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ABSTRACT

A global ocean model (ORCA?2) forced with 50 yr of NCEP-NCAR reanalysis winds and heat fluxes has
been used to investigate the evolution and forcing of interannual dipolelike sea surface temperature (SST)
variability in the South Indian and South Atlantic Oceans. Although such patterns may also exist at times
in only one of these basins and not the other, only events where there are coherent signals in both basins
during the austral summer have been chosen for study in this paper. A positive (negative) event occurs when
there is a significant warm (cool) SST anomaly evident in the southwest of both the South Indian and South
Atlantic Oceans and a cool (warm) anomaly in the eastern subtropics.

The large-scale forcing of these events appears to consist of a coherent modulation of the wavenumber-3
or -4 pattern in the Southern Hemisphere atmospheric circulation such that the semipermanent subtropical
anticyclone in each basin is shifted from its summer mean position and its strength is modulated. A
relationship to the Antarctic Oscillation is also apparent, and seems to strengthen after the mid-1970s. The
modulated subtropical anticyclones lead to changes in the tropical easterlies and midlatitude westerlies in
the South Atlantic and South Indian Oceans that result in anomalies in latent heat fluxes, upwelling, and
Ekman heat transports, all of which contribute to the SST variability. In addition, there are significant
modulations to the strong Rossby wave signals in the South Indian Ocean. The results of this study confirm
the ability of the ORCA2 model to represent these dipole patterns and indicate connections between
large-scale modulations of the Southern Hemisphere midlatitude atmospheric circulation and coevolving
SST variability in the South Atlantic and South Indian Oceans.

1. Introduction

A number of investigations into the links between
sea surface temperature (SST) anomalies in the South
Indian Ocean and southern African climate variability
have been carried out (Walker and Mey 1988; Walker
1990; Mason 1995; Reason 1999; Reason and Mulenga
1999; Reason 2002). A particular phenomenon that has
more recently provoked interest is the so-called sub-
tropical Indian Ocean dipole (SIOD) pattern, which is
evident in South Indian Ocean SST anomalies (Behera
and Yamagata 2001; Reason 2001). A similar dipolelike
pattern in SST may also be evident in the South Atlan-
tic Ocean (Venegas et al. 1997; Fauchereau et al. 2003).

The South Indian Ocean dipole pattern was derived
by Behera and Yamagata (2001, hereafter BY01) using
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simple EOFs of observational SST data. These authors
defined a positive event to consist of negative SST
anomalies in the southeastern Indian Ocean (off the
coast of Western Australia), with the largest anomalies
covering the area 29°-10°S, 85°~105°E and positive SST
anomalies in the southwestern Indian Ocean, at 42°—
30°S, 50°-80°E. The reverse is seen during a negative
event. BY01 and Suzuki et al. (2004) linked the SIOD
to austral summer/autumn because the depth of the
surface mixed layer is shallowest then; hence, the wind-
driven latent heat flux anomalies, which are believed to
be the major factor in the anomalous SST evolution,
influences the SST most efficiently at this time of year.

Fauchereau et al. (2003, hereafter F03) also used ob-
servational data but focused more on the covariability
in austral summer SST between the South Indian and
South Atlantic Oceans. Similar to F03, this study also
considers the interannual variability of both the South
Atlantic Ocean and the South Indian Ocean and exam-
ines cases where both basins show a similar summer
dipolelike pattern. FO3 defined the South Atlantic
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warm and cool poles as western (40°-30°S, 35°-15°W)
and eastern (30°-18°S, 15°W-15°E) during a positive
event; with the reverse polarity defining a negative
event. The study of FO3 did not consider the negative
events or the evolution of the cool pole during the posi-
tive events. This study extends the previous work of F0O3
by looking at both negative and positive events, thereby
considering the potential nonlinearity between them,
and by using an ocean general circulation model
(OGCM) to investigate the ocean processes that may
contribute to their evolution. The model used is the
ORCA2 OGCM (Rodgers et al. 2003) forced by over
50 yr of NCEP-NCAR reanalyses (Kalnay et al. 1996).
The role that large-scale atmospheric forcing may play
during the evolution of the events in both oceans is
examined by means of the NCEP-NCAR reanalyses.

In addition to a need to better understand the evo-
lution of these patterns in the South Atlantic and South
Indian Oceans, an important motivation for studying
them is because of the substantial evidence of their
influence on regional rainfall. Both observations
(BYO01) and atmospheric models (Reason 2001, 2002)
strongly indicate that the South Indian Ocean SST
anomalies may affect rainfall over southern Africa. On
the basis of these experiments, Reason (2002) sug-
gested that the response over southeastern Africa is
stronger when the western pole is closer to the subcon-
tinent and that the response over the subtropical (tropi-
cal) landmass appears to be insensitive (sensitive) to
the eastern pole. Qian et al. (2002) presented evidence
that these events may also impact on rainfall in north-
ern Australia and southern Asia. Although these stud-
ies have indicated that these events may influence rain-
fall variability over the neighboring landmasses, a bet-
ter understanding of their evolution and mechanisms is
clearly needed, if the goal of more accurate SST pre-
diction is to be realized. As a step in that direction, the
OGCM analyses presented herein shed further light on
the important forcing mechanisms and potential feed-
backs.

In the next section, a description of the OGCM to-
gether with validation against observations will be
given. Section 3 demonstrates the evolution of the
warm and cold poles during both positive and negative
years. The large-scale forcing of the events and the
ocean response to it is discussed in section 4. The final
section contains the conclusions.

2. Model description and validation

The model results were obtained from the ocean gen-
eral circulation model, Ocean Parallelisé (OPA; Madec
et al. 1998), and the configuration used is ORCA2
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TABLE 1. Nomenclature of dipole years and months.

