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ABSTRACT

Estimates of sea ice extent based on satellite observations show an increasing Antarctic sea ice cover from
1979 to 2004 even though in situ observations show a prevailing warming trend in both the atmosphere and
the ocean. This riddle is explored here using a global multicategory thickness and enthalpy distribution sea
ice model coupled to an ocean model. Forced by the NCEP-NCAR reanalysis data, the model simulates an
increase of 0.20 X 102 m? yr~! (1.0% yr~') in total Antarctic sea ice volume and 0.084 X 102 m? yr~! (0.6%
yr~ ') in sea ice extent from 1979 to 2004 when the satellite observations show an increase of 0.027 X 10'?
m? yr~! (0.2% yr~!) in sea ice extent during the same period. The model shows that an increase in surface
air temperature and downward longwave radiation results in an increase in the upper-ocean temperature
and a decrease in sea ice growth, leading to a decrease in salt rejection from ice, in the upper-ocean salinity,
and in the upper-ocean density. The reduced salt rejection and upper-ocean density and the enhanced
thermohaline stratification tend to suppress convective overturning, leading to a decrease in the upward
ocean heat transport and the ocean heat flux available to melt sea ice. The ice melting from ocean heat flux
decreases faster than the ice growth does in the weakly stratified Southern Ocean, leading to an increase in
the net ice production and hence an increase in ice mass. This mechanism is the main reason why the
Antarctic sea ice has increased in spite of warming conditions both above and below during the period

1979-2004 and the extended period 1948-2004.

1. Introduction

Significant climate changes observed in the Antarctic
include the increase in surface air temperature (SAT).
SAT over the Antarctic as a whole has increased by
0.5°C in the last 50 yr (Jacka and Budd 1998), which
appears to be part of a global SAT warming trend in
recent years (e.g., Alley et al. 2003). This increase is
reflected in the spatial distribution of the linear SAT
trends over 1979-2004 for the ice-covered areas of the
Southern Ocean (Fig. 1), based on the National Centers
for Environmental Prediction—National Center for At-
mospheric Research (NCEP-NCAR) reanalysis data
(Kalnay et al. 1996). Except for some areas of the At-
lantic and Indian sectors where SAT has decreased, a
significant increase in SAT has occurred in most of the
Southern Ocean according to the reanalysis data. Since
1979 the increase in SAT is 0.027°C yr~! over the ice-
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covered areas of the Southern Ocean (Fig. 2a; Table 1).
In conjunction with an increase in SAT is an increase in
the NCEP-NCAR reanalysis surface downward long-
wave radiation (SDLR) and precipitation (Figs. 2b,c;
Table 1).

Moreover, since the 1950s the Southern Ocean has
been warming faster than other oceans in the world
(Gille 2002); the average global ocean temperature in
the upper 1000 m has increased by 0.1°C between 1955
and 1995 (Levitus et al. 2000), whereas the middepth
Southern Ocean temperatures have increased by
0.17°C. Although satellite observations over 1982-98
show a cooling over parts of the Antarctic continent, a
general warming occurred in the surface temperature of
the peripheral seas (Kwok and Comiso 2002). The lat-
est aircraft and satellite laser-altimeter observations in-
dicate an increased thinning of glaciers and accelerated
rise of sea level from western Antarctica (Thomas et al.
2004). All these observations point to a general warm-
ing trend in the Southern Ocean, as in the other oceans
of the world (Levitus et al. 2000, 2005).

Contrary to this warming trend, satellite passive mi-
crowave images display a significant increase in Ant-
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FiG. 1. Linear trend (1979-2004) of the NCEP-NCAR reanalysis surface air temperature over the
ice-covered areas of the Southern Ocean defined as the 1979-2004 mean satellite-observed sea ice

extent.

arctic sea ice concentration and extent since 1979 when
quality space-based observations are available (Cava-
lieri and Parkinson 2003; Liu et al. 2004). The increase
in the observed sea ice extent is 0.027 X 10> m? yr™!
(0.22% yr~') during 1979-2004 (Fig. 2d; Table 1), based
on the Hadley Centre global sea ice concentration data
(HADISST; Rayner et al. 2003). This positive trend
exceeds the 95% confidence level when tested by as-
suming that the regression residuals are statistically in-
dependent, but falls short of this confidence level when
tested by accounting for temporal autocorrelation of
the residuals (e.g., Wilks 1995; Santer et al. 2000).
Whether the trend is at the 95% confidence level by no
means diminishes the significance that the Antarctic sea
ice has increased in an environment of prevailing warm-
ing during 1979-2004.

