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Entrainment-driven modulation of Southern Ocean mixed layer
properties and sea ice variability in CMIPS5 models
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[1] The evolution of the upper Southern Ocean hydrographic structure in response to the
representative concentration pathways 4.5 (RCP 4.5) forcing scenario is analyzed using
model data drawn from the coupled model intercomparison project phase 5 (CMIP5)
archive. A robust freshening trend is evident, associated with an increase in stratification
and decoupling of the upper ocean as the mixed layer gains buoyancy at a faster rate than
the underlying ocean. The magnitudes of the individual terms of the salinity and heat
budgets are evaluated. Convection-driven entrainment from the thermocline into the mixed
layer is found to play a significant role in modulating the mixed layer salinity, whilst the
heat budget of the mixed layer is dominated by a primary balance between atmospheric
warming and the entrainment-modulated supply of oceanic heat from below the mixed
layer. The relationship between oceanic heat storage below the mixed layer, ice thickness
and atmospheric temperature is investigated, and a very disparate response noted amongst
the models considered here. Based on this analysis, we hypothesize that the balance
between the entrainment-modulated supply of oceanic heat from below the mixed layer and
the heat supplied by the atmosphere may play an important role in determining the

simulated sea ice variability.
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1. Introduction

[2] The causes of recent variability in Antarctic sea ice
coverage have been a source of considerable debate. Whilst
the zonal-mean change in Antarctic sea ice extent has been
relatively modest [Zwally et al., 2002 ; Parkinson and Cav-
alieri, 2012], this circumpolar picture masks complex and
strongly varied regional patterns of variability (Figure 1),
and contrasts strikingly with the Arctic region, where rapid
and relatively uniform decreases in sea ice have been
reported [e.g., Comiso, 2002, 2012]. In the Southern Ocean,
increase in sea ice cover have been reported in the Ross
[Comiso et al., 2011] and Weddell Seas [Stammerjohn and
Smith, 1997], contrasting with a rapid decrease in sea ice in
the Amundsen-Bellingshausen sector [Stammerjohn et al.,
2012]. Whilst a number of theories have been proposed
regarding likely driving mechanisms, including atmos-
pheric temperature, wind stress, ocean temperature, and
changes in precipitation [Jacobs and Comiso, 1997; Liu et
al., 2004; Liu and Curry, 2010; Manabe et al., 1991,
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Stammerjohn et al., 2012; Holland and Kwok, 2012], with
a particular emphasis placed on the interaction with the
major atmospheric modes [Simmonds and Jacka, 1995,
Stammerjohn et al., 2008; Yuan and Li, 2008; Turner et
al., 2009], it has not yet been possible to fully explain
recent Southern Ocean sea ice variability.

[3] The water masses formed in the Southern Ocean are
exported globally and form a significant proportion of the
global ocean volume. The formation of these water masses
is tightly linked to climatic processes in the Antarctic
region and the ocean, atmosphere, and cryosphere have all
been suggested to have experienced significant variability
in recent years. Between the 1950s and 2000s, the upper
kilometer of the Southern Ocean is reported to have experi-
enced a zonal-mean warming of ca. 0.17°C between 35 and
—65°S [Gille, 2002, 2008], accompanied by a freshening
tendency over the same depth range of approximately 0.04/
yr in the thermocline to the north of the Polar Front
[Boning et al., 2008]. At a regional scale, considerable vari-
ation has been observed, with an intense freshening tend-
ency (ca., 0.1 between 1963 and 2000) throughout the
water column in the Ross Sea [Jacobs et al., 2002] and an
interdecadal warming tendency in the circumpolar deep
water upwelled on to the West Antarctic Peninsula conti-
nental shelf [Martinson et al., 2008] and in warm deep
water observed in the Weddell Sea [Fahrbach et al., 2011]
being amongst the most substantial changes.

[4] The cryospheric and oceanic components of the cli-
mate system are strongly coupled: the brine rejection and
heat loss associated with the sea ice formation cycle are
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Figure 1. Thirty year change in sea ice coverage (%)
over 1979-2009, derived from national snow and ice data
center Nimbus-7 scanning multichannel microwave radi-
ometer and defense meteorological satellite program F-13
special sensor microwave imager satellite data [Cavalieri
etal., 1996].

instrumental in the formation of Antarctic bottom water,
whilst the melting of sea ice in spring contributes to the
seasonal freshening of the upper ocean mixed layer. Previ-
ous work has suggested that sea ice may contribute nontri-
vially to the ocean’s response to future climate change,
with Bitz et al. [2006] linking an enhanced freshening in
the sea ice-covered region to weakening convection in the
upper water column, and thus increased heat storage at
depth. Zhang [2007] suggests that the increased stratifica-
tion that results from the melting of sea ice, driven by
atmospheric (and subsequent upper ocean) warming,
may in fact be the cause of recent increases in Antarc-
tic sea ice extent, with the associated suppression of
convective overturning leading to a reduced supply of
heat from the underlying ocean and in turn promoting
further sea ice growth.

[s] In this work, we analyze experiments from the
coupled model intercomparison project phase 5 (CMIP5) to
further study the drivers of Southern Ocean mixed layer
variability and the relationship to the sea ice that is formed
there. In section 2, the processes governing mixed layer sa-
linity and heat content are introduced, along with the
CMIPS5 models that are used in this study. Section 3 charac-
terizes the evolution of mixed layer hydrographic proper-
ties in the CMIP5 projections and quantifies the
contributions of the various components of the salinity and
heat budgets to the long-term trend. The dominant mecha-
nisms and their consistency with the corresponding changes
in the sea ice system are then explored in section 4. We
find a wide-scale decline in sea ice across the models to
occur in conjunction with enhanced upper ocean stratifica-
tion, caused by a freshening (and concomitant shoaling) of
the mixed layer. South of 65°S, the long-term change in the
salinity budget is found to be dominated by entrainment
(i.e., changes in transport across the base of the mixed
layer), with sea ice also playing a significant role in the
near-continent region. The mixed layer heat budget indi-
cates a primary balance between atmospheric warming and
the entrainment-modulated supply of heat from the ocean

underlying the mixed layer. The representations of the rela-
tive strengths of these processes are not consistent amongst
the models studied here, and we suggest that this may be
important in determining the skill with which models simu-
late sea ice processes.

2. Data and Methods

2.1. Data

[6] In this study, we employ data from seven models
made available under the CMIPS project (listed in Ta-
ble 1), with the models selected based on availability
of the variables necessary to quantify the various terms
in the salinity budget. Since the number of ensemble
members available for each of these models in the
CMIP archive is not consistent, we analyze only one
ensemble member from each model (rlilpl) rather than
the ensemble averages. Whilst the models utilized in
this study employ sophisticated parameterizations of sub
grid-scale eddy effects, they are not eddy resolving.
We analyze a representative concentration pathways
(RCP) 4.5 scenario, representing a medium mitigation
situation [Taylor et al., 2011].

[7] Our aim in this work is to determine which proc-
esses are primarily responsible for driving mixed layer
variability (with a particular emphasis on the ice-
covered ocean) on interdecadal time scales under a
forcing scenario similar to that of recent decades. The
RCP4.5 scenario is hence chosen both due to its mod-
erate strength external climate forcing and in order to
provide a longer time series over which to study the
interactions of the system than that afforded by the
decadal experiments. The time scales of climate proc-
esses are often of multidecadal (or greater) length, and
there is hence benefit in choosing an experiment with
~100 years of data (2006-2100), rather than the 30
years available from the satellite era to the present, so
that the influence of decadal-scale oscillatory processes
(e.g., the localized, extreme convective events that are
evident in several of the models) is minimized.

