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ABSTRACT. An Antarctic Circumpolar Wave (ACW) is simulated by a global
coupled ocean—atmosphere model. Time—longitude diagrams of anomalies in sea-surface
temperature (SST) and sea-surface salinity (SSS) show that anomalies propagate east-
ward, taking 20-30 years to encircle the pole. The time taken is 2-3 times longer than
indicated by observations, due to the relatively slow speed of the modelled Antarctic Cir-
cumpolar Current (ACC). High-SSS anomalies correspond to high-SST anomalies and
high-density anomalies, and thus to low sea-surface height anomalies, indicating that
salinity is a dominant factor for dynamics within the Southern Ocean and is indispensable
for understanding the mechanism of the ACW. Sea-ice formation is suppressed southward
of warm, saline surface-water regions. High sea-ice concentration anomalies correspond
to thick sea-ice anomalies. Empirical orthogonal function analyses of SST anomalies for
both model and observation show that the dominant mode in the Southern Ocean has a
spatial pattern closely related to El Nifio activity. Sea-level pressure (SLP) anomalies pro-
pagate eastward with the ACW. High SLP anomalies in the atmosphere correspond to
low-density anomalies in the ocean. The ACC has clockwise geostrophic velocity anoma-
lies over high-density anomaly regions with upwelling. Both heat and salt are transported
from the deep layer to the surface layer by upwelling. This could suppress sea-ice forma-
tion directly. Anomalous horizontal advection of heat and salt by geostrophic velocity

anomalies in the ACC appears to influence the anomalies in SST, 555 and sea ice.

1. INTRODUCTION

To understand the global climate system it is necessary to
study ice—ocean—atmosphere interactions over the Southern
Ocean, which occupies a large area and links the world’s
major oceans. One of the key elements of the Southern
Ocean is sea ice. Sea-ice concentrations have been observed
from satellite and analyzed by many rescarchers. Zwally
and others (1983) and Parkinson (1995) showed that sea-ice
concentration exhibits large interannual variability, making
climatic trends difficult to determine. Murphy and others
(1995) confirmed this variability from fast-ice data in the
South Orkney Islands and found that anomalies in sca-ice
extent show an castward propagation around the Antarctic
continent with a period of approximately 7-9 years. Mur-
phy and others (1993) also indicated that the interannual
variability of Antarctic sea ice is closely related to El Nifio-
Southern Oscillation (ENSO) events. Gloersen (1995)
showed that time series of sea-ice cover over the Southern
Ocean contain statistically significant quasi-biennial and
quasi-quadrennial periodicities which agree well with var-
iations in the ENSO index.

White and Peterson (1996) found that the interannual
variability of sea ice over the Southern Ocean reflects inter-
annual variability of the ocean—atmosphere coupled system
including sea-level pressure (SLP), wind stress and sea-sur-
face temperature (SST'). This coupled system is referred to
as the Antarctic Circumpolar Wave (ACW). Jacobs and
Mitchell (1996) analyzed altimeter data and found that
sea-surface height (SSH) anomalies vary with the ACW.
The SSH response to observed wind forcing is also ex-
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plained with simple quasi-geostrophic dynamics by Jacobs
and Mitchell (1996).

In the present study, the ACW is investigated with a
global coupled occan—atmosphere model. The ACW ap-
pears during the 150 year integration of the model.

2. MODEL DESCRIPTION

The atmospheric component of the coupled model is a new
version of the MRI GCM-I (Tokioka and others, 1984) and
includes a diurnal cycle. The horizontal resolution is 4° in
latitude and 5° in longitude. There are 15 hybrid layers
between the surface and the model top at 1 hPa. The atmo-
spheric model and its performance are described in detail
by Kitoh and others (1995).