Model Calendar
Yr Description month month
Onset yr Yr preceding and leading 1-15 1-12
up to an event
Event yr Yr when anomalies were ~ 16-30 13-24
max
Subsequent yr  Yr following the event 3145 25-36

(Rodgers et al. 2003). Overall, the domain, which ex-
tends from 78°S to 90°N, has a zonal resolution of 2°
and the meridional resolution ranges from 0.5° at the
equator to 2° X cosine (latitude) poleward of 20° in
either hemisphere. In the vertical, there are 30 layers
from the surface to 5000-m depth, the first 20 of which
lie in the upper 500 m. The model has two poles in the
Northern Hemisphere and one centered over Antarc-
tica. It is coupled with a sea ice model, representing
both dynamic and thermodynamic processes (Morales
Maqueda 1995; Rodgers et al. 2003; Fichefet and Mo-
rales Maqueda 1997). The bottom topography is de-
rived from Smith and Sandwell (1997), as are the coast-
lines.

The model was initialized with Levitus et al. (1998)
temperature and salinity values and spun up for 200 yr,
with a restoring boundary condition on surface salinity
(2-month time scale). It was then run for a further 52 yr,
using NCEP-NCAR reanalysis and heat fluxes for the
1948-99 period. A salinity flux correction for this pe-
riod was imposed by applying the annual mean fluxes
from the last 50 yr to the interannually varying NCEP—
NCAR runs. The surface temperature boundary condi-
tions include a bulk mixed layer that receives air tem-
perature, air humidity, total cloudiness, surface pres-
sure, and surface wind speed from NCEP-NCAR data
from 1948 to 1999. From this data, surface heat fluxes
are calculated.

Model output is produced every 24.33 days as aver-
age flow fields, thus there are 15 “months” to a model
year, as a result of the time step chosen (Table 1). [Fur-
ther details of the model are given in Rodgers et al.
(2003), Madec et al. (1998), and online at http://www.
lodyc.jussieu.fr/opa.] The validity of this run of ORCA?2
has not been previously published and so model SST
are compared below with the Met Office Global Sea Ice
and Sea Surface Temperature (GISST) 2.3 dataset
(Rayner et al. 1996) for the years 1948-99 (Figs. 1a—e).
Both the ORCA2 and the GISST 2.3 datasets have
been detrended by removing the best-fit linear trend.

Time series of spatially averaged SST over the warm
and cold poles compare favorably when derived with
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F1G. 1. (a) Time series of SST anomalies averaged over the western Indian Ocean (30°—44°S, 44°—
74°E), the eastern Indian Ocean (19°-35°S, 80°-~110°E), the western Atlantic Ocean (32°-44°S, 38°—
8°W), and the eastern Atlantic Ocean (18°-30°S, 15°W-15°E) using the Met Office GISST2.3 dataset
(dashed) and ORCAZ2 data (solid). (b) ORCA2 SST anomalies for JFM of the positive event. Contour
interval is 0.15°C, positive (negative) values are shaded gray (white). (c) Same as for (b), except using
the Met Office GISST2.3 data. (d), (e) Same as (b), (c), respectively, but for the negative event.
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ORCA?2 and GISST 2.3 data (overall correlation 0.9;
Fig. 1a). A similar correspondence of the spatial pat-
terns for the austral summer [January-February—March
(JFM)] composites for the positive and negative event
years (Figs. 1b—e) is evident. Austral summer compos-
ites were used as the dipolelike pattern is at its most
prominent then, and there is little variability from one
month to the next. Although the spatial patterns are
very similar, the ORCA2 anomalies appear smoother,
possibly due to the slightly coarser resolution of the
model relative to the observations and diffusion applied
to ensure stability of the model integration. The spatial
patterns of the anomalies are also comparable to those
derived by BY01 and F03 (although the center of the
anomalies in this study extend farther into the midlati-
tudes).

Composites are used in order to highlight the main
features of the dipole events and to reduce the noise of
individual cases. The positive events were chosen by
visual examination of the raw ORCA2 model dataset
such that a coherent warm (cold) SST anomaly is found
during austral summer on the western (eastern) side of
the subtropical/midlatitude basin of both oceans with a
southeast-northwest orientation in each case (Figs. 1b-
e). Negative events are defined such that the warm
(cold) SST anomaly is on the eastern (western) side of
each basin. As a result, positive events are defined as
1951, 1962, 1976, 1981, 1982, 1990, 1997, and 1999 and
negative events as 1949, 1950, 1957, 1964, 1972, 1975,
and 1988. Since the events occur during austral sum-
mer, the years defined refer to JFM. Note that the same
set of years result if GISST 2.3 SST data are used. Sin-
gular value decomposition was also performed between
the sea surface temperature and the sea level pressure
in the South Indian and South Atlantic Oceans. The
specific years listed above are consistent with the re-
sulting singular value decomposition (SVD) expansion
coefficient time series. Table 2 lists all of the strongest
dipole events that occur during the summer months (in
both model and GISST 2.3 data), of 1949-99 in each
ocean. The coevolving events used in the composites in
this study are shown in bold.

Since only those years where a dipole occurred in
both oceans have been included in these composites,
certain years defined by BYO1 for the South Indian
Ocean only have been excluded. About 70% of the
strong events occur in both oceans, suggesting that
these events may possibly be linked by large-scale near-
hemispheric forcing. In addition, we consider events
occurring back to 1949 whereas BY01 focused on data
after 1958. An example of a South Indian Ocean dipole
event defined by BY01 but not herein is 1968, which
was a strong “dipole” year in the South Indian Ocean,
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TABLE 2. List of years when a positive/negative dipole event
occurs in the South Indian and South Atlantic Oceans. The co-
evolving events used in the composites in this study are shown in
bold.