2.2. Methods

2.2.1. Salinity Budget
[8] The variability in the salinity of the mixed layer may
be estimated from the balance between evaporation,

Table 1. Details of Models From the CMIP5 Archive That Are
Used in the Analysis

Modeling Center/Group Model Name
Canadian Centre for Climate Modeling and CanESM2
Analysis
Centre National de Recherches Météorologiques/ CNRM-CMS5
Centre Européen de Recherche et Formation
Avancées en Calcul Scientifique
Commonwealth Scientific and Industrial Research CSIRO-MK3.6.0
Organization in collaboration with Queensland
Climate Change Centre of Excellence
NOAA Geophysical Fluid Dynamics Laboratory GFDL-ESM2G
Institut Pierre-Simon Laplace IPSL-CM5A-LR
Max Planck Institute for Meteorology MPI-ESM-LR
Norwegian Climate Centre NorESM1-M
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precipitation, horizontal (Ekman, geostrophic and residual)
advective fluxes, diffusive processes, vertical and lateral
entrainment and brine/meltwater input from the sea ice for-
mation cycle [e.g., Dong et al., 2009; Ren et al., 2011],
described by:

S, (E—P)S

= M w,.VS,, —u.VS, + VS,
ot Dy (1)
WeAS,,  (WVh,)AS,  (p:Si — poSm)Fi
hm hm p()hm

where S, represents the salinity of the mixed layer. The
mixed layer depth in this work is directly supplied as an
output from the individual models’ mixing schemes. (Com-
parison with mixed layer depth calculated by applying the
criterion of de Boyer Montegut et al. [2004], which defines
the mixed layer depth as the depth at which the potential
density differs from the density at 10 dbar by 0.03 kg m >,
to the same data indicates negligible difference between
the two estimates, even in the presence of significant con-
vection.) In the freshwater balance term, £ denotes evapo-
ration, P is precipitation, and #4,, is the depth of the mixed
layer. For horizontal advective processes, u, represents the
Ekman velocity, determined using:

_txKk

u, =
" pofhm

[s] where 7 is the wind stress, p, represents the charac-
teristic density of the mixed layer (taken here to be 1027
kg m ) and f denotes the Coriolis parameter. u then indi-
cates the non-Ekman, residual horizontal component of the
velocity, obtained by subtracting the Ekman term from the
model output velocity fields. Following Dong et al. [2009],
the eddy diffusivity, , is held constant at 500 m* s '
(However, as in that study, and as detailed in section 3.2.3,
our results are insensitive to the value chosen for x.) In the
entrainment term, w, denotes the entrainment velocity at
the base of the mixed layer, whilst AS,, is the salinity gradi-
ent across the base of the mixed layer (defined here as the
difference between the mean mixed layer value and the sa-
linity 10 m below the base of the mixed layer, and also
employed in the estimate of lateral entrainment). Vertical
velocity fields are not available for all of the models used
in this study, and for consistency the entrainment velocity
is thus estimated using:

m
+w
ot Ek

We =
[10] where wgy is the Ekman pumping velocity, defined by:

T
WEk:VX—
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[11] Comparison between the vertical velocity output
available from models that directly provide this term and
the entrainment velocity estimated using the above parame-
terization reveals negligible difference between the two
representations, suggesting that the above estimation is suf-
ficiently accurate for the purposes of this study. The sea ice
contribution is estimated following Watanabe et al. [2004],

where p; is the density of sea ice (estimated to be
930 kg m ), S; is the salinity of sea ice (estimated here as
5, following Gough et al. [2012]). F; is the freshwater flux
into the ocean due to cryospheric melt. Whilst some models
do provide the freshwater flux due to sea ice melt as a
direct output, again, this term is not widely available
amongst the models considered here. We thus estimate F;
by subtracting the (E — P) contribution from the total
freshwater flux into the ocean, and applying a mask that
sets the contribution to zero when there is no sea ice cover-
age (thus removing the residual contribution due to runoff
at lower latitudes). The resulting freshwater flux includes
contributions due to both sea ice melt and high-latitude run-
off, which it is not possible to decompose further given the
available data. With the exception of those variables ex-
plicitly defined as constants here, all values are supplied
directly from output model fields. For ease of interpreta-
tion, unless otherwise stated, all figures depicting median
properties are scaled to show the equivalent change of the
variables over 50 years. We consider the Ekman transport
component separately to other advective terms and, unless
otherwise explicitly stated in the analysis, our use of the
term “advective” in the following analysis refers to all hor-
izontal advective processes other than Ekman transport.
2.2.2. Heat Budget

[12] The variability in the heat content of the mixed layer
may be estimated from the balance between atmospheric
forcing, horizontal (Ekman, geostrophic, and residual) ad-
vective fluxes, diffusive processes, vertical and lateral
entrainment and heat extraction/input from the sea ice for-
mation cycle [e.g., Dong et al., 2007], described by :

8Qm 8Qamos
o=y~ UeV(Tuphn)p = wV(Tuphn)c,

—Q—/-@Vz(Tmphm)c], — WeAT,pcp (2)
—(w.Vhy,)AT,pc, — LiAM;

where (,, represents the mixed layer heat content per unit
area, and QOuumos the heat supplied by the atmosphere per
unit area. T,, denotes the mean temperature of the mixed
layer and c,, is the specific heat capacity of sea water, taken
here to be 3986 J kg~' K. p is the mean density of the
mixed layer and A7, represents the temperature gradient
across the base of the mixed layer (as for salinity, this is
defined here as the difference between the mean mixed
layer value and the temperature 10 m below the base of the
mixed layer). L; is the latent heat of fusion of ice, taken
here to be 2.93 x 10°J kg™, and M; is the rate of change of
sea ice mass per unit area, determined using the sea ice
freshwater flux described in section 2.2.1. All other terms
are defined as for the salinity budget. In considering sea
ice, sufficient information is not available in the CMIP5
archive to calculate the contribution due to conduction, and
we thus neglect this term in our analysis. As before, with
the exception of variables defined as constants here, all val-
ues are supplied directly from model output fields.

3. Results

3.1. Evolution of Mixed Layer Properties

[13] The zonal-mean anomalies of mixed layer
properties along the 65°S latitude band are shown in
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Figure 2. (a) Salinity, (b) temperature, (c) mixed layer depth, and (d) neutral density anomaly time se-
ries of mixed layer properties and (e) sea ice volume anomaly calculated as a zonal-mean average along
the 65°S latitude band. Annual cycles are removed from all data, and the data smoothed with a 5 year

moving average filter.

Figures 2a-2d. (This latitude is chosen here to demonstrate
the evolution of the mixed layer in an area that experiences
significant seasonal sea ice coverage, but still has an
approximately circumpolar oceanic coverage, thus avoid-
ing the bias toward the Ross and Weddell Seas that might
be evident at higher latitudes.) With the exception of
CNRM-CMS, a zonal-mean freshening tendency of O(0.1)
over the 100 year period is evident in all models. Mixed
layer temperature shows a less clear response: two of the
models (GFDL-ESM2G and NorESM1-M) exhibit oscilla-
tory behavior over the length of the time series, whilst four
others (CanESM2, CSIRO-Mk3-6-0, MPI-ESM-LR, and
IPSL-CM5A-LR) show a weak warming tendency.
CNRM-CMS again exhibits rather different behavior to the
other models, showing a comparatively strong warming
tendency, equating to a change of ~1°C over the period.
All models exhibit a decrease in mean mixed layer neutral
density over the period. The mean decrease is 0.12 kg m >,
and, with the exception of CNRM-CMS, the change in

buoyancy is predominantly driven by freshening. The
temperature-driven density response of CNRM-CMS5 is
consistent with the freshwater-driven density response of
the other models: the fluctuations in salinity in this model
are accompanied by fluctuations in the temperature record
that occur in a density compensating sense (though are not
necessarily fully density compensating). The models thus
demonstrate a reasonably consistent response in mixed
layer density, showing both a similar magnitude and timing
of change in all models, with the largest decreases in den-
sity occurring between 2030 and 2060.