The ocean component of the coupled model was devel-
oped at the Meteorological Research Institute, Ibaraki,
Japan. It is based on the ocean general circulation model of
Bryan (1969) and includes the Mellor and Yamada (1974)
level 2 turbulence closure scheme. The horizontal resolution
is 27 in latitude and 2.5° in longitude within the global do-
main except in the equatorial region between 12° N and
12°S. Here, the horizontal resolution is refined in the
north-south direction in order to resolve equatorial waves
and thus simulate El Nifio events. The resolution is 0.5” in
latitude within the 4° N—4°S band. Between 4° N(S) and
12° N(S) the grid spacing varies almost linearly from 0.5°
to 2° in latitude. The bottom topography and coastline are
represented realistically on a scale consistent with model
resolution. The vertical layers of the ocean model vary in

483


https://doi.org/10.3189/1998AoG27-1-483-487

Motoi and others: Antarctic Circumpolar Wave in a coupled ocean—atmosphere model

thickness to give more resolution near the surface. There are
21 layers, which thicken from 52 m to 700 m in the vertical
direction, with 11 layers in the top 300 m.

The sea-ice model used in the coupled model is similar
to that of Mellor and Kantha (1989) in terms of the thermo-
dynamics. The prognostic variables are sea-ice thickness
and concentration. The model solves the equations for con-
servation of mass and concentration by taking into account
the freeze or melt rate at the bottom of the sea ice, the freeze
rate in leads (open water), the rate of sea-ice accretion at the
sea surface due to frazil-ice formation and the melt rate at
the surface.
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Fig. I Time—longitude diagrams of sea-surface temperature
anomalies (SSTA) and sea-surface salimity anomalies
(SSSA) along 56° S in the model. Negative anomalies are
shaded. Contour intervals are 0.5°C for SSTA and 0.1 psu for
SSSA.

3. METHOD OF COUPLING ATMOSPHERIC,
OCEAN AND SEA-ICE MODELS

Within the coupling interval of 6 hours, the atmospheric
model runs with sea-surface temperature and velocity, sea-
ice thickness and concentration, and temperature at the
bottom of the sea ice all fixed. Relevant time—mean fluxes
of momentum, heat and fresh water are then accumulated.
These fluxes are used to drive the corresponding 6 hour in-
tegration of the ocean and sea-ice models. These then pro-
vide updated sea-surface temperatures and velocities, sea-
ice thicknesses and concentrations, and temperatures at the
bottom of the sea ice which are fed back to the atmospheric
model for the next coupling interval. The atmospheric
model uses lhour time-steps, and the ocean and sea-ice
models use 30 min time-steps.
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4. EXPERIMENTAL PROCEDURE

The atmospheric model is spun up for 3years using
observed sea-surface temperatures and sea-ice distribution.
The ocean model is spun up (using an accelerating method
described by Bryan (1984)) for 1500 years, using the surface
fluxes obtained during the spin-up of the atmosphere. The
temperatures and salinities at the uppermost layer are re-
laxed toward climatological sea-surface temperatures
(SST8) and salinities (SSSs). After the spin-up of the atmo-
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Fig. 2. (a) Spatial patterns and (b) time coefficients for
EOF!1 of SST in the model (explains 30.3% of tolal
vartance ). (¢, d) As for (a) and (b) except for observations
(explains 46.1% of total variance ).
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sphere and ocean, the coupled model (including the sea-ice
model) is then spun up for 30 years. A flux adjustment for
heat and fresh water is obtained during the last 10 years of
the 30 year spin-up. The fully coupled model is then integ-
rated for 150 years using the derived flux adjustments.

5. RESULTS

Time-longitude diagrams of interannual anomalies in the
SSTand SSS along 56° S from model years 51-95 are shown
in Figure 1. The eastward propagation of the anomalies is
clearly identified as an ACW in the model. It takes 20
30 years to encircle the pole, which is 2-3 times longer than
indicated by observations. The reason for the slower propa-
gation of the anomalies is that the speed of the Antarctic
Circumpolar Current (ACC) is lower in the model than in
the observations. The mean speed of the ACC is about
002ms 'in the model, nearly the same as the propagation
speed of the anomalies, indicating that advection is impor-
tant. The amplitude of the anomalies is 1.2°C in SST and
0.4 psu in SSS. The amplitude in SST agrees with obser-
vations (White and Peterson, 1996). Saline (fresh) anomalies
correspond to warm (cold) anomalies, as mentioned by
Murphy and others (1995).
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Fig. 3. Time longilude diagrams of sea-ice concentration
anomalies ( SICA ) and sea-ice thickness anomalies ( SITA )
along 64° S in the model. Positive anomalies are shaded.