Positive dipole Negative dipole

South Atlantic  South Indian  South Atlantic  South Indian

1951 1951 1949 1949
1955 1953 1950 1950
1962 1968 1957 1957
1970 1962 1964 1958
1976 1974 1969 1964
1979 1976 1972 1972
1981 1981 1973 1970
1982 1982 1975 1975
1990 1990 1985 1983
1997 1993 1988 1988
1999 1997 1993 1995

1999 1998

but there was no coinciding dipole pattern in the South
Atlantic. Another example is 1974, when there was only
a very weak dipole pattern visible in the South Atlantic
for 1 month. The BYO1 positive event of 1993 was also
excluded, as no dipole pattern was apparent in the
South Atlantic Ocean and only a weak dipole occurred
in the South Indian Ocean. The years chosen here also
vary from those used by FO3 as their study chose years
based on the size of the summer positive anomalies in
the southwest Indian Ocean and the southwest Atlantic
Ocean. Thus, the positive composite derived here con-
sists of five of the same years, but excludes 1953, 1959,
and 1992, when there was a strong positive anomaly in
the southwest, but not an obvious negative anomaly in
the southeast of each basin. Years included in this study
but not in that of FO3 are 1990, 1997, and 1999 as the
positive anomalies alone were not as strong as other
years, but there was a robust dipole pattern. However,
it should be noted that there is some variation in the
position of the SST anomalies between events in each
composite and, because of differences in the years used
in the composites, it is expected that the center of the
anomalies will differ slightly from those defined by
BYO01 and FO3.

3. Evolution of the SST dipolelike pattern

To be considered a true dipole, both poles should
form at the same time, with a similar intensity and spa-
tial distribution. To investigate this, the normalized
model SST anomaly in the east of each ocean basin has
been plotted against that in the west for the onset,
event, and subsequent years for both positive (Fig. 2a)
and negative (Fig. 2b) composite events. Similar figures
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FI1G. 2. (a) ORCA2 SST anomalies for the western (black solid) and eastern (black dashed) Indian Ocean and
the western (gray solid) and eastern (gray dashed) Atlantic Ocean, during the onset and event years of the positive

event. (b) Same as for (a), but for the negative event.

were produced for the GISST dataset (not shown) and
compare favorably. Figure 2 suggests that this phenom-
enon does indeed evolve as a dipole. For both the posi-
tive and negative events, the model SST anomalies can
reach up to 1°C (Fig. 1), which are almost double the
anomalies shown by FO3 (due to the different compos-
ite years chosen by these authors).

Generally, the dipolelike anomalies commence in
November of the onset year, peaking in February/
March of the event year, and dissipate thereafter. This
timing can vary between events, sometimes with the
dipole pattern not totally diminishing (1981/82 positive
event and 1949/50 negative event) and sometimes re-
versing poles (1950/51 and 1975/76 events). To investi-
gate the evolution, monthly composites of the onset,
event, and subsequent years were created from the
model SST (see Table 1) and the model months corre-
sponding to the austral summer for both the positive
and negative events are shown in Fig. 3.

For the positive event, Figs. 2 and 3a,b show that the
dipole pattern commences in both oceans toward the
end of the onset year, preceding the event. The South
Atlantic dipole peaks in months 1-2 and the South In-
dian Ocean dipole in months 2-3 of the following year,
that is, the event year (Figs. 3c—e). The approximately
1-month lead of the South Atlantic over the South In-
dian Ocean suggests a westerly propagating atmo-
spheric forcing pattern, and this is discussed further in
section 4. The negative anomaly has weakened by
month 5 of the positive event year in the South Indian

Ocean, but the warm pole exists until month 9 of the
event year (not shown). Both poles are apparent in the
South Atlantic Ocean until month 9. In both oceans,
both poles are strongest during months 1-5 of the com-
posite event years, although the warm pole moves east-
ward during its dissipation, possibly due to eastward
migration of the atmospheric forcing by the mean west-
erly flow.

Prior to the evolution of the negative event, both
oceans show warm anomalies over most of the area
from the equator to 35°S (excluding the Agulhas Cur-
rent and the Indonesian Throughflow area). During the
negative event, the cool, western pole is larger in the
model South Indian Ocean. Warm (cold) poles first
become evident in month 13 of the negative event onset
years in the east (west) of the South Indian and South
Atlantic Oceans (Figs. 2b and 3f). The dipole appears
to peak in months 2-3 in the South Atlantic Ocean and
months 3-4 in the South Indian Ocean. In both oceans,
there are signs of the anomalies until month 12 of the
event years. During both positive and negative events,
the spatial distribution of the anomalies is similar, al-
though negative events appear to reach maturity about
1 month later than positive events.

Figure 3 shows that cyclonic (anticyclonic) wind
anomalies occur over both oceans during a negative
(positive) event. We suggest that negative events may
take longer to peak and are less coherent than the posi-
tive events because they are related to a weakening or
reversal of the summer southward shift and strength-
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FIG. 3. (a)-(e) ORCA2 SST and wind stress anomalies for months 14 (onset year) through to month 3 of the
event year for the positive dipole event. Contour interval is 0.05°C, positive (negative) values are shaded gray
(white). A scale wind stress vector of 0.05 dynes cm ™2 is shown. (f)-(j) Same as for (a)—(e) but for the negative

event.

ening of the subtropical anticyclone. This process might
be less stable and need a longer time to become estab-
lished, since it opposes the annual cycle.

To examine the interannual variability of the dipole
in the model, ORCA?2 data were used to create an index.
Similar to BYO01 for the South Indian Ocean, the index
is based on the SST anomaly difference between an
area in the west (30°-44°S, 74°~44°E) and the east (19°-

35°S, 80°~110°E). A similar method was used to create
an index for the South Atlantic Ocean (44°-32°S, 38°—
8°W in the west and 30°-18°S, 15°W-15°E in the east).
Both model indices are smoothed by a 5-month running
mean and compare well with those derived from GISST
2.3 data (not shown). In Fig. 4, the SIOD index is shown
in black and the South Atlantic dipole (SAOD) index
in gray. The years where dipoles occurred in both ba-
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where dipoles occurred in both basins have been marked by arrows (downward-pointing arrows mark

positive events and upward, negative events).

sins have been marked by arrows (downward-pointing
arrows mark positive events and upward, negative
events).