[14] Throughout the projection, there is a tendency for
MLD to shoal in the zonal mean of six of the seven models
(with the seventh model, GFDL-ESM2G, exhibiting oscil-
latory behavior). MPI-ESM-LR simulates values of MLD
that are many times the magnitude of those exhibited in
other models in the region south of 45°S: over large areas,
the winter mixed layer depth extends throughout the full
depth of the water column (~4000 m), leading to a zonal
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mean that is approximately 2 orders of magnitude larger
than the mean of the other six models. For this reason,
MPI-ESM-LR is excluded both from Figure 2c¢ and from
the group mean shown therein. Areas of full-column con-
vection also occur in GFDL-ESM2G and CNRM-CMS5.
However, these areas are both localized and notably
smaller than those in MPI-ESM-LR, and are excluded
when calculating the zonal-mean MLD shown in Figure 2¢
to avoid aliasing the results. Sea ice volume declines in all
models, again with the exception of GFDL-ESM2G, which
displays oscillatory behavior, superimposed on a (nonro-
bust) increasing tendency. The model mean tendency
implied by the zonal mean is therefore one of freshening,
shoaling and buoyancy gain in the mixed layer, accompa-
nied by a decrease in sea ice volume.

[15] As discussed previously, recent changes in Southern
Ocean sea ice extent have been characterized by strong spa-
tial variability, and we therefore now consider the homoge-
neity of the models’ spatial response. Due to the small
sample size and presence of extreme outliers in the model
responses, we utilize the median and interquartile range,
rather than the mean and standard deviation, to reduce any
bias in the results. For all models and variables, the annual
cycle is calculated by month and removed from the data
prior to calculating the long-term tendencies.

[16] The median trend in mixed layer salinity, tempera-
ture, neutral density and depth anomaly of all the models
examined here and their associated interquartile ranges are
shown in Figure 3. The corresponding median trend/inter-
quartile range for sea ice volume is also shown. Despite
reasonable agreement amongst the models regarding the
sign of the change, particularly in salinity (and hence also
neutral density), the magnitude of the response is subject to
large spatial disagreement. An examination of the individ-
ual models suggests that the spatial response in all proper-
ties is inconsistent amongst the set, with extreme values
occurring in a number of models and in differing locations.
The most robust features of the oceanic mixed layer prop-
erty distributions are a wide-scale freshening (with large
uncertainty in the magnitude of the response, despite agree-
ment on the sign), a weak temperature response in the ice-
covered area near the continent (with the disagreement in
sign supporting the notion of an oscillatory response, as
noted in the zonal mean) and a circumpolar tendency to-
ward a reduction in density, with a spatial pattern almost
identical to that seen in salinity in both the median trend
and the interquartile range of the trends.

[17] The median trend in MLD anomaly and sea ice-
volume anomaly are shown in Figures 3d and 3e, with the
associated interquartile ranges shown in Figures 3i and 3;j.
The shoaling tendency suggested by the zonal-mean analy-
sis is broadly replicated in Figure 3d, with the exception of
the Bellingshausen Sea, where the trend is negligible. The
uncertainty regarding the magnitude of the response is,
however, again high, reflecting the intense localized areas
of convection that occur in a number of models (as dis-
cussed above). These areas tend to occur in different areas
in different models, thus leading to large patches of high
uncertainty, such as that extending eastward out of the
Weddell Sea.

[18] The development of the properties of the mixed
layer relative to those of the underlying ocean is instructive

in determining likely drivers of the freshening tendency
noted here, and thus maps equivalent to those shown in Fig-
ures 3a—3c are shown in Figure 4, depicting the trend in the
gradient of salinity, temperature and density across the
base of the mixed layer. Over a large band extending east-
ward from the eastern Weddell Sea to the Amundsen Sea
and spanning ~60—70°S, the Southern Ocean mixed layer
freshens and gains buoyancy at a faster rate than the under-
lying ocean. The response of the temperature gradient is
less clear, with little agreement amongst models over the
sign of the change, and the spatial correspondence again
implies that the increase in stratification is driven predomi-
nantly by the strong freshening of the mixed layer.

3.2. Contributions to the Salinity Budget

[19] The enhanced rate of change of salinity in the upper
ocean relative to the underlying water column suggests that
surface processes may play a significant role in driving this
salinity change. The magnitude of the various terms of the
salinity budget are thus estimated using the parameteriza-
tion of equation (1), with the aim of qualifying the extent
of influence of each term in driving the upper ocean
change. All contributions are calculated directly using out-
put fields from the CMIP5 models. The model median val-
ues for the various terms are shown in Figure 5, with the
zonal means of the absolute individual model trends for the
various terms of equation (1) also shown in Figure 6 for
reference.

[20] The closure of the budget is estimated using the
trend obtained from the sum of the terms of equation (1)
and that obtained directly from the models’ salinity output.
Subtracting the trend of the summed terms from the trend
of the model output, and averaging over the full Southern
Ocean region analyzed here (south of 45°S), the mean dif-
ference between the two estimates of 50 year change in sa-
linity for all models is 0.05%=0.07. The extent of closure
varies amongst individual models. CNRM-CMS5 and IPSL-
CMS5A-LR have the smallest residuals, with mean differen-
ces of 0.01%£0.03 and 0.00=0.04 respectively over the
region defined above. In contrast, CSIRO-Mk3.6.0 and
GFDL-ESM2G both have rather large associated uncertain-
ties, with mean differences of 0.09+£0.09 and 0.07£0.09
respectively. For all of the models considered here, the re-
sidual is not a simple uniform over or underestimate, but
exhibits spatial variability in the goodness of fit. In the case
of CSIRO-MKk3.6.0, the closure at high latitudes is notably
poor, with the mixed layer salinity exhibiting significantly
greater freshening than that obtained from the sum of the
terms evaluated here. Whilst the overall budgets hence
close to within error, both for all individual models and for
the model median, the error is nonetheless substantial, with
the magnitude of discrepancy for the model median being
~36% of the total trend in mixed layer salinity. There are a
number of possible sources for this residual error: equation
(1) may not be an adequate description of certain terms of
the budget, the definition (or estimation) of some of the
variables employed here may not be optimal (e.g.,
AS,., K, hy), or terms that are missing from the budget (e.g.,
mixing) may affect the closure.