Contour intervals are 5% _for SICA and 5 cm for STTA.

Iigure 2a and b show the spatial patterns and time coef-
ficients for EOF] of interannual SST in the model. The spa-
tial patterns are indicated by correlation coeflicients
between raw values and the time series. This leading mode
represents 30.3% of the total variance. Figure 2c and d show
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the corresponding result for observed SST (GISST2.2, com-
piled by the UK. Meteorological Office; Rayner and
others, 1995). This mode explains 46.1% of the total var-
iance, The coherent variations over the Southern Ocean
are similar in the model results and the observations. The
wavenumber 2 signal in the Southern Ocean represents
one phase of the propagating ACW. Note that the full scale
of time in Figure 2b is 70 years but that in Figure 2d is
12 years.
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Fig. 4. Distribution of anomalies in density (top) and
velocity (bottom) in the Southern Ocean at a depth of 110 m
Jor year 91

There is high coherence between the ACW and El Nino.
The time series in Figure 2d clearly shows El Nifio in 1982
83, 1987 and 1991-94 and La Nina in 1984-85 and 1988-89.
The warmest SST appears over the eastern Pacific sector of
the Southern Ocean as an ACW signal when the El Nino is
at a mature stage. There is a strong relationship between the
ACW and the ENSO, as mentioned by Gloersen (1995) and
Murphy and others (1995).

Time-longitude diagrams of sea-ice concentration
anomalies (SICA) and sea-ice thickness anomalies (SITA)
along 64° S are shown in Figure 3. These indicate that the
sea-ice anomalies also propagate eastward around the Ant-
arctic continent with the SST and SSS anomalies. Sea-ice
formation is suppressed (enhanced) southward of warm
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(cold) and saline (fresh) surface-water areas. These results
agree with the observed relationship between fast-ice dura-
tion and sea-water temperature at local stations in the
South Orkney Islands reported by Murphy and others
(1995). Figure 3 also shows that high sea-ice concentration
anomalies correspond well to thick sea-ice anomalies. The
range of anomalies is as large as 30% in SICA and 20 cm
in SITA.

The ACC has clockwise (counter-clockwise) geo-
strophic velocity anomalies over high- (low-)density anom-
aly regions. Figure 4 shows the distribution of both density
and velocity anomalies at a depth of 110 m for year 91 in the
model. High-density anomalies occupy two opposite
regions in the Southern Ocean. High-density regions due
to upwelling correspond dynamically to low-SSH regions.
Clockwise velocity anomalies can be detected over high-
density anomaly areas with geostrophic consistency.
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Fig. 5. Time—longitude diagrams of density anomalies ( DA )
and meridional current anomalies ( VA ) along 56° S in the
model. Negative anomalies are shaded. Contour intervals are
0.02kgm ” for DA and 0.05 em s for VA.

Figure 5 shows time—longitude diagrams of anomalies in
density and meridional current at a depth of 110 m along
56° S in the model. It is clear that the density anomalies pro-
pagate eastward with the ACW. Since the high-density
anomalies correspond to low-SSH anomalies, this result
suggests propagation of SSH anomalies and supports the
data analyses of Jacobs and Mitchell (1996). Comparing the
density anomalies in Figure 5 to the SSTand SSS anomalies
in Figure 1, it is clear that the density anomalies are pro-
duced by salinity anomalies at 56° S. This is reasonable ac-
cording to the equation of state for sea water. Salinity is the
controlling factor in the density of sea water within the
polar ocean. Thus salinity is indispensable for understand-
ing the mechanism of the ACW. The poleward current
anomalies shaded in Figure 5 occur at transient zones from
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low- to high-density anomalies with geostrophic consis-
tency.