The variability and change of Antarctic sea ice are
closely linked to the Southern Hemisphere Annular
Mode (SAM; Thompson and Wallace 2000) and the
well known El Nifo-Southern Oscillation (ENSO).
The ENSO describes an irregular cycle of warming and

cooling of sea surface temperatures in the tropical Pa-
cific Ocean, which has significant teleconnections with
the Southern Ocean (e.g., Yuan and Martinson 2000).
The SAM describes changes in the atmospheric circu-
lation in the southern high latitudes. Positive polarities
of the SAM generally lead to more ice in the eastern
Ross—Amundsen sector and less ice in the Bellings-
hausen—northern Weddell sector, while the effect of the
ENSO is the opposite (Liu et al. 2004). Over
1979—-2002 the SAM index and the difference between
the SAM and ENSO indices have shifted toward a
more positive phase (Kwok and Comiso 2002), which
seems to cause sea ice to increase in one sector and to
decrease in another. However, they cannot explain the
recent increase of sea ice in the Antarctic as a whole
(Liu et al. 2004). On the other hand, an increase in
precipitation may cause an increase in snow—ice forma-
tion because of an increase in snow depth, which may
cause an increase in ice volume (Powell et al. 2005).
Here the positive sea ice trend in a warming Southern
Ocean is addressed using the coupled global Parallel
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FIG. 2. Annual mean NCEP-NCAR reanalysis (a) SAT, (b)
SDLR, and (c) P averaged over the ice-covered areas of the
Southern Ocean, and (d) annual mean satellite-observed ice ex-
tent. Straight lines are trend lines.

1984 2004

Ocean and sea Ice Model (POIM; Zhang and Rothrock
2003) forced by the NCEP-NCAR reanalysis surface
data.

2. Model description

The global POIM couples the Parallel Ocean Pro-
gram (POP) developed at the Los Alamos National
Laboratory (e.g., Smith et al. 1992) with a multicat-
egory thickness and enthalpy distribution (TED) sea
ice model (Zhang and Rothrock 2001; Hibler 1980).
More model details can be found in Zhang and Roth-
rock (2003). For the purpose of analyzing model results,
we give the conservation equation for ice thickness dis-
tribution (Hibler 1980):

98 a(fg)

5= Vg s gt Fy, (1)
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where g is the thickness distribution of sea ice (a nor-
malized probability density function), u is the ice ve-
locity, 4 is a coordinate variable describing the thick-
ness of certain ice categories, fis the vertical ice growth
rate due to the net surface heat flux, s is the redistri-
bution function due to ridging, and F; is the source
term for ice melting from the ocean heat flux. The
ocean heat flux used to melt ice F; consists of the up-
ward ocean heat transport provided to the surface
ocean layer by the deeper layers F;  and the portion of
the surface heat flux that enters the surface ocean layer
through leads and through the penetration of solar ra-
diation through the ice Fjg (hereafter referred to as
surface heat deposit). The heat absorbed in the surface
ocean layer, F; = F; 5 + F; 4 does not factor in deter-
mining f but is allocated to melting ice (Hibler 1980).
The first term on the right-hand side of (1) describes
the change in thickness distribution due to ice advec-
tion; the second term on the right-hand side of (1) de-
scribes the change in thickness distribution due to ice
growth (ice melt when f < 0) determined by the net
surface heat flux. Overall, (1) states that a change in ice
thickness distribution is due to a combination of ice
advection, ice growth, ridging, and ocean heat flux—
induced melting.

The conservation equation for the mean ice thickness
or ice volume per unit area H can be derived from (1)
such that

AH=H,+H,-H,, 2)

where H = [{ ghdh, AH is the change in ice thickness,
H, = —V - (uH) (Ar) describes the change due to local
ice advection, H, = [ fgdh(At) the change due to local
ice growth, and H,, = —[{ F,;hdh(At) the change due to
local ice melting from the ocean heat flux. Because
ridging only transfers ice from one category to another,
it does not contribute to the change in mean ice thick-
ness. The ocean heat flux—-induced melting H,, consists
of two parts, H,,, and H,,, corresponding to Fj o and
Fp 5. If we integrate (2) over a sufficiently large area
that includes all the possible ice-covered areas of the
Southern Ocean, we obtain the conservation equation
for the total volume V of Antarctic sea ice such that