3.2.1. Evaporation-Precipitation Balance

[21] The median of the model trends in salinity due to

changes in the E-P balance, scaled to show 50 years of
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Figure 3. (a and f) Median/interquartile range of mixed layer salinity trends, (b and g) potential tem-
perature trends and (¢ and h) neutral density trends over the period 2006-2100, scaled to show 50 year
change. (d and i) The median/interquartile range of mixed layer depth trends, and (e and j) the same
quantities for trends in sea ice volume, again over the period 2006-2100 and scaled to show 50 year
change. White shading indicates areas where >75% of models agree on the sign of the trend.
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change, is shown in Figure 5a. A widespread, robust freshen-
ing tendency is evident, with a zonal mean 50 year change
of —0.024 over the range 60—75°S in the multimodel median
(for comparison, the multimodel median zonal-mean mixed
layer salinity change over the same latitude band is —0.06).
Of all the terms considered here, the E-P contribution is per-
haps the most consistently represented amongst the models
(Figure 6); all seven models simulate a widespread freshen-
ing in response to changes in the E-P balance, and the multi-
model interquartile range associated with this term is
comparatively low (~5 x 107%). The median field obtained
for this contribution is thus a relatively true representation of
that produced by any individual model.
3.2.2. Advective Terms

[22] The model median contributions to the mixed layer
salinity tendency by advective terms are shown in Figures
5b and Sc. In the median field, the magnitude of change
explained by these processes is small in comparison to the
long-term trend exhibited by the mixed layer salinity, with
the change due to the combined advective terms accounting
for only ~12% (—0.004) of the total mixed layer salinity
tendency (again, averaged zonally over the latitude range
60-75°S). However, considering the median of the absolute
magnitudes of the relative trends, between 60-70°S the
(total minus Ekman) advective and Ekman advection terms
contribute a 50 year equivalent change of 0.053 and 0.047
respectively (evaluating the zonal mean of the absolute
magnitudes). This suggests that, in magnitude, the non-
Ekman and Ekman advective contributions are respectively
the third and fourth largest contributors to the salinity
budget over the 60—75°S latitude band, but that the spatial
inhomogeneity in the model representations of these proc-
esses leads to cancellation between models that simulate
freshening and salinifying contributions in overlying areas,
thus masking the magnitude of these contributions. Both
Ekman and non-Ekman advective fluxes hence appear to
contribute nontrivially to the mixed layer salinity trend.
3.2.3. Eddy Diffusivity

[23] The median 50 year change in salinity due to eddy
diffusion is shown in Figure 5d. The magnitude of the
inferred contribution is substantially too small to contribute
significantly to the long-term salinity change, with the total
tendency being only ~1% of the equivalent simulated mixed
layer change. The largest magnitude changes occur along
the Antarctic coastline. Nonetheless, even the largest
changes are still O(2) smaller than the mixed layer tendency.
The scale of difference between the changes inferred here

and those simulated in the mixed layer are such that, as
noted by Dong et al. [2009], the results are not sensitive to
the choice of x in the salinity equation to within reasonable
constraints: using the value of x ~ 4000 m?s~' suggested
by Sallée et al. [2008] still suggests a contribution to zonal-
mean salinity of O(1) smaller than that simulated in the
mixed layer. Considering the absolute magnitude response,
the contribution due to eddy diffusivity remains the smallest
of the various terms: spatial inhomogeneity amongst the var-
ious models thus does not seem to significantly affect the
interpretation. Eddy diffusivity may hence play a localized
role in driving the long-term change in mixed layer salinity,
both spatially, as suggested in this analysis, and possibly
also temporally, since the time scales for this process may
be shorter than the monthly resolution of the data employed
here. However, the overall contribution to long-term salinity
change appears to be negligible in the models analyzed here.
3.2.4. Sealce

[24] The inferred sea ice contribution to the decadal-
scale mixed layer salinity trend is shown in Figure 5e. The
pattern of change is spatially homogeneous, and is consist-
ent with the decrease in sea ice suggested by the models,
with a broad pattern of near-continent freshening under the
sea ice, consistent with reduced brine rejection, accompa-
nied by salinification at the ice edge, associated with
reduced freshwater input from ice melt over time. The
magnitude of change is largest in the near-continent region
(south of ~70°S) and, in certain localized regions, is inde-
pendently of sufficient magnitude to explain the simulated
mixed layer freshening. As for the advective terms, cancel-
lation between positive and negative contributions due to
spatial inhomogeneity does appear to diminish the relative
magnitude of the contribution to the salinity budget due to
sea ice in the median field. Considering the zonal median
of the absolute magnitude of the sea ice contribution, this
term is the second largest contributor to the salinity budget
south of ~60°S, having a median absolute magnitude of
0.058 over the range 60—75°S. In contrast, the median field
obtained from the real model values suggests that sea ice
contributes only 0.0059 to the salinity change. As for the
advective terms, spatial disparity amongst the model simu-
lations thus appears to significantly affect the interpretation
of the relative role of sea ice in the salinity budget.
3.2.5. Entrainment

[25] The estimated change in salinity due to entrainment
is shown in Figure 5f. A number of spatially coherent areas
of change are again evident. In the near-continent region,
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trend.

the tendency is primarily one of freshening. The contribu-
tions from this term are largest south of ~65°S, with the
variability north of this region being both less spatially
coherent and of notably smaller magnitude. In the median
field, the mean change over the range 60—75°S is 0.030,
accounting for 48% of the salinity tendency over this range.
However, as for the advective and sea ice formation terms,
the magnitude of the entrainment term in individual models
is, on the whole, significant larger than this median value,
and the term dominates the assessment based on absolute
magnitude (Figure 6), supplying a mean contribution of
0.079 over the latitude range 60—75°S, decreasing from a
maximum of 0.2 at 77°S to 0.096 at 70°S. The magnitude
remains relatively constant over the range 70 — 65°S, hav-
ing a mean value of 0.076, and decreasing in magnitude
over the range 65—60°S to 0.017 at 60°S.

[26] The decomposition of the entrainment term into the
contribution due to changes in MLD and that due to Ekman
pumping (shown in Figure 6) demonstrates that the relative
importance of the two terms is not consistent amongst the
models examined here. Whilst the MLD contribution domi-
nates in five of the models (CNRM-CM5, CanESM2,
GFDL-ESM2G, IPSL-CMSA-LR and MPI-ESM-LR),
particularly at high latitudes, CSIRO-Mk3.6.0 and
NorESM1-M both experience a larger contribution from
the Ekman-driven component. In contrast, at lower lati-

tudes, the contributions of the two terms appear to be com-
parable, both for individual models and the group mean.
[27] The greater role of Ekman pumping in driving
entrainment at high latitudes in CSIRO-Mk3.6.0 and
NorESM1-M does not reflect an exceptionally large contri-
bution from this term in either model, but rather a greatly
reduced role of the MLD-driven component. Considering
the MLD-driven entrainment component, whilst this cova-
ries only weakly with either wind stress or wind stress curl
in any given model, the rate of change of salinity due to
this term shows strong correlation with the rate of change
due to sea ice processes. In CNRM-CMS5, CanESM2,
GFDL-ESM2G, IPSL-CM5A-LR and MPI-ESM-LR this is
evident as a strong positive correlation throughout the ice-
covered area, with the correlation between the two anomaly
fields lying in the range 0.6 < r < 0.8 in all models. Whilst
CSIRO-Mk3.6.0 and NorESM1-M also show strong corre-
lation between the two fields, this is opposite in sign to that
exhibited by the other models, and the strongest values are
restricted to the ice edge. The differences in the sign of the
correlation suggest that distinct physical mechanisms are
dominant for the two cases. A possible interpretation for
the positive correlation scenario is that increased ice melt
freshens the mixed layer, driving an increase in stratifica-
tion and concomitant decrease in entrainment as the mixed
layer shoals, further amplifying the initial freshening
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signal. In contrast, negative correlation may plausibly
reflect a sequence of events such that increased ice melt
permits enhanced air-sea heat transfer and thus increased
(heat-driven) convection, driving a deepening of the mixed
layer. The corresponding increase in entrainment would
then drive a salinifying tendency, opposing the initial sea
ice-driven freshening.