Most of the time the South Indian series appears in
phase with the South Atlantic, however, sometimes
they are out of phase. There may be a decadal pulsing
of this relationship—for example, good agreement be-
tween the two indices is apparent for 1950-55, the late
1970s—early 1980s, and 1994-99 but they appear out of
phase in the late 1980s and 1968-71. The correlation
between the two indices is 0.41, with the Atlantic lead-
ing by 1 month. However, from 1948 to 1967 the cor-
relation increases to 0.74, with the South Atlantic
Ocean leading by 2 months. From 1968 to 1976, the
South Indian and South Atlantic Ocean indices are fur-
ther out of phase (they are correlated at —0.4 with a
9-month lag). From 1978 to 1984 and from 1997 to 2000,
there are zero lag correlations of 0.64 and 0.66, respec-
tively, whereas in the intervening 1984-94 period the
two indices appear less obviously related.

The problem with this type of index is that the dipole
events can vary substantially in both position and
strength, from event to event. Hence, it is important to
understand that the strongest anomalies may not al-
ways occur in the specified area used to form the index.
This is especially apparent in the slightly different po-
sitions chosen in this study compared with those used in
BYO01, because of the extra years used here. Because of
this, a strong dipole may occur in both oceans but may
not be visible in the index, and hence it is vital to ex-
amine the individual SST anomalies for each year in

choosing the dipole events. In addition, a large index
value can be apparent when there is just one very large
anomaly in one of the boxes and little or no anomaly in
the other. Although such time series are useful for re-
vealing possible variability in the relationships through
the record, as well as possible linkages with other large-
scale modes such as ENSO, they must be viewed with
caution. Furthermore, Fig. 4 and the raw data indicate
that there are strong dipole events that occur in, for
example, the South Indian Ocean and not in the South
Atlantic. An example of this is 1968, when there was
strong warming in the southwest Indian Ocean and
cooling in the northeast, however, there was little evi-
dence of a dipole in the South Atlantic.

Also shown as the dashed curve in Fig. 4 is the
smoothed Nifio-3.4 time series. Each time series was
then filtered (using a 2-7-yr filter) and correlations
were performed between the indices for each ocean
with Nifio-3.4. Nifio-3.4 leads the South Atlantic Ocean
by 2 model months, with a correlation of —0.43 and
leads the South Indian Ocean by 5 model months, with
a correlation of —0.42. Although BY01 did not consider
relationships with ENSO and F03 suggest only a weak
lead-lag relationship, Fig. 4 implies that there may well
be a significant ENSO relationship. Similar correlations
were also performed using smooth, filtered GISST
data. Nifo-3.4 was found to lead the South Indian
(South Atlantic) Ocean by 6 (3) months, with a corre-
lation of —0.49 (—0.64). These correlations are signifi-
cant at the 99% confidence level, based on the method
modified by Davis (1976). This may suggest that the
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higher correlation found here than by BY01 and FO3
can be explained partly by the use of the 2-7-yr filter
and also by the different areas chosen to create the
index. The fact that the Nifio-3.4 index leads the South
Atlantic index by fewer months than its lead over the
South Indian index is consistent with the anomalies oc-
curring in the South Atlantic Ocean prior to the South
Indian Ocean. Such a phasing would be consistent with
a Pacific-South America pattern in the atmospheric
forcing driven by ENSO (e.g., Mo and White 1985; Mo
and Paegle 2001) where the midlatitude western South
Atlantic responds more quickly than the eastern, and
the South Indian Ocean later still. If an index is created
for both the South Atlantic and the South Indian
Oceans combined (not shown), there is a correlation
with Nifio-3.4 of —0.50, lagging by 3 months.

Some, but not all, of the positive dipole years appear
to occur during or after La Nifia events and several of
the negative dipole years occur during or after El Nifio.
This is not surprising given the dipolelike SST patterns
observed in the Indian and South Atlantic Oceans in
raw SST seasonal composite anomalies based on strong
El Nifio and La Nifa events over the last century (Rea-
son et al. 2000). When the two oceans are out of phase,
the relationship between ENSO and the South Indian
Ocean becomes reversed, but it remains the same with
the South Atlantic Ocean. Dipole years also occur dur-
ing non-ENSO years. In general, there is likely to be a
complex interaction between the SST anomalies in the
South Atlantic and South Indian Oceans and ENSO
events. One possibility, which is beyond the scope of
the current study but that should be investigated, is
whether these two basins have a preference for forming
dipolelike SST anomaly patterns and whether the asso-
ciated atmospheric forcing (modulation of the subtropi-
cal anticyclones in each basin) is, in turn, driven by a
variety of modes including ENSO.

4. Large-scale atmospheric forcing and the ocean
response

To assess the potential atmospheric forcing, a com-
posite of 500-hPa summer geopotential height anoma-
lies was made for both the positive and negative events
(Figs. 5a,b). A wavenumber-4-type pattern is visible in
both cases. Individual months were examined (not
shown) to show that during some months the anomaly
over the southwest Pacific and Tasman Sea is joined,
whereas in others, it is more clearly separated. During
a positive event (Fig. 5a), high pressure anomalies are
evident in the central South Atlantic, South Indian, and
much of the South Pacific Ocean. These are also ap-
parent at sea level pressure, similar to those derived by
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F03. The reverse is seen during a negative event (Fig.
5b), but the anomalies are stronger and display an
(Antarctic Oscillation) AAO-type pattern with a super-
imposed wavenumber-4 feature in the midlatitudes.
Since it is well known that the AAO has become more
positive in phase since the 1980s (e.g., Mo 2000;
Thompson and Wallace 2000), Fig. Sc shows the 500-
hPa composite of positive events after 1980, which re-
sults in a more obvious AAQO pattern. These results,
combined with the fact that the positive (negative)
events tend to be more frequent later (earlier) in the
1948-99 period, suggests that there may be a link be-
tween the AAO and the dipole events.

Although the results are generally in agreement with
FO03, some differences should be emphasized. First, the
anomalies in sea level pressure and 500-hPa height tend
to be stronger here than in FO3 and maintain their mag-
nitude throughout the November/February period (F03
found larger anomalies in early than in late summer).
Second, both the SST and 500-hPa anomalies appear to
be centered at higher latitudes than those of F03, con-
sistent with the suggestion that midlatitude atmospheric
forcing is important in their evolution.

