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ABSTRACT

A persistent feature of the Southern Hemisphere u

pper-level time-mean flow is the presence of a split jet

across the South Pacific east of Australia during the austral winter. The split jet is composed of the subtropical
Jet (STI) on its equatorward branch and the polar front jet (PEJ) on its poleward branch. The NCEP-NCAR
reanalysis is used 1o investigate the structure and evolution of the split jet. Results show that the presence/
absence of the PEI determines the degree of split flow. given that the STJ is a quasi-steady feature. A split-

flow index (SFI) is developed to quantify the variability of the split jet. in which negative values represent
strong split flow and positive values nonsplit flow. Correlations with leleconnection indices are investigated,
with the SFI positively correlated to the Southern Oscillation index and negatively correlated to the Antarctic

oscillation,

The SFI is used to construct composites of heights. temperature, and wind for split-Aow and non-split-flow
days. The composites reveal that relatively cold conditions occur in the South Pacific in association with non-
split-flow regimes, and split-flow regimes occur when relatively warm conditions prevail. In the latter situation
cold air bottled up over Antarctica helps to augment the background tropospheric thickness gradient hetween
Antarctica and the lower latitudes with a resulting increase in the thermal wind and the PEJ. It is surmised that
frequent cold surges out of Antaretica moving into the South Pacific are associated with non-split-How regimes.
[n this context, the variability of the split jet responds to large-scale baroclinic processes and is further modulated

by synoptic-scale disturbances.

1. Introduction

A distinct characteristic of the climatological time-
mean flow during winter in the Southern Hemisphere
(SH) is the presence of a split jet at the longitudes of
Australia and New Zealand. The equatorward branch of
the time-mean split jet is anchored by a strong sub-
tropical jet (STJ) that extends eastward between 25° and
30°S from the central South Indian Ocean across Aus-
tralia to the east-central South Pacific Ocean near
130°W. A zone of weak westerlies lies poleward of the
STI from southeastern Australia eastward across the
South Island of New Zealand to east of the date line.
The poleward branch of the time-mean split jet is an-
chored by the polar front jet (PFI). The PFJ is concen-
trated along 60°S from 140°E to 150°W. The existence
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of the winter time-mean split jet in the SH has been
well documented (see, e.g., Taljaard 1972; van Loon
1972a.b.c; Hurrell et al. 1998; van Heerden and Taljaard
1998: Vincent and Silva Dias 1998).

Taljaard (1972, his Fig. 8.45) suggested that the lo-
cation, existence, and strength of the SH split jet in
winter was strongly influenced by relative cooling over
the Australian landmass and outflow from the great Asi-
atic summer monsoon anticyclone of the Northern
Hemisphere (NH) into the SH at the longitudes of Aus-
tralia. Enhanced cooling over the southern half of Aus-
tralia as compared to the adjacent oceans in winter re-
sults in increased baroclinicity over southern Australia
relative to the ocean waters south of Australia, effec-
tively shifting the primary cool season thermal gradient
equatorward (see also Hurrell et al. 1998, their Figs. 1.1
and 1.3). Meanwhile. a secondary baroclinic zone can
be found farther poleward near 60°S close to the edge
of the Antarctic pack ice. Cross-equatorial flow from
the NH to the SH during the SH winter, at the longitudes
of Australia (see, e.g., Newton 1972: Hurrell et al.
1998). may also contribute to the intensity of the STJ
in the SH via Coriolis torques and through a strength-
ening of the tropical meridional temperature gradient
due to subsidence in conjunction with the time-mean
Hadley circulation.
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Blocking has also been shown to play a role in the
modulation of the intensity of the SH split jet (e.g..
Trenberth and Mo 1985; Mo et al. 1987; Trenberth
1986b, 1991). An early study by van Loon (1956) dem-
onstrated that blocking in the SH winter was favored in
the southwest Pacific Ocean and to the southeast of
Australia. More recent studies (e.g.. Marques and Rao
1999: Renwick and Revell 1999) have confirmed the
carlier findings and have established that the area near
South America is an important secondary blocking re-
gion in winter and spring. Vincent (1994), Vincent et
al. (1997), and Vincent and Silva Dias (1998) have fur-
ther demonstrated that the location and intensity of the
midlatitude portion of the South Pacific convergence
zone (SPCZ) is modulated by jet streaks associated with
the STJ that in turn modulate cyclone activity along the
SPCZ. Blocking activity in the Australia-New Zealand
sector can be also modulated by jet streaks and cyclonic
activity along the SPCZ through the enhancement of
midlatitude anticyclones via poleward eddy heat and
vorticity fluxes, especially when the SPCZ is displaced
westward from its usual position (e.g., Kidson and Sin-
clair 1995). Other potentially important aspects of the
SH split jet in winter would include cold air outbreaks
associated with high-latitude blocking activity (e.g.. Mo
et al. 1987). the breakdown of the Antarctic polar vortex
in late spring (e.g., Mechoso et al. 1988), Rossby wave
forcing (e.g.. James 1988), and the phase of the El Nifio—-
Southern Oscillation (e.g., Karoly 1989; Chen et al.
1996).