[28] The above correlations suggest that wind-driven
effects play only a weak role in controlling the MLD-
driven component of the entrainment term, and that
changes in sea ice coverage and convective-driven changes

in MLD are strongly linked. Whilst the MLD and both the
zonal-wind stress and wind stress curl monthly anomaly
fields are more strongly correlated in NorESM1-M at high
latitudes than in any of the other models, with values of
r ~ 0.5 south of 65°S, the same is not true of CSIRO-
Mk3.6.0, which, similarly to the remaining five models,
exhibits negligible correlation between these fields at high
latitude. (CSIRO-Mk3.6.0 does, however, show a signifi-
cantly weaker salinity gradient across the base of the mixed
layer than the other models. The strength of the convective-
driven component of the entrainment term thus appears to
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be key to determining the high-latitude mixed layer salinity
response to climatic forcing.
3.2.6. Lateral Entrainment

[29] The median 50 year change in salinity due to lateral
entrainment is shown in Figure 5g. The model median
response due to this term is both spatially inhomogeneous
and of very small magnitude (the mean over the latitude
range 60—75°S is O(107°)). Considering the absolute mag-
nitude response, lateral entrainment is the second smallest
contributor to long-term salinity change, having a mean
value of 0.018 over 60—75°S. As for the eddy diffusion
term, whilst lateral entrainment may play a localized role
in driving the long-term change in mixed layer salinity, the
overall contribution thus appears to be negligible.

3.2.7. Mixed Layer Response

[30] For ease of comparison with the contributions of the
individual terms, the total model median change in mixed
layer salinity is shown in Figure 5h. As noted previously, a
widespread freshening tendency is evident, with good
agreement on the sign of the response amongst the models
considered here. The largest decrease in salinity occurs in
the near-continent region, with a zonal-mean freshening of
0.1 at 75°S, decreasing to 0.06 at 65°S and 0.05 at 60°S,
and remaining approximately constant at this value to the
north of this latitude within the study area.

[31] To briefly summarize the role of the various mecha-
nisms contributing to the salinity budget: our analysis indi-
cates that the largest magnitude controls on the high-
latitude mixed layer salinity budget are entrainment and
sea ice. The group mean shown in Figure 6 demonstrates
the dominance of these terms at latitudes south of 65°S,
with the reduction in entrainment being driven predomi-
nantly by the shoaling of the mixed layer depth. As dis-
cussed above, long-term changes in entrainment rate are
strongly correlated with changes in sea ice thickness, but
show little overall correspondence with changes in wind
stress. Of the seven models considered, entrainment is the
dominant process driving high-latitude salinity variability
in five of these, with the other two (CSIRO-Mk3.6.0 and
NorESM1-M) experiencing the greatest contribution from
the sea ice term (Figure 6).

[32] The consistency with which the smaller magnitude
terms are represented varies amongst the models. Changes
in E-P are on the whole rather uniformly represented, with
values in the approximate range 0.02—0.1 and compara-
tively weak meridional variation (with perhaps the excep-
tion of CanESM2 and IPSL-CMS5A-LR, see Figure 6). The
group mean shown in Figure 6 equally suggests the meridi-
onal variation of the advection term to be rather slight, with
its increased importance north of ~65°S owing to a decline
in the magnitude of the entrainment and sea ice terms,
rather than increases in the magnitude of the advective con-
tribution. This pattern of increased importance of the ad-
vective term at lower latitudes is also evident in the
individual models’ behavior, again shown in Figure 6.

[33] In contrast with the preceding terms, the representa-
tion of the Ekman transport in the models is rather more
varied. Whilst in several models, the magnitude and merid-
ional variation closely match that of the advective term
(notably in CNRM-CMS5, CSIRO-Mk3.6.0, CanESM2,
GFDL-ESM2G and the group mean), in NorESM1-M the
magnitude of the Ekman transport term is only approxi-
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mately half of that of the advective term. Equally, whilst
IPSL-CM5A-LR, NorESM1-M and the group mean suggest
relatively slight meridional variation in the magnitude of
this term, in a number of models the magnitude is strongly
latitude dependent. Examples of this are CanESM2, where
the magnitude doubles between 70 and 60°S and CNRM-
CMS, where a strong increase is evident at ~65°S, coincid-
ing with the overlying westerlies.

3.3. Contributions to the Heat Budget

[34] In the following section, the magnitude of the vari-
ous terms of the heat budget are estimated using equation
(2). All contributions are calculated directly using output
fields from the CMIP5 models, and expressed as an equiva-
lent change in monthly heat flux. The model median values
for the various terms are shown in Figure 7, with the zonal
means of the absolute individual model trends for the vari-
ous terms below also shown in Figure 8 for reference.

[35] As for the salinity budget, the closure of the
heat budget is assessed by subtracting the trend of the
sum of the individual terms of the budget from the
total mixed layer heat content change, and averaging
over the full region analyzed here (south of 45°S). The
model median field has a residual equivalent heat flux
of 1.3+9.7 W m 2, suggesting that the closure is rea-
sonable, although the associated error is again fairly
large. As for the salinity budget, the individual model
response is rather varied. IPSL-CMS5A-LR again has
one of the smallest mean residuals, 1.4+6.1 W m 2.
GFDL-ESM2G also has a small mean residual
(0.9%10.1 W m~?); however, the error associated with
this is large, representing significant localized spatial
discrepancy. The greatest residual is associated with
NorESM1-M, which has a mean value of 3.5+x16.8 W
m 2. However, this is primarily reflective of poor clo-
sure in the lower latitudes, and south of 60°S the size
of the residual is greatly reduced, having a mean value
of 1.7+4.6 W m % As for the salinity budget, the
heat budgets for all models thus close to within error,
but the associated error is large, having a magnitude of
~31% of the mixed layer heat content trend of the me-
dian field. Possible sources of error are believed to be
the same as those discussed previously for the salinity
budget.

3.3.1. Atmospheric Forcing

[36] The change due to atmospheric forcing is shown in
Figure 7a, and exhibits a spatially coherent response in
the mixed layer heat content. The zonal-mean model me-
dian heat gain of 2.28 W m 2 over the 60—75°S latitude
range is large within the context of the model median
analysis, and suggests the atmospheric forcing to be the
second largest driver of long-term change in this analysis.
The absolute magnitude analysis similarly suggests a sig-
nificant role of atmospheric forcing, where this is the
third largest contributor to the budget, with a mean abso-
lute value over the same latitude range of 3.55 W m 2.
The slight increase between the two estimates reflects the
relatively consistent atmospheric response amongst the
models. The zonal means for the individual models are
shown in Figure 8 and confirm the similarity in both mag-
nitude and spatial distribution amongst the models con-
sidered here.
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Figure 7. Median 50 year change in equivalent heat flux derived from trends over the period 2006—
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>75% of models agree on the sign of the trend.