In addition, the AAO patterns apparent in Fig. 5 are
less evident in the composites shown in F03. In choos-
ing their composites, these authors only included years
with a warm anomaly in the southwest Indian and At-
lantic Oceans, whereas, our study also requires a simul-
taneous cool anomaly on the other side of each basin.
Thus, the relationship between the AAO and the
anomalous SST dipole patterns may be strongest when
there is both a clearly defined and strong warm and
cool pole. Furthermore, FO3 chose composite (positive
dipole) years that consisted of more years pre-1980 and
less afterward (i.e., when the AAO tended to be in a
more negative phase).

Associated with the anomalies in 500-hPa geopoten-
tial heights, shown in Fig. 5, the corresponding anticy-
clones over the South Indian and South Atlantic
Oceans are strengthened (and shift southward) during
the positive events (Figs. 3a—c and 5a). This shift is
superimposed on the seasonal southward shift of the
subtropical highs that occurs in summer. During the
positive events, the stronger anticyclones lead to in-
creased southeasterlies west of Australia and southern
Africa (Figs. 6a,b), causing increased evaporation and
upper-ocean mixing, lowering SST in this region.

During the positive events, the southeasterly anoma-
lies in the South Atlantic (Figs. 6a,b) are stronger in
October-November-December (OND) than JFM, con-
sistent with the cold anomaly arising there first. This
increase in winds leads to an increase in offshore Ek-
man transport and coastal upwelling in the northern
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and southern Benguela region, and hence cooling in-
shore as well as offshore. Farther to the southwest over
the central midlatitudes, a weakening of the westerlies
is apparent, helping to warm the ocean in the western
part of each basin. South of 35°S, over the warm pole in
both oceans, the westerlies are decreased, implying re-
duced evaporation and upper-ocean mixing and hence
warming, as well as less equatorward Ekman drift of
cooler waters from the south.

During the negative events, the low pressure
anomaly over the midlatitude South Indian Ocean is
particularly strong, with significant cyclonic features
also present over the midlatitude South Atlantic
Ocean, the Tasman Sea, and the South Pacific Ocean
(Fig. 5b). The South Indian anomaly is stronger than
the high pressure anomaly during the positive event
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Fi1G. 5. (a) Composites of 500-hPa height for Nov—Feb
of the positive event. Contour interval is 5 m, negative
values are dashed. (b) Same as for (a) but for the negative
event and (c) same as for (a) but for the positive event
years after 1980.

and the composite as a whole has a stronger AAO sig-
nal. The cyclonic anomalies are centered in roughly the
same positions as the anticyclonic features during the
positive events. The climatological southerlies off the
coast of Western Australia and southwestern Africa are
weakened during the negative events by the cyclonic
anomalies in the South Indian and South Atlantic
Oceans (Figs. 6¢,d). As a result, decreased upper-ocean
mixing and surface evaporation is expected, leading to
the warm pole over the southeast Indian and Atlantic
Oceans. The climatological westerlies over the central
and western midlatitudes of the South Indian and South
Atlantic Oceans are increased during the negative
event in JFM, and to lesser extent OND, implying in-
creased evaporation and upper-ocean mixing there and
hence leading to the cool pole. The cyclonic anomalies
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FIG. 6. (a) Wind stress anomalies of the positive event for OND. A scale wind stress vector of 0.02 N
m~? is shown. (b) Same as (a), but for JFM of the positive event. (c), (d) Same as for (a), (b),

respectively, but for the negative event.
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FIG. 7. (a) Heat flux anomalies for the positive event, OND, JFM, and AMJ. Contour interval is 2 W m™2,
positive (negative) values are shaded gray (white). (b) Same as (a), but for NCEP latent heat flux. (c), (d) Same

as (a), (b), respectively, but for the negative event.

in this region also suggest upwelling over the southern
part of the cold pole in the southwest Indian and At-
lantic Oceans.

Figures 5-6 suggest that the SST dipole events are
forced by these large-scale modulations of the atmo-
spheric circulation. The highest correlation values (0.4)
between the 500-hPa geopotential height and the South
Indian and South Atlantic dipole indexes were
achieved when the geopotential height leads the index
by 1 month. To investigate this atmospheric forcing of
the ocean in more detail, the next section examines the
surface heat fluxes.

5. Surface heat fluxes

The ORCA2 net seasonal downward heat flux
anomaly for the positive and negative events is shown
in Figs. 7a and 7c, respectively, where the boxes mark
the position of the strongest SST anomalies during the
composite years and a negative value represents in-

creased heat loss to the atmosphere. There is not much
variation in heat flux within each individual season,
thus the figures shown are for the austral spring (OND)
of the onset year, summer (JFM), and autumn [April-
May-June (AMJ)] of the event years.

During onset of the positive event in OND, there is a
“dipole” pattern in the surface heat flux anomalies,
which subsequently weakens the following summer
(JFM) and then reverses in sign in AMJ (Fig. 7a). The
OND pattern shows heat loss to the atmosphere over
the cold pole and heat gain over the warm. This implies
that the atmosphere is forcing the ocean since the
strongest fluxes occur during onset and weaken prior to
the largest SST anomalies in JEM. By AMJ, the positive
and negative heat flux poles switch sign and there is
heat gain to the ocean over the cold SST pole and heat
loss over the warm SST pole, acting to dampen the
dipole pattern. The heat flux forcing from the atmo-
sphere is directly tied to the shift in position and inten-
sity of the high pressure anomalies over these oceans in
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Fi1G. 8. (a) Shortwave radiation anomalies for the positive event, OND. Contour interval is W m™

50

2, positive

(negative) values are shaded gray (white). (b), Same as (a), but for JFM of the positive event. (c), (d) Same as (a),

(b), respectively, but for the negative event.

OND, modifying the climatological winds and SST.
These anomalies shift farther southeast in JFM modu-
lating the ocean response in AMIJ.