Common to most of these studies has been an em-
phasis on documenting and understanding the time-
mean flow signatures on intraseasonal and seasonal
timescales. The purpose of this study is to examine the
structure and evolution of the winter season SH split
jet. We will develop a split-flow index (SFI) to quantify
the magnitude of the split flow and we will use the SFI
to examine the variability of the split jet on intraseasonal
and interannual timescales and to construct composites
of split-flow and non-split-flow regimes so as to better
understand the life cycle of the SH split jet. In particular,
we will show that the existence of the split jet is highly
dependent upon the presence/absence of the PFJ, given
that the STJ is a quasi-permanent feature of the SH
winter season. Our analysis is facilitated by the avail-
ability of a 43-yr reanalysis dataset provided by the
National Centers for Environmental Prediction (NCEP)
and the National Center for Atmospheric Research
(NCAR: see Kalnay et al. 1996; Kistler et al. 2001).
The paper is organized as follows. The methodology is
enumerated in section 2 and the SFI is formally defined
in section 3. The climatology and synoptic setting of
split-flow and non-split-flow regimes are discussed in
section 4, section 5 places the flow regime in terms of
the thermal structure and low-level heights, and the con-
cluding discussion appears in section 6.
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2. Data and methodology

The NCEP-NCAR reanalysis (hereinafter referred to
as the reanalysis) was used to examine the SH split jet.
This global dataset is on a 2.5° latitude—longitude grid
with data coverage at the time of writing from | January
1948 to 31 December 2000. The gridded data were
stored, analyzed, and displayed using the General Me-
teorological Package (GEMPAK; Koch et al. 1983).

The reanalysis data in the SH contain improperly in-
gested PAOBS data (bogused sea level pressures) for
the time period 1979-92." The impact of the error is
felt mostly at Tow levels in the SH high and midlatitudes
(poleward of 40°S) during the cool season. For this rea-
son, the years 1979-92 are not included in the synoptic-
scale composite studies. Data above 500 hPa are less
affected. Monthly data at all levels show negligible ef-
fects from the PAOBS problem.

Kistler et al. (2001) advise that the reanalysis prior
to the International Geophysical Year (1GY) is intended
for NH use only. Monthly and seasonal climatologies
were computed from the reanalysis monthly means for
the time period of the IGY, 1958-2000. Hines et al.
(2000) caution on the use of the reanalysis in the SH
prior to 1970 due to long-term reductions in surface
pressure. After examining the winter zonal wind in the
reanalysis from the IGY through 2000, we felt that the
split jet was adequately represented by the reanalysis
prior to 1970. Linear trends for two time periods are
presented in sections 3 and 4 and in Table 4.

Since the three austral winter months of July, August,
and September had the most pronounced split jet. the
seasonal climatology was broken into 3-month seasons
of January—February—March (JFM): April-May—June
(AMJ); July—August-September (JAS): and October—
November—December (OND). The monthly data were
averaged to create the seasonal climatologies.