AV =G - M, (3)

where AV is the change in total ice volume, G is the
total ice growth due to the net surface heat flux, and M
is the total melting from ocean heat flux. The local ice
advection term H, in (2) does not contribute to the
change in total ice volume in (3). Again, the total melt-
ing from ocean heat flux M consists of two parts:

M=M,+ M, 4)
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TABLE 1. 1979-2004 mean and linear trend for some variables of reanalysis data, satellite observations, and model simulation results
with (without) interannual variability of precipitation (the case with snow—ice formation is not included). The SAT, SDLR and SDSR,
P, snow depth, and ocean temperature, salinity, and density are averaged over the ice-covered areas defined as the 1979-2004 mean
satellite-observed sea ice extent. Bold numbers exceed the 95% confidence level when tested in a way that accounts for temporal

autocorrelation.

Mean Trend Trend/ jmean| X 100% Unit of trend
Reanalysis SAT —12.30 0.027 0.22 °Cyr!
Reanalysis SDLR 222.8 0.069 0.03 Wm 2 yr!
Reanalysis SDSR 126.6 —0.047 0.04 Wm 2 yr!
Reanalysis P 0.65 0.003 0.46 myr !
Satellite-observed ice extent 12.46 0.027 0.22 10" m? yr !
Simulated ice extent 13.83 (13.88) 0.084 (0.043) 0.61 (0.31) 102 m? yr !
Simulated total ice volume 20.25 (20.30) 0.201 (0.130) 1.0 (0.6) 10" m? yr!
Simulated total ice growth 809.60 (808.14)  —2.383 (—1.460) ~029 (—0.18) 10 m? yr—2
Simulated total melting from ocean heat flux ~ 809.39 (808.10)  —2.397 (—1.468) —0.30 (—0.18) 10" m? yr 2
Simulated total net ice production 0.069 (0.046) 0.014 (0.008) 20.4 (17.6) 10" m? yr 2
Simulated snow depth 0.43 (0.42) 0.010 (0.006) 23 (1.4) myr!
Simulated total upward ocean heat transport  307.53 (306.12) —1.223 (—0.390) —0.40 (—0.13) 10" m? yr—2
Simulated total surface heat deposit 501.86 (501.98)  —1.174 (—1.077) —0.23 (-0.21) 10" m? yr 2
Simulated ocean salinity in upper 200 m 34.525 (34.524) —0.003 (0.001) —0.009 (0.003) psu decade ™!
Simulated ocean temperature in upper 200 m  —0.999 (—0.978) 0.007 (0.006) 0.70 (0.61) °Cyr !

Simulated ocean density in upper 200 m 27.765 (27.763)

1

~0.005 (—0.002) —0.018 (—0.007) kg m 3 decade ™

where M, is the amount of ice melted by the total up-
ward ocean heat transport and M, by the total surface
heat deposit.

Accompanying the TED sea ice model is a model of
snow thickness distribution g,, corresponding to the ice
thickness distribution g. The snow conservation equa-
tion and the treatment of the snow thickness distribu-
tion are given by Flato and Hibler (1995, see their ap-
pendix).

The global POIM grid configuration is similar to that
used by Zhang and Rothrock (2003). It is based on a
generalized orthogonal curvilinear coordinate system.
In the Northern Hemisphere the model grid is a gradu-
ally stretched curvilinear coordinate grid with the
northern grid pole displaced into Greenland. In the
Southern Hemisphere the model grid is a regular
spherical coordinate grid. The horizontal dimension is
360 X 276 with a resolution of (0.65°) (angle brackets
denote the average resolution of surface ocean points).

The model is driven by daily varying NCEP-NCAR
reanalysis forcing fields, including 10-m winds, SAT,
specific humidity, surface downward shortwave radia-
tion (SDSR), SDLR, precipitation (P), and evaporation
(E). Changes in SAT, SDLR, and P over 1979-2004 are
shown in Figs. 1 and 2 and Table 1. Also shown in Table
1 is the negative trend in the reanalysis SDSR, which
reflects the effect of a warming atmosphere that in-
creases evaporation and condensation and therefore
cloudiness. The annual mean and trend of the SDSR
are smaller in magnitude than the SDLR (Table 1).
There are many uncertainties associated with the re-

analysis forcing, but the forcing represents an atmo-
spheric warming scenario, which, when used to drive
the model, leads to a simulation of an increased Ant-
arctic sea ice cover. Therefore, the forcing is ideal for
this study.

