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1. INTRODUCTION

External climate forcings such as
greenhouse gas and stratospheric 0zone
concentrations for example are thought to
influence climate via atmospheric modes of
variability. This notion conveys two main points:
1) Atmospheric modes are important areas of
research and 2) These modes can presumably
be forced by external forcings.

The dominant mode of atmospheric
circulation  variability in  the  Southern
Hemisphere (SH) extratropics is known as the
Southern Annular Mode (SAM). It is
characterised largely by anomalies in pressure
or zonal wind of opposite sign in the mid- and
high-latitudes of the SH.

The majority of the work to date on the
external forcing of the SAM has been in regards
to stratospheric greenhouse gas and ozone
forcings, and while the results are mostly
sugportive of a stratospheric forcing for the late-
20" century SAM it must be borne in mind that
greenhouse gas and ozone changes could
induce responses in sea surface temperature
(SST) and Antarctic sea-ice and it may then be
these forcings that modulate the SAM. It is
therefore worthwhile to consider the role of other
forcings for the SAM.

The focus of our research is on Antarctic
sea-ice involvement, and we are aiming to
present a more direct and complete mechanism
than that which has been suggested in previous
sea-ice/SAM studies.

2. DATA AND METHODS

The sea-ice dataset we utilise is version
2 of the Bootstrap Algorithm monthly sea-ice
concentration (SIC), which is based on
measurements from Nimbus-7 SMMR and
DMSP SSM/l satellites. This data was
downloaded for the period 1979-2006 from the
National Snow and Ice Data Center (NSIDC)
website. To study the atmospheric response to
sea-ice the National Center for Environmental
Prediction-Department of Energy Reanalysis 2
(NCEP2) is used. Daily and monthly average
geopotential height, zonal and meridional wind,
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and temperature data at 2.5° grid resolution on
standard pressure levels was downloaded from
the Climate Diagnostics Center website. We
also consider the monthly SST response, and for
this have used version 3 of the National Oceanic
and Atmospheric  Administration  (NOAA)
extended reconstructed SST dataset that is
available online from the Climate Diagnostics
Center. This particular SST dataset was chosen
for its preferred treatment of SST in and around
the sea-ice region, which assumed values of -
1.8 or the freezing point of sea water when
there was a high SIC.

We describe the state of the SAM using
the Gong and Wang (1999) index definition,
although we have defined it using the 500 hPa
geopotential height instead of the conventional
mean sea level pressure. This is not expected
to be an issue however since the SAM s
equivalent-barotropic, and is actually preferable
in this case because surface pressure can be
very sensitive to sea-ice (see for example
Raphael 2003).

Any correlations that are performed are
done so according to the Pearson Product-
Moment formulation. We consider correlations
to be statistically significant at the 95%
confidence level, and in evaluating the
significance have used an effective degree of
freedom (which takes into account
autocorrelation in the time series being
correlated) as in Bretherton et al. (1999).

3. PRELIMINARY ANALYSIS

A good starting point is to find the
possible scenarios (i.e. seasons and sea-ice
regions) where sea-ice and the SAM interact.
We have correlated the seasonal SAM and sea-
ice (the latter was area-averaged over 30°
longitude sectors) for lags out to approximately
+1 year or alternatively +4 seasons. Positive
(negative) lags imply a possible sea-ice
influence on the SAM (SAM influence on sea-
ice), while we have interpreted synchronous
correlations (i.e. no lag) as potentially indicating
a sea-ice influence on the SAM since the
reverse is more likely to involve lags/delays (e.qg.
Moritz et al. 2002, Chen and Yuan 2004). The
significant correlations that emerge provide us
with a list of scenarios to examine in further
detail (section 4).