3.3.2. Advective Terms

[37] The model median estimated changes in heat content
due to advective terms are shown in Figures 7b and 7c.
Whilst the overall pattern of spatial change is relatively in-
homogeneous, coherent areas of change are evident. Such
regions include an almost circumpolar band of heat gain in
Figure 7b, centered at 65°S, and numerous smaller regions
of heat loss to the north of this latitude. Figure 7c similarly
reveals areas of coherent forcing in the Ekman contribution,
with a circumpolar tendency of heat loss being evident to the
north of 65°S, and negligible change to the south of this lati-
tude. The model median suggests that, again considering the
latitude range 60—75°S, advection (excluding the Ekman
component) drives a weak zonal-mean heat gain equivalent
to a change in heat flux of 0.18 W m 2 over a 50 year pe-
riod, whilst Ekman transport drives a net heat loss of 0.34 W
m 2. However, the absolute magnitude estimate suggests
that intermodel spatial cancellation in the median field again
leads to an underestimate of the magnitude of change, yield-
ing a mean change in equivalent heat flux of 5.37 and 2.34
W m ™2 for the advective and Ekman terms (Figure 8), and
suggesting them to be the largest and fourth largest drivers
of long-term heat content change respectively.
3.3.3. Eddy Diffusion

[38] As for the salinity budget analysis, eddy diffusion
does not appear to contribute strongly to the long-term
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trend in mixed layer heat content. Whilst areas of coherent
spatial change are evident in the model median (Figure 7d),
such as the bands of heat gain and loss that extend from
60 — 120°W, these features are of very small magnitude in
comparison to the remaining terms of the budget. The
zonal-mean average over 60—75°S of the model median
term indicates a heat gain of 0.03 W m™2 driven by eddy
diffusion over this latitude range, whilst the absolute mag-
nitude estimate over the same area implies a change of 1.31
Wm 2
3.3.4. Sealce

[39] The trend due to changes in the heat expended in
forming/melting sea ice are shown in Figure 7e. The pat-
tern of change shows a band of increased equivalent heat
flux stretching from 0 to 210°W, suggesting increased ex-
penditure of heat in melting sea ice at the ice edge, accom-
panied by a decreasing heat flux tendency adjacent to the
continent. The contribution to the total budget due to this
term is comparatively small, both in the real median and
absolute magnitude estimates, having mean values of 0.59
and 1.62 W m?2, respectively over the latitude range
60 — 75°S.
3.3.5. Entrainment

[40] The model median change in mixed layer heat due
to entrainment is shown in Figure 7f. An overall trend of
heat loss is indicated, with good agreement on the sign of
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the change amongst the various models. The model median
field shows a mean tendency of —2.37 W m™? over the
range 60—75°S, making this term the largest contributor to
changes in heat content in the median field. Considering
the absolute magnitude estimate, over the same latitude
range the entrainment term contributes 4.26 W m ™2, sug-
gesting this term to be the second largest magnitude driver
of the long-term change in heat content over this latitude
range.
3.3.6. Lateral Entrainment

[41] The model median change in mixed layer heat con-
tent due to lateral entrainment is depicted in Figure 7g. As
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for the eddy diffusivity term, the spatial patterns of change
are less coherent than for the remaining terms of the
budget, and the magnitude of change is also comparatively
small. Over the 60—75°S latitude range, the model median
field indicates that lateral entrainment drives the smallest
contribution to the mixed layer heat content change, having
a mean value of 0.06 W m 2 over this latitude range,
increasing to 1.37 W m ™2 in the absolute magnitude analy-
sis. An examination of individual models shows that the
colocation of areas of heat gain and loss on the same lati-
tude parallel acts to reduce the magnitude of the zonal
mean. However, the magnitude of lateral entrainment-
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driven heat gain/loss in the coherent areas of change is low
in all models (except MPI-ESM-LR, which exhibits persis-
tent deep convection). It thus appears that the lateral
entrainment-driven contribution to mixed layer heat con-
tent change is low both locally and in the overall picture.
3.3.7. Mixed Layer Response

[42] The total model median change in mixed layer heat
content is shown in Figure 7h, and reveals an overall
decrease in heat content. This response contrasts with the
weak change in temperature evident in the mixed layer
temperature trend analysis discussed previously (see Figure
3b), and indicates that the decrease in high-latitude mixed
layer heat content reflects a decrease in mixed layer volume
(i.e., shoaling of the mixed layer depth) rather than a
decrease in temperature. Over the latitude range 60—75°S,
the mixed layer exhibits a mean heat loss equivalent to
4.02 W m~? in the model median field, with the absolute
magnitude estimate indicating a change of 7.76 W m ™2
over the same latitude range.

[43] In summary, the above analysis suggests that the
high-latitude mixed layer heat content change is primarily
determined by a balance between entrainment and atmos-
pheric forcing. North of ~68°S, advection increases stead-
ily, and rapidly becomes the largest magnitude contributor
in the majority of the models (see Figure 8). However, the
magnitude of the contribution due to advection varies
strongly amongst the models, with extreme values simu-
lated by NorESMI1-M (~75 W m 2 at 55°S) and MPI-
ESM-LR, but a rather weak contribution in CNRM-CM35
(~9 W m 2 at 55°S-approximately eight times smaller
than NorESM1-M).

[44] A number of features of the heat budget show con-
trast with that of the salinity budget. In all models, the
Ekman transport contribution shows a general tendency to
increase northward in the heat budget, contrasting with the
salinity budget, where there is no overall tendency in the
group mean (Figure 8). This distribution reflects the trends
in mixed layer temperature noted previously (Figure 3b),
where the contrast between high- and low-latitude trends
are much more striking than those evident in the salinity
field.

[4s] A further contrasting aspect of the heat budget
analysis concerns the smaller magnitude terms: Figure
8 suggests that the relative magnitudes of the sea ice,
lateral entrainment and eddy diffusion terms are more
varied amongst the models here than in the salinity
analysis. Whilst for the majority of the models, the
contribution to the heat budget from sea ice processes
is small at all latitudes, in NorESM1-M this term pro-
vides the largest magnitude contribution to heat con-
tent change in the region to the south of ~70°S,
providing a contribution of similar magnitude to that
of entrainment and atmospheric heating. The varying
importance of the sea ice, lateral entrainment and eddy
diffusion terms amongst the three models is reflected
in the group mean, shown in Figure 8, in which the
magnitude of these three terms is similar. However,
there is some suggestion that lateral entrainment
increases in importance further north, with this term
increasing in magnitude with latitude in four of the
models (CNRM-CM5, CanESM2, GFDL-ESM2G, and
NorESM1-M), and thus also in the group mean.
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4. Discussion

4.1.

[46] The CMIP5 models considered in this analysis dem-
onstrate a robust mixed layer freshening tendency in the
RCP4.5 scenario, accompanied by little concomitant
change in temperature, a salinity-driven reduction in neu-
tral density, and a shoaling of the mixed layer depth.
Broadly, ice volume is projected to decrease. The freshen-
ing of the mixed layer occurs at a faster rate than that of the
underlying ocean, suggesting a gradual decoupling of the
mixed layer (previously noted by Sen Gupta et al. [2009]
and Capotondi et al. [2012] in analyses based on CMIP3
models) as the mixed layer becomes increasingly less
dense.

[47] The analysis of the relative magnitudes of the vari-
ous terms of the salinity budget reveals a very spatially dis-
parate portrayal of the importance of the various
contributions to the overall mixed layer salinity tendency.
Whilst, in magnitude, the entrainment-driven contribution
dominates the budget at latitudes south of ~65°S, the colo-
cation of areas of freshening and salinification in the vari-
ous models leads to a reduced magnitude estimate in the
median field. In contrast, the uniform freshening yielded by
the E-P term (Figure 5a) suggests a rather coherent contri-
bution to the salinity budget. Given its uniform distribution,
the E-P term might thus be expected to account for a signif-
icant proportion of the variability. However, the median
absolute magnitude of this contribution is approximately
half that of the contribution due to advection, and a third of
that due to entrainment over the area to the south of ~65°S.
The response that is most consistently simulated by the
models is thus not necessarily that which makes the great-
est contribution to the salinity budget, with rather the uni-
formity of the response creating a median field which
closely resembles that of any given model.