Model spinup consists of an integration of 30 yr using
1948 forcing fields repeatedly. The spinup allows the
model to approach an approximate steady state such
that the differences between the mean ocean tempera-
tures and salinities, averaged over the upper 200 m of
the Southern Ocean, of the last two spinup years are
0.007°C and 0.0004 psu. After this spinup the model
proceeds to simulate the period 1948-2004. The stan-
dard simulation does not include model parameteriza-
tion of snow-ice formation due to seawater flooding
and freezing at the snow—ice interface. To examine the
effect of snow—-ice formation, a sensitivity run is con-
ducted in which snow-ice formation is parameterized
following Powell et al. (2005). To isolate the effect of
increasing P on an increasing Antarctic sea ice cover, a
second sensitivity run is also conducted, which is a
model integration using the same reanalysis forcing ex-
cept that the P and E are from daily climatology. The
daily climatology is created by averaging P and E over
1979-2004 so that there is no interannual variability. To
test the model’s sensitivity to initial conditions, a third
sensitivity run is conducted using different initial sea ice
and ocean conditions. Results from the third sensitivity
run are not shown here, but they indicate that the
model using different initial conditions converges to es-
sentially the same solution for sea ice and the upper
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ocean after about 10 yr of spinup. Results from the simulated long-term mean spatial pattern is that ice
standard simulation and the first two sensitivity runs thickness is generally below 1.5 m in most regions of the
are presented here. To distinguish the different model =~ Southern Ocean, which is consistent with observations
integrations, the standard simulation is referred to as (Wadhams et al. 1987; Jeffries et al. 2001). Thicker ice
the case with “interannually varying P without snow— (>2 m) mainly concentrates in the western Weddell Sea
ice formation,” the first sensitivity run “interannually and in part of the Pacific sector. Compared with sub-
varying P with snow-ice formation,” and the second marine observations of arctic ice draft (Rothrock et al.
sensitivity run “climatological P without snow—ice for-  1999), Antarctic sea ice is significantly thinner than its
mation.” The presented results are mainly from the arctic counterpart. The thinner Antarctic ice cover may
standard simulation, unless stated otherwise. be due to a less stratified Southern Ocean; considerably

more ocean heat flux is generated than in the Arctic

3. Model results and observations

Ocean (McPhee et al. 1999; Maykut and McPhee 1995).

The simulated ice thickness (H) increases from 1979

a. Increasing sea ice volume

to 2004 in most of the ice-covered areas in the Southern

The simulated ice thickness (H) and the satellite- Ocean (defined hereafter as the 1979-2004 mean satel-
observed ice extent (HADISST) are shown in Fig. 3. lite-observed sea ice extent shown in Fig. 3). This is also
The model reasonably captures the observed ice extent, illustrated in the spatial distributions of the simulated
except that it underestimates (overestimates) ice extent ice concentration trends during that period (Figs. 4a,b).
in the Atlantic sector (part of the Indian sector). The The linear trend (a least squares fit) of the observed ice
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FIG. 4. Linear trends (1979-2004) of (a), (b) model-simulated
mean annual ice concentration and (c) satellite-observed mean
annual ice concentration.

concentration also shows an increase in sea ice in most
of the ice-covered areas (Fig. 4c). Compared with the
observations, the model overestimates the areas of in-
creasing sea ice in the Atlantic and Pacific sectors, but
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it performs better in the Indian sector. The model
agrees with observations in showing an increased ice
cover in most of the Ross Sea (Parkinson 2002). How-
ever, off part of the Ross Sea coast the model simulates
decreasing sea ice in disagreement with the observa-
tions, which is certainly due to the uncertainties in the
model and the forcing. Off Adelaide Island and part of
the Weddell Sea coast the model simulates decreasing
sea ice in agreement with the observations.

Table 1 shows that the simulated total volume (V') of
Antarctic sea ice has a positive trend of 0.20 X 10'* m®
yr— ! over 1979 to 2004. The total ice volume increases
particularly faster from 1982 to 1987 and actually de-
creases from 1994 to 2000 (Fig. 5a). This emphasizes the
dependence of the trend on the time period for which
the trend is calculated when there is long-term variabil-
ity. Compared to the satellite observations, the model
overestimates the mean and variability of ice extent
(Fig. 5b; Table 1). Like the positive trend of the ob-
served sea ice extent, the positive trend of the simulated
total sea ice volume and ice extent over the whole pe-
riod of 1979-2004 is above the 95% confidence level
with a more liberal testing method, but is below the
95% confidence level with a more stringent testing
method that accounts for the effect of autocorrelation
(e.g., Wilks 1995; Santer et al. 2000). The significance
tests of those trends listed in Table 1 are all based on
the more stringent test method. Using climatological P
does not significantly change the ice volume or extent.
As expected, the model creates more ice by allowing
snow—ice formation. However, since the reanalysis P is
much larger than satellite observations in the Antarctic
(Powell et al. 2005), the magnitude of the simulated
total ice volume or ice extent (or other quantities
shown later) should fall in between those with and with-
out snow—ice formation if less biased P is used.