In order to investigate aspects of the global circulation
at low latitudes, as well as high latitudes, our analysis
of the SH began with the reanalysis monthly stream-
function (%) and velocity potential (¢). The magnitude
of the nondivergent wind (V) was derived from the
streamfunction, where | V1 = 1k X Viil. The relative
vorticity (£) was also derived from the streamfunction,
where ¢ = V- V. The divergent wind (V) was derived
from the velocity potential, where V;, = V¢ and V-V,
= V.Vd. The daily streamfunction grids were not ini-
tially available from the reanalysis for the computation
of the relative vorticity in the composite study in section
4. therefore the relative vorticity for the daily grids was
derived from the horizontal wind, where { = k- V X
V. Monthly relative vorticity was recomputed from the
daily wind grids and compared with the monthly relative

| Full details on the PAOBS problem and diagnostic studies by the
Climate Prediction Center on the effect of the incorrect PAOBS on
the reanalysis can be found online at hitp://wesley.wwb.noaa.gov/
paobs/paobs.html.
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Fig. 1. Climatology of the upper-level flow at 200 hPa for JAS 1958-2000. Streamfunction contoured (solid) every

5
s ', shaded every 10 m s~ " above 25 m s ',

vorticity derived from the streamfunction. The two
fields were found to be in very close agreement, with
a 0.99 correlation significant at the 99.9% level. Daily
velocity potential and streamfunction values for the
composites were computed from the 17 levels of the
daily reanalysis winds.

Correlation coefficients were calculated between var-
ious teleconnection indices and seasonal areal averages
of the split jet from 1958 to 2000. Therefore, the number
of observations (yr) or degrees of freedom used for the
correlations is 43 (n 43), except for the Antarctic
oscillation and annual lagged correlations, where n
42 for 1958-99 data. The correlations calculated are
Pearson correlations (Panofsky and Brier 1958; Wilks
1995). Significance of the correlations is tested by ap-
plying one- and two-tailed tests (Powell 1982).

3. Split-flow index

The SH time-mean flow for JAS at 200 hPa (Fig. 1)
clearly displays the split-jet feature across the South
Pacific. The ST, stretching from the south Indian Ocean
across the South Pacific Ocean, is paralleled in the South
Pacific Ocean by a weaker jet, the PFJ, with a distinct
minimum in the westerlies between the two jets. The
SH split jet varies little in location from year to year,
but does vary greatly in magnitude. In order to quantify
these variations in the magnitude of the split jet, Hov-
mdller plots of the zonal wind were created for the 43
yr of the reanalysis. In Fig. 2a the climatological JAS
zonal wind at 200 hPa is contoured for the SH. Note
that the zonal wind and the magnitude of the nondi-
vergent wind in Fig. | are in close agreement. especially

X 107 m? s and isotachs, derived from the streamfunction, contoured (dashed) every 10 m s=' starting at 20 m

in the area of the split jet. Figure 3 shows a 10-yr (1990
99) Hovmaller plot of the zonal wind from 80°S to the
equator averaged across 160°E-160"W. The split jet is
centered at this longitude. and the 10 yr selected are
representative of the variations in the split jet. The STJ
is readily apparent each austral autumn through spring
between 257 and 30°S. Following the STJ onset, the
peak magnitude of the PFJ between 55° and 60°S gen-
erally occurs in July or August. The majority of the
winters displayed show distinct PFJ maxima. The PFJ
region in 1991 and 1992 exhibits no distinct wind max-
imum above 30 m s '. In addition, it is difficult to define
an area where the minimum in westerly velocities be-
tween the STJ and PFJ was located for these two years.

In Fig. 2b, the climatology of the relative vorticity
derived from the reanalysis streamfunction is shown for
the SH. Two maxima of anticyclonic relative vorticity
(positive in the SH) lie equatorward of the STJ across
the south Indian Ocean and the western South Pacific
Ocean. Poleward of the STJ the cyclonic vorticity max-
imum stretches across Australia and over the western
South Pacific. The anticyclonic and cyclonic relative
vorticity couplet of the PEJ in the South Pacific is small-
er in magnitude than the STI couplet, as expected from
the weaker PFI, but is still distinct.

