCM3.1 (T47), CGCM3.1

(T63), CCSM3, ECHAM5/MPI-OM, ECHO-G. Detailed

information about the different models can be found at the

website http://www-pcmdi.llnl.gov/. For both ensembles,

the mean over all the members is displayed since the quasi-

random internal variability tends to be filtered out by the

averaging process, leaving only the forced component.

Furthermore, for the IPCC simulations, the mean over all

the models has proved to perform better than any indi-

vidual model for a large range of diagnostics (e.g. Lefebvre

and Goosse 2008a; Gleckler et al. 2008).

The sea ice area decrease between 1950 and 2000 in the

simulation with data assimilation has a similar magnitude

as the ensemble mean of the simulations performed using

the AOGCMs and LOVECLIM without data assimilation

over the same period (Fig. 11). Furthermore, when com-

paring the means over 1980–2000 and 1950–1970 in the

simulation with data assimilation, the annual mean ice

concentration decreases nearly everywhere (except in the

Ross Sea) (Fig. 12). This pattern is very similar to the one

resulting from an increase in greenhouse gas concentra-

tions (see for instance Fig. 5c of Lefebvre and Goosse

2008a). As a consequence, the long term trend over the last

50 years of the twentieth century appears largely consistent

with the modelled response to an increase in greenhouse

gas concentrations. By contrast, if we restrict the analysis

over the post 1979 period, the internal variability, as cap-

tured by the assimilation of surface temperature, strongly

modulates the forced response of the model, resulting in

the absence of a clear trend over this period. As already

shown for surface temperature (see Fig. 3), this indicates

that the trends over the last 21 years of the twentieth

century for which we have reliable satellite information are

likely not representative of the evolution of sea ice area

over a longer period.

For the years 1910–1960, the ice area show mainly

decadal variability in the simulation with data assimilation,

Fig. 11 Anomaly of annual mean sea-ice area (in 106 km2) in the

Southern Ocean. The black line is the average over the six model

simulations while the grey lines are the mean plus and minus one

standard deviation of the ensemble (same as Fig. 5). The red line is

the mean of an ensemble of 20 simulations made with LOVEC-

LIM1.0 and LOVECLIM1.1 but without data assimilation. The blue
line is the mean over 16 model simulations performed in the

framework of the fourth IPCC report
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in contrast to the forced response that shows a monotonic

decrease. This result must be taken with caution as the

constraints are weak over this period and the uncertainties

large. However, it nicely illustrates that internal variability

could mask the forced response over relatively long periods

for sea ice in the Southern Ocean and that the recent period

for which the ice cover is relatively stable might not be

exceptional in the context of the past century.

Over 1900–2000, the surface salinity decrease on the

continental shelf of the Ross Sea and the subsurface tem-

perature increase north of the shelf obtained in the simulation

with data assimilation appear largely consistent with the

forced response of the system (Fig. 13). This forced response

displays of course some spatial variability but the changes

simulated in the Ross Sea have a magnitude similar to the

ones simulated in many regions of the high latitudes of the

Southern Hemisphere. Furthermore, according to the pro-

jections performed with AOGCMs, both the surface salinity

decrease and the warming are expected to continue during

the twenty first century (not shown).

The high latitude freshening in response to an increase

in the atmospheric greenhouse gas concentration in the

atmosphere has been classically attributed to an intensifi-

cation of the freshwater cycle, leading to increased

precipitation over the Southern Ocean (Sarmiento et al.

1998). Ice shelf melting as well as changes in ice pro-

duction and transport could also play a role in this salinity

decrease (Jacobs et al. 2002; Bitz et al. 2006). For the

subsurface oceanic warming, it is an expected consequence

of the higher radiative forcing resulting in a global tem-

perature increase (e.g. Meehl et al. 2007). Furthermore,

because of the surface freshening and of the subsurface to

intermediate warming, the stratification increases in the

Southern Ocean (e.g. Sarmiento et al. 1998; Bitz et al.