b. Decreasing ice growth and melt

As described by (2), the change in ice thickness (H)
is due to local ice advection (H,), ice growth (H,), and
ice melting from ocean heat flux (H,,). The simulated
local ice growth is mostly positive in the Southern
Ocean except in a small area in the Indian sector (Fig.
6a); the simulated ice melting from ocean heat flux is
positive everywhere, as expected (Fig. 6b). Their dif-
ference, the net ice production (H, — H,,), is negative
in most of the ice-covered areas except along the coast
of Antarctica and in part of the Weddell and Ross Seas
where ice production can be rather high (Fig. 6¢). In
other words, the coastline areas of Antarctica are a
major “factory” of sea ice, according to the model. The
reason is that the ice—ocean dynamics of the model tend
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FI1G. 5. Simulated (a) total volume of sea ice, (b) total ice extent, (c) total ice growth, (d)
total ice melting from ocean heat flux, and (e) total net ice production for the Southern Ocean.

to move ice to the open ocean from the coast and part
of the Weddell and Ross Seas, owing to the advection
processes (Fig. 6d), thus providing ice to the open
ocean for widespread melting and at the same time

creating opening along the coast and part of the Wed-
dell and Ross Seas where vigorous growth is possible.
Ice—ocean dynamical processes are important in shap-
ing the spatial distribution and therefore general be-
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FIG. 6. Simulated 1979-2004 (a) mean ice growth, (b) ice melting from the ocean heat flux, (c) net ice production, and (d) ice
advection over the ice-covered areas of the Southern Ocean.

havior of ice advection, growth, and melting. But be-
cause ice advection (H,) makes no direct contribution
to the change in the total Antarctic sea ice volume (V')
in (3), the important role of ice advection is “behind the
scenes.” According to (3), the total ice volume is con-
trolled by the total ice growth (G) and the total ice
melting from the ocean heat flux (M).

The simulated total ice growth (G) decreases from
1979 to 2004 for all three cases (Fig. Sc). This is also
reflected in the linear trends of local ice growth H,,
which are mostly negative in the ice-covered areas (Fig.
7a). The downward trend of total ice growth is due to
the increase in SAT and SDLR as well as in the ice
mass (Figs. 2a and 5a). The simulated total ice growth is
reasonably correlated, negatively, with SAT (R =

—0.47; Table 2). For example, the total ice growth
reaches the maximum in 1982 when SAT drops to the
minimum. The total ice growth is even more strongly
correlated, negatively, with the total ice volume (R =
—0.73; Table 2). This is because the vertical ice growth
rates (f) decrease rapidly for ice with thickness less
than 1 m (Maykut 1986) and the simulated ice thickness
in the Southern Ocean is mostly less than 1.5 m (Fig. 3),
which explains the strong negative correlation between
the total ice growth and the total ice volume.

The simulated total ice melting from ocean heat flux
(M) decreases in the same manner as the total ice
growth (Figs. 5c,d). This is also reflected in the similar
spatial patterns of the linear trends of H, and H,,, (Figs.
7a,b). The total ice melting from ocean heat flux and
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FI1G. 7. Linear trends (1979-2004) of (a) simulated ice growth, (b)
ice melting from the ocean heat flux, and (c) net ice production.

the total ice growth are almost perfectly correlated
(R = 0.99; Table 2). However, because H,, often de-
creases more rapidly than H,, the local net ice produc-
tion H, — H,, has a positive trend in most ice-covered
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areas (Fig. 7¢), leading to an increase of 0.014 X 10'* m?
yr~2 in the total net ice production (Table 1; Fig. 5e).
The increase in modeled Antarctic sea ice is due to total
ice melting from the ocean heat flux decreasing more
rapidly than the total ice growth, resulting in a net in-
crease in ice production and mean ice thickness during
1979-2004. This appears to be true in all three cases
considered, whether P climatology or the parameter-
ization of snow—ice formation is used in the model.