During a negative dipole event, the heat flux
anomaly is not quite as well defined, especially over the
South Atlantic Ocean. In both oceans, there are areas
of heat gain over the warm pole in the east and heat loss
over the cold pole during OND, and JFM (Fig. 7c). The
flux anomalies are not as strong or as coherent as those
evident during a positive event, especially over the
western pole of each basin. The heat gain over the east-
ern pole persists through JFM in the South Indian
Ocean and strengthens over the South Atlantic eastern
pole. This is because the negative dipole events seem to
evolve later than the positive, so the heat flux anoma-
lies are strongest over NDJ. During both events, the
switch in sign of the heat flux anomalies seems to oc-
cur in the South Atlantic before the South Indian
Ocean.

Figures 7b,d show the NCEP-NCAR latent heat flux
anomalies for both positive and negative events (the
sign has been reversed for comparison). ORCA model
latent fluxes were not available but since the model is
forced by NCEP-NCAR reanalyses, the NCEP-NCAR
latent heat fluxes are likely to be a good approximation.
The NCEP-NCAR heat fluxes cannot be directly com-
pared to the SST but the figures suggest that, consistent
with BYO1, the latent heat flux anomalies make a sig-

nificant contribution in the surface heat flux forcing of
the SST anomalies.

Change in insolation may also lead to significant SST
anomalies and Fig. 8 shows anomalies in this field dur-
ing the events. Reduced insolation is observed over the
cold pole leading up to, and during, a positive event,
with an increase over part of the warm pole in OND
and JFM (Figs. 8a,b). However, in both oceans it is the
decrease in insolation over the cold pole, which is more
coherent. The reverse is seen during negative events
(Figs. 8c,d), again with the eastern pole (in this case the
warm pole) having the stronger signal in (increased)
insolation.

During the positive event, the high pressure is shifted
south and strengthened. To the south of the cold pole,
in the eastern part of the basins, increased southerly
anomalies (Figs. 6a,b) lead to enhanced advection of
cool, moist, marine air from the midlatitudes, which is
favorable for an increase in stratus cloud cover and a
decrease in shortwave radiation (SWR) received at the
surface. During the negative event, the high pressure is
weakened but also moves east, so there are northwest-
erly anomalies over the eastern (warm) pole in OND,
reducing the influx of cooler marine air and hence the
cloud cover. These results suggest that changes in cloud
cover can also play a role in the evolution of these
events in both the South Atlantic and South Indian
Oceans, particularly over the eastern part of each basin.
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F1G. 9. (a) Calculated change in temperature due to surface heat flux and shortwave radiation for OND of the
positive event and actual temperature of upper model 50 m for OND of the positive event. Contour range is —1.2°
to 1.2°C, contour interval is 0.05°C. (b) Same as (a), but for the negative event. (c), (d) Same as (a), (b),

respectively, but for JFM.

To further examine whether changes in the surface
heat flux (or SWR) are consistent with the SST anoma-
lies, the expected temperature change from each vari-
able has been calculated as follows (note that possible
influences from advection and entrainment have not
been included):

daTr HFL
dt ~ CpXpxh

HFL = Heat flux (W m~2) (or SWR),

h = Depth of the mixed layer, diagnosed from

model (m),

Cp = Specific heat capacity (4187 J kg ' K™ '),

p = Density of seawater (1027 k gm ), and
T = Temperature (K).

Figure 9 shows the predicted temperature of the
mixed layer from the surface heat flux, from just the
SWR flux and, finally, the model change in temperature
averaged over the upper 50 m during OND and JFM
for both the positive and negative events. These figures
indicate that the surface heat flux exchange with the
atmosphere plays a large part in forming the anomalous
temperature patterns. Since the SWR contributes to the
surface heat flux, Fig. 9 suggests that the other terms in
the heat budget counteract its effect to some extent.
The predicted temperature pattern compares well in
position and strength (agreeing best with a 1-month lag;
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FIG. 10. (a) Meridional Ekman heat transport (X10%) for JFM
of the positive event. Contour interval is 2 X 10’ W m™!, positive
(negative) values are shaded gray (white). (b) Same as for (a), but
for the negative event.

not shown) with the averaged upper 50-m temperature.
However, after the peak in JFM, the predicted SST
weakens faster than the actual temperature and by
month 4, there is a weak reversal in the temperature
tendency. The predicted temperature change due to the
surface heat flux is considerably (slightly) stronger in
OND than JFM during the positive (negative) events,
consistent with the negative event commencing later
than the positive event.

6. Ekman heat fluxes

Another possible mechanism that could influence
SST is meridional Ekman heat transport. To investigate
this possibility, we have computed the Ekman heat
transport as per Levitus (1987). In both the South In-
dian and South Atlantic Oceans, there is generally a
poleward Ekman heat transport. However, during a
positive event there is a positive anomaly in the north-
east of the South Indian Ocean (Fig. 10). This implies a
reduction of the climatological southward heat trans-
port over the eastern part of the basin; thus, there is less
heat being transported than average toward the area of
the cold pole, helping to cool this region. In the west of
this basin, the heat transport anomaly is negative, sug-
gesting an increase in poleward heat transport toward
the area of the warm pole.

During the negative event, there is a decrease in the
southward climatological heat transport toward the
southwest of the basin (cool pole) and an increase in
heat transport toward the warm pole. These patterns
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have the most coherent signal during JFM, when the
heat exchange with the atmosphere is not as significant
(Figs. 7-9), suggesting that anomalies in the Ekman
heat transport help to maintain the SST poles in the
South Indian Ocean. In the South Atlantic Ocean, the
meridional Ekman heat transports anomalies are
mainly negative (positive) during the positive (nega-
tive) dipole events and are strongest toward the west of
the basin. This implies an increase (decrease) in south-
ward heat transport toward the warm (cool) pole in the
SW. There is little evidence of a decrease (increase) in
this transport near the eastern pole during the positive
(negative) event.