A time—longitude diagram of SLP anomalies along 54° S
is shown in Figure 6 which indicates propagation eastward
with the ACW. The amplitude of the SLP anomalies is about
2 hPa which is smaller than that seen in observations (see
White and Peterson, 1996). The high-SLP anomalies corres-
pond to low-density anomalies in the ocean. The counter-
clockwise wind-stress anomalies with high-SLP anomalies
could induce convergence in the Ekman layer with down-
welling, resulting in low-density anomalies which dynami-
cally correspond to high-SSH anomalies.
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Fig. 6. Time—longitude diagram of sea-level pressure anoma-
lies (SLPA) along 54° S in the model. Negative anomalies
are shaded. Contour interval is 1 hPa.

6. SUMMARY AND CONCLUSIONS

An ACW is simulated with a global coupled ocean—atmo-
sphere model. Time—longitude diagrams of anomalies in
SSTand SSS show anomalies propagate eastward. The time
taken to encircle the pole is 20-30 years, which is 2-3 times
longer than indicated by observations. The reason for the
slower propagation speed is that the speed of the simulated
ACC is lower than indicated by observations. The mean
current speed in the ACC is about 0.02 ms " in the model,
nearly the same as the propagation speed of the simulated
ACW, indicating that advection due to the ACC is impor-
tant. High-SSS anomalies correspond to high-SST anoma-
lies, high-density anomalies and thus low-SSH anomalies,
indicating that salinity is a dominant factor for ocean dy-
namics in the Southern Ocean. Sea-ice formation is sup-
pressed southward of warm-, saline-water regions and
enhanced southward of cold-, fresh-water regions. High
sea-ice concentration anomalies correspond to thick sea-ice
anomalies.
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EOF analysis of SST'anomalies shows that the dominant
pattern is characterised by wavenumber 2 (180° of longitude
wavelength) in the Southern Ocean. The spatial pattern
and time series are similar to the dominant EOF of observed
anomalies, suggesting that the ACW is closely related to El
Nino activity. The simulated ACC has clockwise geos-
trophic velocity anomalies over high-density anomaly
regions. SLP anomalies propagate eastward with the ACW,
with high-SLP anomalies corresponding to low-density
anomalies.
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Fig. 7. A schematic view of the ACW with high (low)
anomalies in sea-level pressure indicated by H (L), sea-sur-
Jace height by SSHH (SSHL ), sea-surface salinity by SSSH
(SSSL), sea-surface temperature by W (C) and sea ice by
SIH (SIL). Upwelling () ), downwelling (Q)) and geo-

strophic eurrent (T ) indicate anomalous advection.
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The coupled system of ocean and atmospheric anoma-
lies associated with the ACW is summarized in Figure 7,
with positive (negative) anomalies in SLP denoted as H
(L), SSH as SSHH (SSHL), SSS as SSSH (SSSL), SSTas W
(C) and sea ice as STH (SIL). Upwelling (), downwelling
(&) and geostrophic current anomalies (1) are also shown.
The counter-clockwise wind-stress anomalies with high-
SLP anomalies cause convergence in the Ekman layer with
downwelling, resulting in low-density anomalies which
correspond to high-SSH anomalies. The downwelling in-
duces the low-SSS and -SST anomalies through weak trans-
port of salt and heat from the saline, warm deep water.
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High-SSH anomalies cause counter-clockwise geostrophic
velocity anomalies and thus anomalous horizontal advec-
tion of heat and salt which influence SST, SSS and sea-ice
anomalies. Sea-ice formation is suppressed in the warm, sa-
line region because the excess heat needs to be released and
excess salt causes deeper convection which entrains heat
from the deep layer.
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