[48] The salinity budget south of 60°S appears to be
dominated by the contribution due to entrainment. As dis-
cussed previously in section 3.2.5, the strong correlations
between the Oh,, /0t and OS(sea ice)/Ot anomaly time se-
ries suggest this to be driven predominantly by convection
associated with the sea ice formation cycle, with forcing
due to changes in wind stress playing a much smaller role.
Sea ice processes provide a further significant contribution,
particularly in the near-continent region (south of ~65°S),
with advective terms also contributing significantly,
becoming the dominant driver of the mixed layer salinity
tendency north of ~65°S. Whilst the entrainment term is
implied to dominate the long-term mixed layer salinity
response, these changes in entrainment rate cannot occur in
isolation: an initial driver is required. This suggests a cru-
cial role of the smaller magnitude terms in initiating these
changes in entrainment. It is thus plausible that enhanced
sea ice melt or changes in the evaporation-precipitation bal-
ance drive an initial freshening of the mixed layer, leading
to an increase in stratification and shoaling of the mixed
layer. The associated reduction in Oh,/0t, suggested by
our analysis to be the dominant control on entrainment in
most of the models, would decrease the amount of heat
made available to the mixed layer from below the thermo-
cline, in turn promoting further sea ice growth, as discussed
previously by Zhang [2007]. In the absence of external

Salinity and Heat Budgets
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forcing, the brine rejection associated with this increased
sea ice formation rate would promote an increase in
entrainment rate, counteracting the above cycle of events.
However, persistent changes in the E-P balance may act
here to maintain the increased stratification, or, equally,
increased atmospheric heating may increase the buoyancy
of the mixed layer either through heating or through melt-
ing sea ice, supplying additional freshwater to the upper
ocean. In the presence of external forcing, it is hence possi-
ble that an initial forcing of comparatively small magnitude
may be amplified by changes in entrainment rate.

[49] The absolute magnitude analysis suggests that the
high-latitude mixed layer heat budget experiences the
greatest contribution from the advective, atmospheric forc-
ing and entrainment terms. Of these terms, entrainment
provides the most spatially coherent cooling contribution,
whilst atmospheric forcing provides the only spatially
coherent heating contribution of any of the terms in the
heat budget. Visually, the model median mixed layer heat
content trend bears perhaps the greatest resemblance to the
entrainment response. An analysis of the proportion of var-
iance explained by the various terms contributing to the
heat budget confirms this: entrainment and atmospheric
heating terms in combination describe the greatest propor-
tion of the heat content change observed in the mixed layer,
explaining 37% and 20% of the observed spatial pattern of
variance in the median field over the full study region
respectively when considered independently, and 45%
when considered in combination. In contrast, advection
explains only 5% of the observed variance, whilst the
remaining terms explain less than 1% of the variance. None
of these remaining terms act to increase the proportion of
variance explained if combined with the entrainment and
atmospheric terms. This analysis thus hints at a primary
large-scale balance between an entrainment-driven cooling,
linked to a reduced supply of upwelled oceanic heat, and
atmospheric warming in determining the mixed layer heat
content. The poor spatial correlation notwithstanding, the
magnitude of the advective term suggests that this may
contribute significantly at local scales; however, the inco-
herent spatial distribution implies that this term does not
set the large-scale mixed layer response.

[s0] The dominance of the sea ice and entrainment con-
tributions noted above appears to be corroborated by the
mixed layer salinity and temperature change portrayed in
Figures 3a and 3b: as the mixed layer freshens, the density
gradient across the base of the mixed layer increases, lead-
ing to a decrease in the entrainment rate as convection
weakens, and thus a reduction in the volume of saltier
water entrained from below. As the mixed layer decouples,
the enhanced upper ocean stratification acts to suppress
convective overturning, thus leading to a decrease in upw-
elled ocean heat flux. The significant role of entrainment
implied by the heat budget analysis provides further sup-
port for this picture, suggesting that the reduction in
entrainment at high latitudes (south of ~67°S, see Figure
8) may be important in limiting the temperature increase of
the mixed layer, compared to the warming evident in the
extrapolar region.

[51] The enhancement of upper ocean stratification, sup-
pression of convective overturning and associated decrease
in upwelled oceanic heat flux has previously been sug-
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Figure 9. 50 year change in (a) potential temperature, (b)

salinity, and (c) neutral density calculated from the trend
on isobathic surfaces in the ocean interior over the period
2006-2100. White shading indicates areas where >75% of
models agree on the sign of the trend.

gested by Zhang [2007], amongst others, as a potential
mechanism by which the rate of sea ice melt might be lim-
ited, thus providing a potential explanation for the increases
in Antarctic sea ice coverage reported in recent decades. In
the following section, we thus present an exploratory analy-
sis of the links between the sea ice coverage simulated by
the models and their representations of entrainment.

4.2. Links to Sea Ice Variability

[52] The structure of changes occurring in the ocean inte-
rior are consistent with the above notion that the sea ice
coverage is modulated by a balance between downwelled
heat supplied by the atmosphere and upwelled oceanic
heat. The model ensemble mean of the zonal means of
potential temperature, salinity and density are shown in
Figure 9. The strongest high-latitude freshening signal
occurs in the top 500 m of the water column to the south of
~70°S. The magnitude is greatest at the highest latitudes
(equivalent to ~0.11 over 50 years), and decreases as the
anomaly is advected northward and subducted into the inte-
rior (~0.02 upon subduction at 50°S), consistent with a sig-
nificant influence of reduced brine rejection and weakened
entrainment in driving the high-latitude freshening signal,
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which is then advected northward across the Antarctic Cir-
cumpolar Current. Below this area of freshening, an under-
lying area of (less intense) salinification is evident to the
south of ~55°S, extending over most of the water column
from below the area of freshening to a depth of ~4500 m.
This salinification occurs concomitantly with an increase in
temperature of ~0.2°C, and has little associated signature
in density, suggesting that this increase is not forced by sur-
face processes, but rather linked to dynamical changes.

[53] Increases in heat storage at depth may be induced
by a number of processes (e.g., adiabatic movement of
water masses). Similarly, sea ice coverage may be influ-
enced by a variety of mechanisms, including, for example,
atmospheric heating, changes in wind stress, and changes
in heat supply from the ocean. Within the scope of this
study, it has not been possible to analyze fully either the
causes of the increased heat storage at depth noted in the
models here, or all of the factors that may influence sea ice
variability, and we thus stress the limitation that the follow-
ing analysis does not consider the full range of mechanisms
that may drive either sea ice or deep ocean heat storage var-
iability. Nonetheless, the mixed layer heat budget analysis
above suggests that, in the majority of models considered
here, convection-driven entrainment is the primary control
on the supply of upwelled oceanic heat to the mixed layer,
and thus it is plausible that this mechanism may also be of
importance in influencing both sea ice coverage and the
heat stored at depth. Increased heat storage at depth associ-
ated with a weakening of convection has been noted in a
number of previous studies [Manabe et al., 1991 ; Gregory,
2000; Huang et al., 2003; Bitz et al., 2006], and both the
strong dependence of entrainment on convective processes
noted above and the meridional limitation of the deep
warming tendency to the ice-covered area further support
the suggestion of Bitz et al. [2006] that the weakening of
convection in this region is related to sea ice processes.