The anomalous winds described earlier also influence
the currents in the South Atlantic and South Indian
Oceans. During OND of the onset year of the positive
(negative) event (not shown) and JFM of the positive
(negative) event year (Fig. 11), there are westward
(eastward) current anomalies, between 15° and 20°S,
strengthening (weakening) the South Equatorial Cur-
rent in the South Indian Ocean. There is a 20% increase
(8% decrease) in the westward heat transport in the
upper 100 m (JFM model climatology is 1.24 PW) in
this region during the positive (negative) events. Fig-
ures 11a,b suggest changes in the advection of warmer
tropical water westward, which, via the enhanced (re-
duced) East Madagascar and Agulhas Currents, may
contribute toward the western pole. These changes cor-
respond to a 13% increase of the 0.33 PW JFM clima-
tological southward heat transport in the Agulhas Cur-
rent during the positive events and an 18% decrease
during the negative.

The current anomalies in the South Atlantic are
weaker but may still lead to some changes in heat ad-
vection by the Brazil Current that could influence the
western pole. There is a 7% increase in southward heat
transport in the Brazil Current during a positive event
and a decrease of up to 12% of the 0.56 PW climato-
logical heat transport during the negative event. Far-
ther south, the weakened (strengthened) Falklands/
Malvinas Current reduces (increases) the mean north-
ward transport of cold water toward the warm (cool)
western pole during the positive (negative) event.

During the positive (negative) event, there are
anomalous westward (eastward) current anomalies in
the southeastern Indian Ocean, thus weakening
(strengthening) the geostrophic inflow toward the
Leeuwin Current (Godfrey 1996) and cooling (warm-
ing) the ocean near the eastern pole. In the South At-
lantic, a strengthening (weakening) of the southern
Benguela Current occurs during the positive (negative)
event, increasing (reducing) the cool water heading to-
ward the region of the cool (warm) pole. Offshore of
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FI1G. 11. (a) The U and V current anomalies for JFM of the positive event. A scale current

vector of 0.05 m s™!

the western boundary currents, strong southward
(northward) current anomalies are apparent in the
southwest Indian and Atlantic Oceans during the posi-
tive (negative) event, implying a decrease (increase) in
colder water being advected northward toward the
warm (cool) pole. These anomalies represent a 20%
change in the mean southward heat transport of 0.16
PW in the upper 100 m of the South Indian Ocean and
between a 40% and 50% change in the mean heat
transport of 0.05 PW in the South Atlantic Ocean.

The wind stress curl (Figs. 12a,c) in the northeast of
each basin (which is climatologically negative) shows
negative (positive) anomalies during the positive (nega-
tive) dipole event. This would imply a strengthening
(weakening) of the subtropical gyre of each basin dur-
ing the positive (negative) event. However, in the
southwest of the South Atlantic and South Indian
Oceans, the climatologically positive wind stress curl is
decreased (increased) during the positive (negative)
event. This corresponds with the decrease (increase) in
the westerlies here and hence implies a decrease (in-
crease) in the Ekman transport of colder, midlatitude
water advected toward the warm (cool) pole.

Ekman pumping was also investigated (not shown).
Areas of downwelling were found over some regions of
the warm pole during the events and upwelling over
some areas of the cold pole. Increased upwelling

is shown. (b) Same as for (a), but for the negative event.

(downwelling) was evident during the positive (nega-
tive) event over the cold (warm) pole in the southeast
Indian and Atlantic Oceans, especially off the west
coasts of Australia and South Africa/Namibia, due to
the increased (decreased) southeasterlies evident there
in Fig. 6. During positive (negative) events, down-

20 100 120
FIG. 12. (a) Wind stress curl anomalies (x10%) for JFM of the

positive event. Contour interval is 0.1 X 10 kg s~ m~2. (b) Same
as for (a) but for the negative event.
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TaBLE 3. Forcing mechanisms contributing to each anomaly pole and their duration. Numbers refer to the start and finishing
months of the onset and event years.

Positive dipole

SW Indian Ocean SW Atlantic Ocean

SE Indian Ocean SE Atlantic Ocean

SST 12-9 13-9 12-6 12-9
Mechanism Model months (12-15 refers to onset yr, 1-11 refers to event yr unless stated otherwise)
Heat flux 10-1 10-1 10-1 10-1
SWR 15-2 15-2 11-2 11-2
Upwelling 12-13,15-3 12-13,15-2 12-13,15-3 12-13,15-2
Ekman HFL 14-3 14-3 144 —
Negative dipole

SW Indian Ocean SW Atlantic Ocean SE Indian Ocean SE Atlantic Ocean
SST 14-12 (event yr) 12-12 (event yr) 14-12 (event yr) 12-12 (event yr unless stated otherwise)
Mechanism Model months (12-15 refers to onset yr, 1:11 refers to event yr)
Heat flux 14-2 14-2 14-2 14-2
SWR 15-1 15-4 12-1 11-5
Upwelling 14-3 13-3 14-3 13-3
Ekman HFL 1-3 12-5 1-3

welling (upwelling) is evident off southeast Brazil,
where the northward and southward current anomalies
converge (diverge) in Fig. 11 and this helps contribute
to the warm (cool) pole.

A summary of the timing and location of the major
mechanisms is shown in Table 3. Upwelling (not
shown) seems to play a significant role in the formation
of the cool poles, and is more persistent during the
negative event. During the positive event, modulations
to the upwelling relax between months 13 and 15 of
the onset year. Surface heat flux exchange with the
atmosphere seems to be the most coherent forcing
mechanism, persisting for 7 (4) model months over
each pole in both oceans during the positive (negative)
events.