2006). This inhibits the vertical exchanges, leading to a

decrease of the vertical heat fluxes (Fig. 14) from the rela-

tively warm deeper levels to the colder surface and finally

to an additional subsurface warming. Those arguments

appear to be valid in our simulations.

The maximum in salinity changes found in the

Amundsen Sea in our simulation with data assimilation

(Fig. 8) is not a robust characteristic of the forced response

of LOVECLIM and the AOGCMs (not shown). This fea-

ture appears rather related in the simulation with

LOVECLIM using data assimilation to anomalous north-

erly winds that tend to transport more ice toward the coast

Fig. 12 Difference in annual mean sea ice concentration between the

periods 1980–2000 and 1950–1970 averaged over the six LOVEC-

LIM simulations with data assimilation

Fig. 13 a Surface salinity anomaly (in psu) averaged over the

continental shelf of the Ross Sea (170–200�E, 73.5–79.5�S) and

b Ocean temperature anomaly in �C at 300 m averaged over the

region north of the continental shelf of the Ross Sea (170–200�E,

67.5–73.5�S). The black line is the averaged over the six model

simulations while the grey lines are the mean plus and minus one

standard deviation of the ensemble (same as Fig. 7). The red line is

the mean of an ensemble of 20 simulations made with LOVEC-

LIM1.0 and LOVECLIM1.1 but without data assimilation. The blue
line is the mean over 16 model simulations performed in the

framework of the fourth IPCC report
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in this area, leading to decrease in ice production and an

increase in ice melting. The maximum difference in net ice

production between 1950–1970 and 1980–2000 reaches

more than 10 cm per year in this area. In addition, this

anomalous southward ice transport is responsible for the

salinity increase simulated further offshore (Fig. 8). Both

Jacobs et al. (2002) and Assmann and Timmermann (2005)

suggest that the salinity anomalies observed on the Ross

Sea continental shelf could be traced upstream to the

Amundsen Sea. Assmann and Timmermann (2005) advo-

cate an important role of an upwelling in the Amundsen

Sea in the generation of the anomalies there. The cyclonic

wind pattern responsible for the anomalous ice transport

mentioned above is also associated with a weak upwelling

but it does not seem to play a large role in the salinity

changes obtained in our simulations with data assimilation.

In addition, Jacobs et al. (2002) consider that ice shelf

melting could also be responsible for a significant part of

the observed freshening. Melting of the ice shelves is taken

into account in LOVECLIM (Beckmann and Goosse 2003)

and the magnitude of this flux has increased in our simu-

lation by nearly 10% over the twentieth century. However,

because of the coarse model resolution, ice shelves are not

represented between 115� and 150�W and the parameteri-

zation of Beckmann and Goosse (2003) injects the

freshwater between 200 and 600 m, with only a moderate

influence at the surface. This could explain why we tend to

underestimate the observed surface freshening in the Ross

Sea continental shelf region.

In contrast to Fig. 9, the freshening signal on the Ross

Sea continental shelf does not propagate towards great

depth during deep water formation in the simulation with

AOGCMs and with LOVECLIM without data assimilation.

This is due, in those simulations, to the mixing during the

descent along the slope of the fresher shelf waters with

saltier ambient deep water compared to the simulation with

LOVECLIM using data assimilation. As a consequence the

bottom salinity tends to increase in the mean of AOGCMs

simulations during the twentieth century and this is pro-

jected to continue during the twenty first century (not

shown). Following this analysis, the freshening of bottom

water in the Australian Antarctic sector found in both the

observations and in LOVECLIM using data assimilation

would not be attributed to a response to the forcing.

However, the representation of processes associated with

deep water formation is quite poor in global models, in

particular the one of mixing during the descent along the

slope. Furthermore, the results in the deep Southern Ocean

vary strongly amongst the different AOGCMs. The mean

over all of them could thus not be considered as providing a

robust estimate of the forced response. It is then more

reasonable to consider that, at this stage, the future evo-

lution of bottom water properties close to the Antarctic

continent is still an open issue.