4. RESULTS

Through a composite-style approach the
state of the atmosphere and the SAM can now
be isolated during extreme high and low sea-ice,
which is when sea-ice is likely to have its biggest
impacts on the atmospheric circulation. To do
this we first generate the seasonal average SIC
time series (for each of the scenarios obtained
from the analysis outlined in section 3), compute
the anomalies and then standardise the resultant
time series. We next define the years of
extreme high and low SIC as those that exceed
+1 and -1 standard deviations, respectively.
These are then the years for which we will look
at the mechanisms. The mechanisms we have
chosen to focus on are the weekly average air
temperature and zonal wind anomalies,
Eliassen-Palm (EP) flux and driving force, and
monthly average SST anomalies. With these
mechanisms and the weekly average SAM index
that follows, we have evaluated them over a
region that is broader by 15°to the east and
west (i.e. longitudinally) of the original 30°
longitude sea-ice sector, to account for possible
effects of the wind distributing various
anomalies.

Here we present the results for one of
the scenarios that has emerged from the above
correlations. It concerns a supposed link
between March-April-May (MAM) SIC in the
sector 60-90W (i.e. in the Bellingshausen Sea
which is situated in the southeast Pacific) and
the MAM SAM, in the same year. For the period
1979-2006 there were 4 extreme high SIC
MAMs (1979, 1980, 1981, 1987) and 4 extreme
low SIC MAMs (1989,1999, 2000, 2001) in this
sector. A clustering of extreme high ice in the
early part of the record and extreme low ice in
the latter part would suggest a negative trend in
SIC with time — in agreement with Comiso and
Nishio (2008).

Both the extreme high and low SIC
years have the SIC generally increasing from
March to May, with monthly area-average SIC in
the extreme high (low) ice years peaking at
around 20% (10%). W.ith these low ice values
some heating from the ocean to the lower
atmosphere and possibly to higher levels might
be expected (especially early on in the season),
while due to ice generally building-up during the
season air temperatures might also experience a
bit of a cooling trend.

4.1 Extreme high sea-ice concentration years

A pattern of early season heating and
mid to later season cooling over the sea-ice
region was observed during the 1979 extreme,
while the other extreme years did not appear to

have any ice-related heating anomalies, only
cool anomalies (e.g. Figure 1la). These
anomalies are mostly confined to the lower to
mid levels of the troposphere, and occasionally
reach as high as 250 hPa. The monthly SST
anomalies north of the sea-ice edge tend to
concur with the nature of the weekly air
temperature anomalies over the sea-ice for that
month (e.g. Figure 1b). This is an indication that
SST responds to sea-ice in the same way that
air temperature does. Hence we could use
weekly average air temperature over the sea-ice
region as a proxy for weekly average SST north
of the ice edge since we do not have the latter at
a weekly resolution. Therefore, on a weekly
basis any ice-related air temperature anomalies
would have associated SST anomalies.

a) c)

b) d)

12/4/87 - 18/4/87

v
Yo

o ¥ b
7004 -+ - ,’,“m(iﬁ T&!‘\‘.

4
- it tin,
A1 NN
1000 R ) 1)

20 0 -20 -40 -60 -80
Latitude

5001 - c.o0ed \M\‘.
st}

g~

Figure 1. a) weekly average air temperature
anomaly in K, b) monthly average SST anomaly
in T, c) weekly average zonal wind anomaly in
m st and d) weekly average EP flux (vectors,
reference vector in the top left corner of plot
represents 15x10" m?® 5'2) and driving force
(contours in m s? day'l). Figures a), c¢) and d)
have a vertical pressure scale in hPa and the
positive (negative) contours are solid (dashed).
Date convention used for a), ¢) and d) is
day/month/year and for b) is month/year.

Temperature (air or SST) can be linked
to zonal wind via the effect of temperature
anomalies on the meridional temperature
gradient, with warming (cooling) in the mid to
higher latitudes weakening (strengthening) this



temperature gradient and thus inducing weaker
(stronger) zonal winds. We have looked at the
zonal wind anomalies in the same week as the
air temperature/SST anomalies of interest and
over the relevant latitudinal range to see on
which occasions the thermal response to sea-ice
has likely influenced the state of the zonal wind.
In approximately half of the instances either air
temperature or SSTs can explain the zonal wind
anomalies observed (see Figure 1c for an
example). The remaining half that are not
consistent with the air temperature/SST
anomalies are obviously responding in a net
sense to some other forcing.