A Hovméller plot of the derived relative vorticity is
displayed in Fig. 4 for the same 10-yr period as Fig. 3.
As in Figs. 2 and 3. the STJ stands out clearly, with the
anticyclonic relative vorticity equatorward of the STI
being the dominant feature. In addition, the wintertime
PF] is clearly indicated by the cyclonic relative vorticity
poleward of the PFJ between 55% and 60°S. The STJ
cyclonic relative vorticity (poleward of the winter STJ)
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FiG. 2. The zonal wind and relative vorticity, derived from the streamfunction, for the 200-hPa JAS climatology in
the Southern Hemisphere. (a) The zonal wind is shaded every Sms ' above 25 m s~ ', boxes for correlation caleulations
in Table 2 are outlined. and the solid line at the date line indicates the region for vertical cross sections in Figs. 19
and 20. (b Anticyclonic (eyclonic) relative vorticity isopleths are the solid (dashed) contours every 0.5 X 10-7s !
and shaded for values greater than 2 X 10-% 5!, boxes for computations of the split-flow index are outlined and
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labeled. Boxes for the Hovmiller plots in Figs. 3 and 4 are outlined by a dashed line in both figures.

has slightly weaker magnitude values than the STJ an-
ticyclonic relative vorticity. In contrast, the PFJ anti-
cyclonic relative vorticity (equatorward of the PFEJ]) is
much weaker in magnitude than the PFJ cyclonic rel-
ative vorticity, with only small areas of positive relative
vorticity. The overlap in area of the STJ cyclonic relative
vorticity with the PFJ anticyclonic relative vorticity re-
sults in weaker values. This overlap is the region of the
minimum in the westerlies between the two jets.

a. Definition of the split-flow index

After an examination of Hovméller plots for 43 yr of
derived relative vorticity, a strategy for quantifying the
split flow was devised. Three regions best defined the
split jet: the PFJ. the STJ, and the minimum between
the two jets. Area averages of the relative vorticity
across three locations for the winter season (JAS) split
jet between 160°E and 140°W (Fig. 2b) were calculated:
the cyclonic side of the PFJ from 65° to 77.5°S ({i):
the anticyclonic side of the PFJ from 40° to 57.5°S
(Le0p): and, in order to reduce the relative magnitude of
the STJ component, but not disregard its influence, a
region crossing the gradient of the cyclonic and anti-

cyelonic vorticity of the STI from 25° to 35°8 (L)
The cyclonic vorticity average of {y;, and the gradient
average of i, were summed and the anticyclonic vor-
ticity average of ,,. which is positive for strongly split
flow, was subtracted from the sum to create the SFI:

gm—:; + gsn -

The SFI was normalized by subtracting the 43-yr mean
from each year’s SFI value and dividing the result by
the 43-yr standard deviation.

Time series of each SFI component are shown in Fig.
54, and a normalized time series of the SFI is shown in
Fig. 5b. Years with a split-flow regime similar to the
climatological mean have normalized SFI values near
zero, as in 1971, 1978, and 1996. Years with pronounced
split flow such as 1984, 1989, and 1997 have a strong
PFI with relatively high cyclonic vorticity, and a higher
PFJ anticyclonic vorticity in the velocity minimum be-
tween the STJ and PFI, resulting in a large negative
value of the SFI. Years with a weak or no split jet, such
as 1964, 1980, and 1981, have a weak or nonexistent
PEJ, the anticyclonic region between the STJ and cli-
matological PFJ is reduced in area and becomes more
cyclonic, and the SFI is more positive. The 43-yr linear

Ly = SEL
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FiG. 3. Hovméller plot of the monthly zonal wind isotachs from Jan 1990 to Dec 1999 averaged
between 160°E and 160°W from the equator to 80°S. Tsotachs are contoured every 5 m's ' with
values above 20 m s~ shaded: solid (dashed) contours are westerly (easterly).

trends for the SFI components and the SFI revealed that
oy and £, had slopes of 1.1 X 10 *and —0.4 X 10+
s ! yr " and standard deviations of 3.3 X 102 and 2.6
X 107% s71 yr', respectively, while £, and the SFI
increased slightly with time at 2.8 X 10~ and 4.3 X
104 ! yr~!, respectively, and standard deviations of
319 X 10757 yrifor Lo and 708 X 1072 g app—
for the SFIL.

b. Correlations

As both an objective check of the SFI and as a method
to understand how the components of the SFI relate to
each other over the period of the climatology. correla-
tions were computed between the individual SFI com-
ponents and the SFI (Table 1). Each component con-
tributes significantly to the SFI, however, £, and Caup
contribute the most. 0.80 and —0.83, respectively. while
{sry has a correlation of 0.75. The negative correlation
of ¢, with the SFI underscores the increased anticy-
clonic vorticity present in the gap region during split-
flow years. The dependence of (., and {,, on each
other is denoted by their correlation of —0.68. The (.,
reflects its contribution to {,, with a correlation of
—0.40. The &y, has a small, though still significant at
the 95% level, correlation to ¢, with a value of 0.28.