The decrease in the upward heat flux in the Southern

Ocean (Fig. 14) has been classically invoked to explain the

weaker changes in surface temperature and sea ice area

observed during the last decades at high southern latitudes

compared to the ones noticed in the Arctic (e.g. Manabe

et al. 1991; Gregory 2000; Goosse and Renssen 2001; Bitz

et al. 2006; Zhang 2007). In agreement with those studies,

the surface oceanic heat flux (positive upward) integrated

over the whole area southward of 60�S decreases by more

than 2 W m-2 over the twentieth century in our simula-

tions with data assimilation. This decrease of the oceanic

heat loss at high latitudes is larger in absolute value than

the estimated increase of the global mean anthropogenic

forcing over the same period (1.6 W m-2 following Forster

et al. 2007) and thus has an important climatic role.

However, as indicated by Fig. 14, the slope of the time

evolution of the flux is roughly constant. As a consequence,

it does not appear to be responsible for the simulated

reversal from a decrease of the ice area between the early

1960s and early 1980s to an increase after 1985 (Fig. 5).

The cause of this change in the slope should then be

looked for in the atmospheric circulation, in particular the

increase in the SAM index since the early 1970s. As

underlined in many studies the SAM has a large influence

on regional sea ice anomalies during the various seasons

(Liu et al. 2004; Lefebvre et al. 2004; Stammerjohn et al.

2008; Lefebvre and Goosse 2008a, see also Sect. 3.2). For

the observed annual mean sea ice area, the correlation over

Fig. 14 Anomaly of the vertical heat flux at the ocean surface (in

W m-2, positive upward) averaged over the region south of 60�S. The

black line is the averaged over the six LOVECLIM simulations with

data assimilation while the grey lines are the mean plus and minus one

standard deviation of the ensemble. A 11-year running mean has been

applied to the time series. The reference period is 1960–2000
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the period 1980–2000 with the observed annual mean SAM

index is positive (=0.31 for detrended series). However,

because of the short duration of the available time series,

the correlation between the annual mean SAM index and

the annual mean sea ice area is not significant at the 95%

level (taking into account the reduced number of freedom

caused by the detrending). Regionally, a positive SAM

index is associated with a higher sea ice concentration in

the Amundsen and Ross sectors while sea ice concentration

tends to be lower in the Bellingshausen and Weddell Seas

(see for instance Fig. 17 of Sen Gupta and England 2006

and Fig. 8 of Lefebvre and Goosse 2008a). This pattern,

which bears clear similarities with the sea ice concentration

trends over the last decades (Fig. 6), is mainly influenced

by the fact that the SAM is not a perfectly annular mode

(Lefebvre et al. 2004). Indeed, a low pressure system tends

to develop over the Amundsen Sea when the SAM index

is positive. It induces anomalous southerly winds over

the Ross Sea that bring cold air to this region and push sea

ice offshore, both effects leading to a higher ice area there.

By contrast, the anomalous northerly winds over the

Bellingshausen Sea are associated with a lower sea ice

area.

LOVECLIM, as well as the AOGCMs, tend to give

lower correlations between the SAM index and the ice area

than the observed one over the last decades. Nevertheless,

as the latter value is not significant, this does not allow

stating that our model underestimates the link between the

SAM and the ice area integrated over the Southern Ocean.

In LOVECLIM, the correlation for decadal scale variability

is higher than the one related to interannual variability

(Fig. 15). This leads us to the hypothesis that, for low

frequencies, the cooling at high latitudes associated with

the SAM (Thompson and Solomon 2002) outweighs the

influence of the regional changes due to the meridional

winds anomalies that governs the interannual variability

(Lefebvre et al. 2004), leading to a larger ice area.