7. Rossby waves

The significance of Rossby waves for interannual
SST variability in the South Indian Ocean has been
examined by Xie et al. (2002). Figures 13a,b show Hov-
moller plots of the sea surface height (SSH) anomalies
at 20°S for the onset and event composite years. During
the positive (negative) event, an upwelling (down-
welling) wave starts at 100°E in month 7 and travels
westward at around 8 km day ! (approximate speed of
a Rossby wave at 20°S). A downwelling (upwelling)
wave is evident to the east of the strong features at
around 110°E during the positive (negative) event. The
waves are most intense during the end of the onset year
and the beginning of the event year. Some evidence of

a Rossby wave signal can be seen in the South Atlantic,
but it is much weaker than that in the South Indian
Ocean. Similar upwelling/downwelling Rossby waves
were also seen at 10°S (not shown). These Rossby
waves may influence upper-ocean heat content in the
source regions of the western boundary currents and
hence the evolution of the western pole. The 10° and
20°S zones in the South Indian Ocean have been pre-
viously described as having high Rossby wave variabil-
ity (Xie et al. 2002; Schouten et al. 2002). Xie et al.
(2002) proposed a correlation between SST off Sumatra
and SST in the subtropical southeastern Indian Ocean,
with modulations of the trade winds off Sumatra lead-
ing to changes in upwelling, and hence SST there, as
well as exciting Rossby waves that propagate the SST
and thermocline signal to the subtropical western part
of the basin. They found the variability to be locked to
the seasonal cycle, growing rapidly from September to
November at 82°E. Figure 6 shows modulations of the
trades off Sumatra/northwest shelf region of Australia
during the positive event and, to a lesser extent, in the
negative event consistent with the stronger Rossby
wave signal during the former. Consistent with the gen-
erally weaker modulations to the winds in the tropical
southeast Atlantic, there is less evidence of Rossby
wave signals in this basin.

8. Summary and conclusions

This study has used a global ocean model (ORCA?2)
driven with 52 yr of NCEP-NCAR reanalysis winds
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and fluxes to investigate the forcing processes associ-
ated with austral summer SST dipole events in the
South Atlantic and South Indian Oceans. A positive
(negative) event occurs when there are warm (cool)
SST anomalies in the southwest (northeast) of the
South Atlantic and South Indian Oceans.

Large-scale atmospheric modulation of the midlati-
tude Southern Hemisphere circulation (wavenumber-4
and Antarctic Oscillation—type patterns) plays a role in
the formation of both the positive and negative events.
As a result, the events are highly correlated between
the two oceans due to this coherent large-scale forcing.
These atmospheric patterns lead to modulations of the
trades and westerlies over each basin, which then influ-
ence SST in various ways. During some years (e.g.,
1968), the atmospheric circulation anomalies are much
stronger in the South Indian Ocean and there is less
evidence of a coherent wavenumber-4 pattern or Ant-
arctic Oscillation feature, leading to dipolelike SST
anomalies only in this basin and not in the South At-
lantic. Individual events occurring in either one of the
two oceans only were examined and, for both the nega-
tive and positive events, hemispheric-scale atmospheric
anomalies were absent or less prominent than for the
cases considered here.

As a result it appears that both the South Atlantic
and the South Indian Ocean are prone to display di-
polelike SST anomalies if the semipermanent anticy-
clone in the basin is sufficiently modulated; however,
for both basins to show these SST patterns there needs
to be a near-hemispheric modulation of the subtropical
anticyclones and circumpolar trough. As suggested by
Fig. 4 and the various correlations with the Nifio-3.4
index, there appears to be a relationship between the
events and ENSO. Given that ENSO projects onto the
subtropical to high-latitude atmospheric circulation of
the South Atlantic and farther east via the Pacific—

South America pattern (Mo and White 1985; Mo and
Paegle 2001), this linkage is not surprising.

Locally over each basin, the modulations to the an-
ticyclonic circulation lead to changes in the net surface
heat flux, Ekman heat transports, and up- and down-
welling, which contribute toward the generation and
evolution of the warm and cold poles. Some contribu-
tion of advection via modulated equatorial and western
boundary currents is also evident in both basins, more
so in the southwest Indian Ocean than in the southwest
Atlantic Ocean. In addition, in the South Indian Ocean,
strong Rossby wave signals are observed in the model
during both the positive and negative events but there
is less evidence of such activity in the South Atlantic.

The negative events appear strongly linked to the
Antarctic Oscillation however, the forcing mechanisms
appear less coherent for these events than for the posi-
tive events. Negative events take longer to become es-
tablished when compared with positive events. We sug-
gest this may be because negative events arise due to a
weakening of the climatological winds over the South
Atlantic and the South Indian Oceans, that is, opposing
the annual cycle whereas the positive events, effectively
act in the same sense as the annual cycle with a
strengthening and southward shift of the anticyclones.

In terms of the nonlinearity between the negative
and positive events, Figs. 1-6 show that, although the
events have a similar spatial pattern, model positive
event SST anomalies are stronger and more coherent
than the negative. The positive events peak more
quickly and die out more quickly than do the negative
events and the forcing mechanisms are generally more
coherent than during the negative events. Different
forcing mechanisms appear to be stronger for the east-
ern pole than for the western pole, regardless of the
polarity of the dipole pattern itself. For example, it can
be seen from Figs. 8 and 10 and Table 3 that the SWR
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is more significant in modulating the temperature in the
east of the South Atlantic and South Indian Oceans,
whereas the meridional Ekman transport seems to play
a more important role in the west of the basins.

A wavenumber-4-type pattern is more defined in the
positive events, whereas the negative events show a
more obvious Antarctic Oscillation pattern, which
could explain why the forcing mechanisms are not so
clear in each basin for the negative events. It is also
possible that the lack of coherency during the compos-
ite negative event may result from a greater variation
between each negative event than is the case for the
positive events.

The question remains as to whether the South Indian
and South Atlantic Oceans preferentially respond to
large-scale midlatitude atmospheric forcing to yield di-
polelike patterns in SST, perhaps because of their spa-
tial scales and the land-sea distributions in the region.
The details of how large-scale modes such as ENSO
and the Antarctic Oscillation project onto this atmo-
spheric forcing and hence the Southern Hemisphere
oceans needs further study. However, modulations to
the semipermanent anticyclones in each basin and as-
sociated surface heat flux changes clearly appear to be
fundamental in driving the SST variability, both in the
observational analyses of Behera and Yamagata (2001)
for the Indian Ocean events and Fauchereau et al.
(2003) as well as the ocean model response examined
herein.
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