The EP flux and driving force are of
importance to us here because they describe the
eddy forcing of the zonal wind, which is how
SAM events are initiated. We have computed
the EP flux and driving force (note this is
proportional to EP divergence) as in Randel et
al. (1987). Divergence (or positive driving force)
indicates an acceleration of the zonal wind by
the eddies, while convergence (or negative
driving force) indicates a deceleration of the
zonal wind by the eddies. The EP eddy fluxes of
heat and momentum ultimately lead to the eddy
driving of the wind, so our focus is on the driving
force and ascertaining its coherence with the
zonal wind anomalies and hence the thermal
anomalies. Not all of the zonal wind anomalies
(that were consistent with the thermal
anomalies) were supported by the EP driving
force, but for those that were we find (i) air
temperature over the sea-ice and mid-latitude
SST operate independently on the weekly SAM,
(i) of the two types of thermal anomalies we
have addressed, SST involvement has a greater
tendency to provoke a SAM response to sea-ice,
(iii) the eddy forcing of the wind that gives rise to
the SAM is observed to occur at either high or
low levels in the troposphere, and generally
avoids the mid-tropospheric levels, (iv) the
approximate week long delay in the wind
influencing the eddies discussed in Lorenz and
Hartmann (2001) can be quite regularly
observed in our case studies (e.g. Figure 1d),
and (v) high SIC tends to lead to a positive SAM
response. The last result is the opposite to what
Raphael (2003) found, although her context was
an Antarctic-wide maximum in summer sea-ice.
Figure 2 shows the weekly SAM index time
series for each of the 4 extreme high SIC years.
In this figure we have indicated the weeks that
we believe the SAM is influenced by the state of
the sea-ice (based on there being a consistent
signal from air temperature/SST to zonal wind to
EP driving force to SAM index).

Figure 2. Weekly SAM index time series for each
of the extreme high SIC years (year is listed in
the top right corner of each graph). Grey bars
indicate the weekly SAMs that could be linked to
sea-ice. Positive (negative) index values
represent a positive (negative) phase SAM.
Date convention used is day/month and
indicates the start of the week in question.

4.2 Extreme low sea-ice concentration years

With extreme low SIC, apparent ice-
related warming episodes were found to be
more prevalent than cooling episodes. This is
generally consistent with what one would expect.

The cases where zonal wind anomalies
agree with the ice-related thermal anomalies are

only very few when air temperature is
concerned, while the results with SST
involvement are much better with a 50%

success rate. Attempting now to link these
anomalies to the EP driving force, we find points
(i) - (iv) are still maintained for the low SIC
scenario and that in this case heating episodes
are ultimately linked to the negative phase SAM
(while any cooling episodes during the extreme
low SIC years are still associated with positive
SAM). An example of the consistency of the
thermal and wind anomalies etc. is shown in
Figure 3, followed by the weekly SAMs that are
likely to be influenced by the sea-ice (Figure 4).

5. SUMMARY

Using observed sea-ice and
atmospheric data we have investigated the
nature of a sea-ice forcing of the SAM in the
Bellingshausen Sea region during MAM. The
mechanism that can explain this involves a
thermal response to the sea-ice (in particular
mid-latitude SSTs north of the sea-ice edge),
followed by a response in the zonal wind
anomalies, which can then be supported via
feedbacks with the eddies to influence the phase
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Figure 3. As in Figure 1, but an example of the
conditions during one of the extreme low SIC
years.

Figure 4. As in Figure 2, but for the extreme low
SIC years.

of the SAM. This can all take place within a
period of 1-2 weeks. Another aspect of our
results is that we were not able to explain the
entire weekly SAM time series for a given
extreme SIC year through the variability of sea-
ice, hence sea-ice as a forcing does not appear
to be incredibly dominant (a limitation is the
frequency of heating/cooling anomalies).
Although the accountability of sea-ice for the
SAM may improve if one could link the zonal

wind directly to the SAM and not necessarily via
the eddy forcing of the wind (i.e. EP driving
force).
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