[54] The relative dependence of ice thickness on heat
storage at depth and on surface air temperature is assessed
by performing a multiple-linear regression (of the form
A(ice)=a + bA(heat storage)+cA(atmospheric tempera-
ture), where a,b, and ¢ are constants) for each of the mod-
els. Heat storage at depth is quantified by evaluating the
mean potential temperature anomaly (relative to the full-
period monthly means) over the depth range 500-1000 m.
(Anomalies relative to the full-period monthly means are
similarly employed for both surface air temperature and ice
thickness. Whilst a similar relationship holds for sea ice
extent to that found for ice thickness, ice thickness is
preferred here as a diagnostic because it provides a truer
representation of the heat capacity of the ice.) The full 100
year period is split into 20 subperiods of 5 year length, and
for each time period the relationship between reconstructed
ice thickness anomaly, mean potential temperature anom-
aly at depth and surface air temperature anomaly is quanti-
fied. By splitting the full period into shorter time intervals,
a greater number of sample points are created, thus permit-
ting an evaluation over varying conditions and providing a
more representative overview of the relationships between
the variables. The variance inflation factor for the three var-
iables considered here is low, suggesting that multicolli-
nearity is negligible and does not bias the analysis. The
following results present the zonal mean at 65°S; however,
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the relationships hold over the ice-covered region. With the
exception of the dependence of ice thickness on surface air
temperature in GFDL-ESM2G, all of the regressions pre-
sented below are significant at the 95% level.

[55] The dependence of ice thickness on surface air tem-
perature (Figure 10a) demonstrates that ice thickness
decreases as the surface air temperature warms. The strength
of the relationship is strongly model dependent, with the ice
loss in response to 1°C of warming varying between ~18
cm (NorESMI-M) and ~1 cm (IPSL-CMS5A-LR/Can-
ESM2). The relationship between ice thickness and heat
storage at depth, represented here by change in potential
temperature over a fixed volume, is shown in Figure 10b.
With the exception of CSIRO-Mk3-6-0, increases in heat
storage at depth occur in conjunction with increasing ice
thickness. This relationship is consistent with the key role of
entrainment surmised from the estimates of contributions to
the salinity and heat budgets above: a weakening of entrain-
ment is associated with increased stratification, decreased
convection and thus a decrease in upwelled oceanic heat
(and, by inference, increased heat storage at depth). This
decrease in upwelled heat thus promotes cooling of the
mixed layer, resulting in conditions that are more favorable
for ice growth. As for the surface air temperature / ice thick-
ness relationship, however, the relative importance of this
process varies dramatically from model to model. CSIRO-
Mk3-6-0 does not demonstrate the relationship at all, show-
ing rather a decrease in ice thickness with increased temper-
ature at depth corresponding to the strong increase in
temperature evident throughout the top 1000 m of the water
column in the zonal mean at this latitude. NorESM1-M and
IPSL-CMS5A-LR exhibit a strong dependency on heat stor-
age at depth, showing an equivalent change of ~10 cm of
ice thickness per 1°C of temperature change at depth, whilst
for MPI-ESM-LR and CanESM2, the relationship is almost
negligible. The dependency of this relationship on entrain-
ment processes is depicted in Figure 10c, which suggests
that the models with the strongest relationship between heat
storage at depth and change in ice thickness are also the
ones with the largest change in entrainment (as for the initial
mixed layer analysis, MPI-ESM-LR is excluded due to the
unrealistic entrainment velocities associated with the full-
column convection evident in this model). Whilst the small
sample size and large discrepancies amongst the models
make it impossible to quantify a robust dependency between
ice thickness, heat storage at depth and entrainment rate, this
exploratory analysis hints that the representation of entrain-
ment may be important in determining the relationship
between heat storage at depth and ice thickness.

[s6] The Southern Ocean has been shown to have fresh-
ened over recent decades, both regionally and at larger
scales [e.g., Jacobs and Giulivi, 2010; Durack and Wijffels,
2010]. Concurrently, Antarctic sea ice extent has been
observed to increase slightly over the satellite era [e.g.,
Zwally et al., 2002 ; Comiso and Nishio, 2008]. This recent
change is consistent with the mechanisms hypothesized to
exert significant control over sea ice variability, on the con-
dition that the heat supplied by the atmosphere in recent
decades has been less than that simulated in the model
experiments analyzed here (or that there has been a greater
suppression of upwelled oceanic heat). This condition is
necessary because the majority of the models studied in
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Figure 10. Change in reconstructed zonal-mean sea ice
thickness at 65°S derived from multiple-linear regression
between sea ice thickness and (a) surface air temperature
and (b) mean potential temperature over the depth range
500-1000 m. Colored dots show pentannual averages (see
text). (c) Dependence of the strength of the relationship
between potential temperature at depth and ice thickness on
entrainment. The gray line shows the linear regression of
change in entrainment rate on the gradient of the ice thick-
ness / potential temperature regression.
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this analysis exhibit strong decreases in sea ice coverage in
response to the RCP4.5 forcing scenario, contrasting with
the slight increases in sea ice coverage observed since the
start of the satellite era. The relatively strong increases in
atmospheric heat flux simulated by the models suggest that
this condition is plausible. (Further, as noted above, the cli-
mate system is complex, and it is likely that mechanisms
additional to those considered here are also important in
driving both sea ice and oceanic change. Additional cli-
matic forcing mechanisms, such as changes in wind stress,
may hence also play a significant role in driving the sea ice
loss simulated by the models.) Accurate quantification of
both air-sea heat fluxes and recent changes in ocean heat
storage and stratification in the high-latitude Southern
Ocean will be critical to assessing the importance of
entrainment in driving recent observed change.

5. Conclusions

[57] The CMIP5 models analyzed in this work demon-
strate a robust and widespread freshening tendency in the
RCP4.5 scenario, with an associated decoupling of the
mixed layer, which gains buoyancy at a faster rate than the
underlying ocean due to the decreasing salinity. In the ice-
covered area, there is little change in temperature evident
in the upper ocean. However, outside this area the mixed
layer temperature increases substantially. With the excep-
tion of one model (GFDL-ESM2G), all models simulate an
overall decrease in sea ice volume over the 100 year run.

[58] Our evaluation of the terms of the salinity budget and
their correlation with mixed layer salinity suggests that the
dominant contributions to the simulated freshening are sup-
plied by entrainment and the meltwater input/brine rejection
associated with sea ice formation. The vertical distribution
of salinity change supports this hypothesis, with the freshen-
ing signal being strongest adjacent to the continent and
weakening as the anomaly is advected northward and sub-
ducted into the ocean interior. However, considering the
interdependent nature of the various mechanisms that affect
the salinity budget, a potentially crucial role must also be
played by atmospheric warming, freshwater input from sea
ice melt and/or the evaporation-precipitation balance in ini-
tiating the decreases in entrainment rate that are inferred to
amplify the (comparatively weaker) initial forcing.

[59] The heat budget analysis presented here suggests
that, at large spatial scales, the mixed layer heat content is
determined by a balance between the heat supplied by the
atmosphere and the entrainment-modulated supply of heat
by the ocean underlying the mixed layer. We have pro-
posed in this work that this balance may also be a primary
factor in determining sea ice coverage, and that the dispar-
ity amongst model representations of the relative impor-
tance of these two supplies of heat (and, essentially, the
strength of entrainment) may be a key factor in determining
the models’ differing sea ice distributions. It is not clear at
present what the relative strengths of these relationships
should be in reality; however, this may be a key issue to
resolve. Finally, these results suggest that ocean stratifica-
tion is a key factor in determining mixed layer heat content,
and improved quantification of the magnitude of air-sea
heat fluxes and interannual to interdecadal-scale changes in
ocean stratification, particularly in the seasonally ice-
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covered region, would thus be of great value in understand-
ing recent variability both in the oceanic mixed layer and
also in Southern Ocean sea ice coverage.
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