In order to determine whether the SFI is modulated
by other global phenomena, correlations were computed
between the SFI, teleconnection indices, and global ¢ir-
culation features. Little correlation was found between
the North Atlantic oscillation (Hurrell 1995) and the
SFI (not shown), but. not surprisingly, the Southern Os-
cillation index (SOI). the Antarctic oscillation (AAO:
Thompson and Wallace 2000), and the Pacific decadal
oscillation (PDO: Mantua et al. 1997) had significant
correlations with features of the split flow. Table 2 con-
tains correlations between the SFI, the SOI, the AAO,
the PDO, the zonal wind in the STJ (Us,,) averaged
across the south Indian Ocean and South Pacific from
70°E to 130°W and 25° to 35°S, the zonal wind of the
PF] (Uy,) in the South Pacific averaged from 150°E to
150°W and 55° to 65°S. and the cross-equatorial flow
in the Indian Ocean (V) averaged from 40°E to
140°W and 20°S to 10°N. The areas where the corre-
lations were calculated are outlined by the boxes in Fig,
2a.

The correlation between the zonal wind of the jets
highlights the dependence of the SFI on the presence
of the PEJ. The Uy, and the SFI had a high correlation
at —0.77 (significant at the 99.9% level), while the cor-
relation of Uy to the SFI was significant (97.5%) but
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Fic. 4. Hovmoller plot of the monthly relative vorticity from Jan 1990 to Dec 1999 averaged
between 160°E and 160°W from the equator to 80°S. Anticyclonic (cyclonic) relative vorticity
isopleths are solid (dashed) every 0.5 X 107 s " and are shaded above 1 X 107% 57,

low at —0.31. A strong PF) results in a low SFI value,
reiterating the SFI definition, but a variation in the STI
strength does not necessarily correlate to a particular
SFI phase. The correlation between the SFI and Vig,..
though significant at the 99.0% level, was fairly low at
0.37 and is most likely due to the influence of the STJ,
where Vi, and Usy, had a correlation of —0.51 sig-
nificant at the 99.9% level.

The SFI and the SOI had a low correlation of (.33,
significant at the 97.5% level. A slightly more mean-
ingful relationship can be drawn from Ug, and the SOI
where a correlation coefficient of —0.41 (99.5%) was
found. A series of lagged SOI correlations to the SFI
and to the jets was also computed, stepping back month-
by-month from JAS to January, to 1 yr prior to the SFL
and to 1 yr after the SFI (Table 3). By far the largest
correlations, for all but the Uy, occurred during the
same season (see SOI for JAS in Table 2) as the SFI
computation. The SFI correlation dropped to zero, while
Uy, increased to its high of a 0.14 correlation with the
SOl in the March—-April-May 3-month period. The Uy,
reversed sign in February-March-April. The Vi, de-
creased steadily with time. Correlations with the SOI 1
yr prior and 1 yr later were also lower and less signif-
icant than the correlations to the SOI of the same season.

Chen et al. (1996) looked at the zonal wind in the jets
from 180° to 120°W in comparison with the 1987 SOI
minimum and the 1989 SOI maximum. They found a
strong STJ and weak PFJ the year before the SOI min-
imum and a dramatically weaker STJ and a strong PFJ
the year before the SOI maximum. Our correlations
across the climatology. using both our zonal wind areas
and the Chen et al. (1996) areas, were not significant
enough to draw a profound connection between the SOI
and the split-flow regime or the PFJ.