Unfortunately, the scatter of the simulations covering the

twentieth century using AOGCMs is so large that they

could not be used to confirm or invalidate the results of

LOVECLIM. Despite those uncertainties, we can estimate

that in LOVECLIM, using a 11-year running mean, a

change in one standard deviation of the SAM is associated

with a 0.11 9 106 km2 increase in ice extent. As in our

simulations using data assimilation, the SAM has increased

by more than 2 standard deviations between 1975 and 2000

(Fig. 4), this would correspond to an increase of 0.25 9

106 km2. Such a change could thus explain in our simu-

lations a major part of the simulated increase in ice area

over this period (Fig. 5).

Many studies have been recently devoted to the analysis

of the causes of the increase in the SAM index that appears

to have a large role in our simulations (e.g. Thompson and

Solomon 2002; Gillett and Thompson 2003; Raphael and

Holland 2005; Miller et al. 2006; Arblaster and Meehl

2006; Cai and Cowan 2007; Crook et al. 2008). In the

GCMs used for the IPCC AR4, the models that contain a

time variable stratospheric ozone forcing produce an

average trend that is comparable to the observed one.

Without such a stratospheric ozone forcing, the trend is still

positive but weaker (e.g. Arblaster and Meehl 2006; Miller

et al. 2006; Cai and Cowan 2007). This indicates that both

the increase in greenhouse gas concentrations in the

atmosphere and the stratospheric ozone depletion contri-

buted to the increase in the SAM observed during the last

30 years, the ozone changes being likely the largest con-

tributor. Nevertheless, the uncertainties on the amplitude of

this forced response are still large. For instance, some

studies suggest an underestimation of the coupling between

stratospheric and surface changes in models that would

lead to a too weak response of the atmospheric circulation

to the increase in greenhouse gas concentrations in the

atmosphere (e.g. Miller et al. 2006). In addition, the ozone

changes applied for the AR4 might be too simple to capture

the full response of the climate system to this forcing (e.g.

Crook et al. 2008; Son et al. 2008).

Unfortunately, our results could not bring new infor-

mation on this topic. Because of its low resolution and the

absence of time variable ozone forcing, the forced trend in

the SAM index over the last decades of the twentieth

Fig. 15 Correlation between

the annual mean SAM index

and the annual mean sea ice

area in a 2,000 year simulation

using LOVECLIM1.1 with

constant forcing after applying a

running mean of different

lengths
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century is relatively weak in LOVECLIM. It is thus likely

that, in order to reproduce the observed trends (Fig. 4), the

data assimilation technique compensates for an underesti-

mation of the forced response by pushing the atmospheric

circulation preferentially towards a state that is obtained in

the real world as a response to the forcing. Unfortunately,

we could not determine the magnitude of such a compen-

sation as no reliable estimate of the forced response of the

system is presently available. To do this, simulations with

the highest possible resolution both in the vertical and

horizontal, including the best possible physics (and prob-

ably chemistry, see for instance Son et al. 2008) and the

most detailed forcing are required, providing results that

would be perfectly complementary to the ones obtained

here using data assimilation.

5 Conclusions

We have shown that the assimilation of surface tempera-

ture in a coupled climate model provides reasonable

estimate of atmospheric, sea-ice and oceanic changes

during the past half century, in agreement with the

observed large-scale and long-term trends at high southern

latitudes. For example, we are able to reproduce the small

increase in ice area integrated over the Southern Ocean

observed by satellites over 1979–2000. Prior to this small

increase, our simulations show a decrease in Southern

Ocean sea ice area of 0.5 9 106 km2 between the early

1960s and the early 1980s. It is intriguing that this decrease

is in qualitative agreement with totally independent esti-

mates based on whaling records and MSA measurements in

an ice core (e.g. Cotté and Guinet 2007; Curran et al.

2003). However, the uncertainty of those proxy based

reconstructions is too large to consider this agreement as a

firm confirmation of the model results.