c¢. Increasing ocean stratification and decreasing
upward ocean heat transport

The decrease in the total ice melting from ocean heat
flux from 1979 to 2004 is due to the decrease in either
the total upward ocean heat transport M, or the total
surface heat deposit M, (Figs. 8a,b; Table 1). The de-
crease in the total surface heat deposit is related to the
increase in ice thickness and compactness that tends to
reduce the penetration of surface heat flux through
leads and bare ice. The local surface heat deposit H
increases (Fig. 9b) mainly in the areas where ice con-
centration decreases (Figs. 4a,b). The spatial pattern of
the H,,, linear trends (Fig. 9a) is close to that of H,,.
(Fig. 7b). This is why the total upward ocean heat trans-
port and the total ocean heat flux are closely correlated
(R = 0.83; Table 2), with significant downward trend
during 1979-2004 (Table 1). This downward trend is
greater than that of the total surface heat deposit, which
indicates that the decreasing upward ocean heat trans-
port may play a more prominent role in increasing the
Antarctic sea ice.

The upward ocean heat transport is generated by
oceanic advection, diffusion, and convective overturn-
ing. In an ice-covered area in the Arctic, convective
overturning is the major contributor to the upward
ocean heat transport (Zhang 1993). In the Southern
Ocean, convection occurs along the continental shelves
of Antarctica as well as in the open ocean owing to ice
formation and associated salt rejection (Martinson et
al. 1981; Baines and Condie 1998). Bitz et al. (2006)
have demonstrated the strong influence of sea ice on
convection and the upward ocean heat transport
through freshwater transport, which makes the surface
waters more stable in a greenhouse warming scenario.
Because the Southern Ocean is generally less stratified
than the Arctic Ocean (Deacon 1977), convective over-
turning is likely to play a more prominent role in de-
termining the magnitude of the upward ocean heat
transport. That is, the upward heat transport, or equiva-
lently the amount of ice melted by it (M,), is a proxy of
the ocean’s water column stability. The simulated mean
ocean density (o) in the upper 200-m ocean layer de-
creases slightly during 1979-2004 (Fig. 8c), indicating a
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TABLE 2. Correlations (R) among simulated annual mean total ice volume, ice growth, ice melting from ocean heat flux, upward
ocean heat transport, surface heat deposit, and ocean temperature and density (o) in the upper 200 m of the ocean, and annual mean
reanalysis SAT and SDLR. The SAT, SDLR, and the ocean temperature and density are averaged over the ice-covered areas defined

as the 1979-2004 mean satellite-observed sea ice extent.

Ice melting Upward  Surface Ocean Ocean
Ice Ice from ocean ocean heat  heat  temperature in  density in
SDLR volume growth  heat flux transport  deposit  upper 200 m  upper 200 m

SAT 0.90 0.22 —0.47 —0.49 —0.49 —0.09 0.39 —0.44
SDLR 0.25 —0.44 —0.46 -0.51 0.02 0.22 —0.40
Ice volume -0.73 -0.73 -0.76 —0.07 0.39 —0.60
Ice growth 0.99 0.82 0.45 -0.57 0.59
Ice melting from ocean heat flux 0.83 0.43 —0.57 0.59
Upward ocean heat transport —0.14 —0.31 0.68
Surface heat deposit —0.51 —0.06
Ocean temperature, upper 200 m —0.57

strengthening of ocean stratification. This is because
the model creates a decrease in ocean density in the
upper 200 m in most of the Atlantic and Pacific sectors
(Fig. 9c). The strengthened stratification is likely to
suppress convective overturning, thus reducing the to-
tal upward ocean heat transport (Fig. 8a). The ocean
density in the upper 200 m and the total upward heat
transport are correlated (R = 0.68; Table 2).

The simulated ocean density in the upper 200 m de-
creases because the ocean salinity decreases while the
ocean temperature increases in the same layer (Figs.
8d,e; Table 1). The temporal and spatial patterns of the
ocean density resemble those of the salinity (Figs. 8c,d
and 9c,d), owing to the fact that the density of seawater
is primarily controlled by salinity in ice-covered areas
of the Southern Ocean. The ocean temperature in the
upper 200 m increases in most ice-covered areas (Fig.
9e) because the increasing SAT tends to warm the up-
per ocean in, mainly, the summer when the Southern
Ocean is largely ice free. Although there is no spatial
one-to-one correspondence between the warming SAT
and the warming upper ocean, the averaged SAT and
ocean temperature in the upper 200 m over the ice-
covered areas are somewhat correlated (R = 0.39;
Table 2).