In the absence of such a confirmation, the decrease of

sea ice extent obtained in our simulation with data assimi-

lation could not be considered as a precise and definitive

reconstruction of past sea ice changes before 1979. How-

ever, we provide results that are internally consistent for

the atmosphere, ocean and sea ice, i.e., they respect all of

the physical equations of the modelled system and are

driven by reasonable estimates of past changes in external

forcings. Our results are also able to reproduce reasonably

well the observations of surface temperature changes that

were used to constrain the model evolution as well as

independent observations obtained in the atmosphere and

the ocean over the last 50 years. The simulated sea ice

trends obtained here can thus be said to be dynamically

consistent with those observed variations in the atmosphere

and ocean. In the absence of any results showing that it is

not valid, it is thus reasonable to consider that the

simulated sea ice trends we have obtained provides a rea-

sonable hypothesis about real past changes that could be

further tested when new information will become available.

This conspicuous decrease in ice area obtained in our

simulation with data assimilation is similar to the response

over the last 50 years to the changes in external forcing as

simulated by climate models. Considering that our recon-

struction of past changes is a reasonable hypothesis leads

us to a new interpretation of the ability of models to sim-

ulate the recent changes in ice area in the southern

hemisphere. Up to now, the various studies analysing the

model results in the Southern Ocean argue that models are

generally not able to simulate the observed increase in ice

extent and area since 1978 (Arzel et al. 2006; Parkinson

et al. 2006; Lefebvre and Goosse 2008b). The modelled

variability is usually large enough to consider that the

observed evolution is still in the range provided by the

simulations. Nevertheless, this is a somewhat weak con-

clusion on the model validity. By contrast, based on our

hypothesis about past sea ice changes over a slightly longer

period, we could now propose the alternative interpretation

that the decrease of the ice area simulated by AOGCMs is

perfectly consistent with our estimated retreat of the ice

cover over the last 50 years.

The freshening in some areas of the Southern Ocean and

the subsurface warming observed at many locations could

also be interpreted as induced, at least partly, by changes in

external forcing. Anomalies in the wind field and the

associated modification in ice formation/melting rates are

also responsible for important salinity changes in

LOVECLIM using data assimilation. Those later processes

appear to play an important role in our simulations in the

Amundsen Sea, a region that is considered in several

studies as the source of the observed freshening on the

Ross Sea continental shelf. Because of the relatively poor

representation of bottom water formation in global climate

models, the causes of the observed freshening of bottom

water in the Indian and Pacific Oceans are not yet clear.

Nevertheless, they are probably related to the freshening

observed on the Ross Sea shelf.

In our simulations, the increase in ice area integrated

over the southern hemisphere since 1985 could reasonably

be attributed to changes in the atmospheric circulation. In

particular, the increase in the SAM index over the last

30 years likely plays an important role since, at decadal

scale, a positive SAM index is clearly associated with a

higher ice area in LOVECLIM. However, because of the

uncertainties in the results of different models and the short

duration of the observed time series, the influence of SAM

on the ice-ocean system at decadal scale needs to be further

investigated, in particular by looking at its role during the

different seasons. Determining the exact causes of the

changes over the last 50 years also needs additional
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studies. Our results show that internal variability can mask

over several decades the trends that would be induced by

external forcing only, in particular for the sea ice area, but

the respective role of internal variability and external

forcing in past changes could not be estimated precisely

from our analysis.

We have also shown that the observed changes in the

Southern Ocean are the results of the delicate balance

between several processes: thermodynamic response to the

radiative forcing, changes in the intensity of the SAM, the

oceanic stratification and the oceanic heat transport, modi-

fication of the sea-ice transport, etc. The net effect of all

those elements on surface temperature, sea-ice extent or

deep water formation is very likely different when studying

different periods. Extrapolating the conclusions of our

study for future or past conditions, by taking into account

only one part of the relevant processes, should thus be

considered as hazardous.
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