When snow-ice formation is incorporated in the
model, the simulated upper ocean becomes warmer and
fresher. This is because of enhanced heat insulation by
an increased ice cover and the partial melting of snow-
converted ice in the upper ocean. As a result, the ocean
is more stratified and the upward ocean heat transport
is reduced. However, the variability and trend of these
related quantities are similar to those from the standard
simulation without incorporating the snow—ice forma-
tion.

The key to increasing Antarctic sea ice in warming
conditions both above and below is the steeper de-

crease in ice melting from ocean heat flux than in ice
growth. This requires that any decrease in ice growth
and hence in salt rejection suppresses convective over-
turning activities in such a way as to significantly reduce
the heat brought up mainly by the overturning pro-
cesses. For this to happen the magnitude and variation
of the ocean heat flux responsible for ice melting (H,,,)
must be comparable to or even greater than the net
surface heat flux responsible for ice growth (H,) in a
sufficiently large area so that the changes in ice melting
may have a chance to dominate those in ice growth.
This condition is possible in the ice-covered areas of the
Southern Ocean where the ocean is weakly stratified
and has a relatively large ocean heat flux (McPhee et al.
1999). The model reflects this condition by creating
negative net ice production (H, — H,,) in most of the
Antarctic open ocean (Fig. 6¢).

d. The role of increasing precipitation

The reanalysis P increases with the increasing SAT
during 1979-2004 (Fig. 2c; Table 1). To examine the
role of increasing P on increasing Antarctic sea ice, a
second sensitivity run is conducted with the model
forced by climatological P and E (section 2).

When the climatological P (no interannual variabil-
ity) is used to force the model, the simulated total ice
volume increases from 1979 to 2004, although to a
lesser degree than when the normal NCEP-NCAR re-
analysis P forcing is used (Fig. 5a; Table 1). This indi-
cates that the increasing P is not the main cause of the
simulated increase of Antarctic sea ice cover. Like the
standard model run, the second sensitivity run simu-
lates decreasing ice growth and ice melting from the
ocean heat flux; the decrease in ice melting is steeper.
Thus, the sensitivity run creates an increase in the total
net ice production and therefore in the total ice volume
(Table 1), meaning that the primary cause of the in-
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F1G. 8. Simulated (a) total upward ocean heat transport and (b) surface heat deposit for the
Southern Ocean, and simulated (c) ocean density, (d) salinity, and (e) temperature in the upper
200-m ocean layer averaged over the ice-covered areas of the Southern Ocean.

creasing Antarctic sea ice is the steeper decrease in simulated by the sensitivity run has a positive trend
ocean heat flux, regardless of P. (Table 1). However, because ocean temperature in the

An increase in the net ice production increases the upper 200 m simulated by the sensitivity run increases
salinity in the upper ocean; salinity in the upper 200 m  at a slightly faster pace, the average density of the sea-
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water in the layer still decreases, leading to an increase  This, combined with the increasing ocean temperature
in the stratification of the upper ocean and therefore a in that layer, leads to a stronger stratification in the
decrease in ocean heat flux. When P increases, on the upper ocean and a steeper decrease in the ocean heat
other hand, the ocean salinity in the upper 200 m simu- flux. This is why the total net ice production and hence
lated by the standard model run has a negative trend. the total ice volume simulated by the standard model
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Fi1G. 10. Illustration of a mechanism that explains the possibility of an increasing Antarctic
sea ice cover in a warming environment. Air-sea interaction (between SAT and upper-ocean
temperature 7) is also illustrated. SDLR represents surface downward longwave radiation, P
is precipitation, G is the ice growth rate, S is the upper-ocean salinity, H, is the snow depth,
OT is the convective overturning, o, is the upper-ocean density, M, is the amount of ice
melted by the upward ocean heat transport, M, is the surface heat deposit, M is the sum of M,
and M, and V is the ice volume. The upward (downward) arrow inside a box represents an
increase (decrease); the direction of the other arrows represents cause and effect. For ex-
ample, an increase in SAT causes a decrease in ice growth.

run increases slightly faster than those simulated by the
sensitivity run (Fig. 5a; Table 1).

4. Concluding remarks

To investigate the seeming paradox of increasing
Antarctic sea ice and increasing atmospheric and oce-
anic temperatures for the Southern Ocean during 1979-
2004, a global POIM that includes a POP ocean model
and a multicategory TED sea ice model was forced by
the NCEP-NCAR reanalysis data that include increas-
ing SAT, SDLR, and P and decreasing SDSR. There
are many uncertainties with both the model and the
reanalysis data, and the results must be viewed with
caution. Driven by the reanalysis forcing, the model
simulates an increase of 0.20 X 10 m® yr™! (1.0%
yr~ ') in total Antarctic sea ice volume and 0.084 X 10'?
m? yr ! (0.6% yr~!) in sea ice extent from 1979 to 2004,
whereas the satellite observations show an increase of
0.027 X 10" m? yr ' (0.2% yr™!) in sea ice extent dur-
ing the same period (Figs. 2d and 5a; Table 1). When
snow—ice formation is parameterized in the model, the
simulated positive trend is even larger. This indicates
that it is possible for the Antarctic sea ice to increase
significantly in warming atmospheric conditions.

The nature of the phenomenon of increasing Antarc-
tic sea ice in a warming environment may be explained
by the following (Fig. 10). When SAT/SDLR increases,
the upper-ocean temperature increases (which causes
SAT to increase concurrently through air-sea interac-
tions) and ice growth decreases, leading to a decrease in
salt rejection from the new ice and therefore in the

upper-ocean salinity. The increase in ocean tempera-
ture and the decrease in ocean salinity result in a de-
crease in water density in the upper ocean, leading, in
conjunction with reduced salt rejection, to enhanced
thermohaline stratification and weakened convective
overturning. Weakened overturning in turn reduces the
upward ocean heat transport, leading to reduced ocean
heat flux available to melt sea ice. The ocean heat flux—
induced ice melting decreases faster than the ice growth
in the weakly stratified Southern Ocean, which allows
for a large variation of the ocean heat flux, leading to an
increase in the net ice production and hence ice mass.
Thus, this study has identified a possible mechanism
that explains the increasing trend in Antarctic sea ice
under warming conditions. Note, however, that there
may be other mechanisms that can be used to explain
the paradox.

The second sensitivity run using P climatology with-
out interannual variability also results in an increase in
Antarctic sea ice from 1979 to 2004. This indicates that
the increasing reanalysis P used in the other two model
runs is not the main reason behind the simulation of
increasing sea ice. The main reason is that the sensitiv-
ity run still reduces the ice melting from the ocean heat
flux more dramatically than ice growth by increasing
the ocean’s stratification through thermal effects, which
leads to decreasing convective overturning, though to a
lesser degree than when the increasing P is used. An
increasing P in the model tends to further reduce ice
growth by increasing the snow depth (Table 1; Fig. 10).
An increasing P also tends to reduce the upper-ocean
salinity and density, leading to further reduced convec-
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tive overturning and the associated upward heat trans-
port. This is why the model forced by the reanalysis P
with a positive trend creates slightly more ice than the
sensitivity run forced by P climatology. Note that the
increasing P causes the ice volume to increase more
when snow—ice formation is parameterized.

The simulated ice volume has a generally positive
trend over the whole period of 1979-2004, but it in-
creases more noticeably from 1982 to 1987, owing to a
rapid decrease in the upward ocean heat transport, and
decreases significantly from 1994 to 2000, owing to a
rapid increase in the upward ocean heat transport (Figs.
Sa and 8a). This behavior stresses the importance of
ocean processes in determining the budget of Antarctic
sea ice, and also indicates that changes in the upward
ocean heat transport may cause rapid or abrupt changes
in the Antarctic sea ice extent. Furthermore, the simu-
lated ice volume decreases from 1994 to 2000 when the
reanalysis SAT increases during that period (Fig. 2a).

This is due to an increase in the upward ocean heat
transport in the late 1990s and early 2000s.

The ice advection term H, does not appear in (3); this
by no means diminishes the importance of the horizon-
tal advective processes (meridional and circumpolar)
both in the ice cover and in the ocean. Region-
dependent horizontal advective processes play a key
role in redistributing heat and mass, and therefore con-
tribute to the overall behavior of the Antarctic ice—
ocean system.

Finally, it is necessary to point out that so far we have
only focused on the satellite era of 1979-2004 during
which both the model and observations show an in-
creasing Antarctic sea ice cover under warming condi-
tions in both the atmosphere and the ocean. This ap-
pears to be also true over the period 1948-2004 accord-
ing to the model (Fig. 11). Although the model-
simulated Antarctic sea ice extent stays flat, the
simulated total sea ice volume increases over 1948-2004
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(in agreement with Fichefet et al. 2003) when both the
reanalysis surface air temperature and the simulated
upper-ocean temperature have a positive trend.
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