In Table 2 a strong correlation was established be-
tween Vo, and SOI with a correlation of 0.87 (99.9%).
Outflow from the Asian anticyclone crosses the equator
over the Indian Ocean and western South Pacific and is
torqued by the Coriolis force in the SH into westerly
flow. This westerly fow has a positive impact on the
strength of the STJ as described by Newton (1972) and
Hurrell et al. (1998). A positive (negative) SOL, or La
Nifia (El Nifio), favors weaker (stronger) cross-equa-
torial Now and decreased (increased) westerlies in the
STJ. No significant relationship was established be-
tween the Vigy and Uggy. (0.02), nor between U, and
the SOI (0.01), indicating that the influence of the Asian
anticyclone did not extend to the high latitudes of the
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PFJ in this region and season and is reflected in the low
correlation of the SFI and SOL

The North Pacific Ocean measure of SST anomalies,
the PDO had a significant correlation to the SOI and to
Viou- The impact of decadal oscillations of the North
Pacific had little impact on the phase of the split flow,
the SFI had a small correlation of —0.23, which just
missed the first significance level of 95%. Neither U,
nor Uy, had any significant correlation to the PDO. The
SFI and the AAO had a negative correlation of —0.32
(97.5%) and U, had a more significant correlation at
—0.48 (99.5%). The higher-latitude Uy, was strongly
correlated with the AAO at 0.68 (99.9%), reflecting the
response of the PF] to the positive 850-hPa height anom-
alies at high latitudes in a positive AAO. The high-
latitude annular mode expressed by the AAQ made its
impact on the PFJ, and thus to a lesser extent the SFI,
in much the same measure as the tropical SOI has on
the STJ. and again to a lesser extent to the SFI.
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Tapre 1. Correlation and significance values of the SFI and its
components.

SKI Lsm & Jap Ly
SFI1 — 0.75 —(0.83 0.80
(99.9%) (99.9%) (99.99%)
& 0.75 = ~0.40 0.28
(99.9%) (99.5%) (95.0%)
gml, =0.83 —0.40 —_— —(.68
(99.9%) (99.5%) (99.9%)
- 0.80 0.28 ~0.68 =
(99.9%) (95.0%) (99.99)

4. Split-flow climatology, composites, and
anomalies

In this section we will examine the SH split flow in
the context of the seasonal and global climatology. The
representativeness of the SFI will be examined through
examples of the JAS upper-level flow for individual
years. The evolution and dissipation of the split flow
will be presented through composites of split-flow and
non-split-flow events.

a. Streamfuncrion seasonal climarology

The development of the SH split jet can be seen in
the seasonal climatologies of the streamfunction. In aus-
tral summer (Fig. 6a) the global climatology at 200 hPa
is dominated by the NH jet over the western Pacific. A
large anticyclone resides just north of the equator over
Africa eastward across the Indian Ocean into the west
Pacific. In the SH, the PFJ lies over the eastern South
Pacific eastward across the South Atlantic and Indian
Oceans to near the date line. The PFJ bulges equator-
ward near the continental landmasses in response to the
strong thermal gradient between the cold oceans and
warm continents. No sign of split flow occurs over the
western South Pacific during this season. During austral
fall (Fig. 6b), the STJ begins to develop across the In-
dian Ocean, Australia, and the Pacific Ocean. The an-
ticyclone diminishes over the NH, while an anticyclone
develops over the south Indian Ocean between western
Australia and Indonesia. The PFJ persists along the in-
tense thermal gradient between the cold Antarctic and
the warm African landmass. The PFJ continues eastward
across the south Indian Ocean to south of Australia,
signaling the onset of the split flow in the south Tasman
Sea.

By austral winter (Fig. 1) the STI, PFJ, and resulting
split flow are firmly in place across the South Pacific.
Two separate wind maxima at 200 hPa can be seen, one
anchored over southwest Australia, with the other cen-
tered equatorward of New Zealand. The NH summer
anticyclone is centered over India, while the SH anti-
cyclone remains over the south Indian Ocean and
stretches eastward across the Coral Sea into the South
Pacific. The region of split flow stretches from 135°E
to 140°W. By austral spring (Fig. 6¢), the region of split
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TapLE 2. Correlation and significance values of the SFL, SO1, AAO, PDO, 200-hP4 zonal winds of the STJ and Pl and 200-hPa cross-
equatorial winds for JAS.

SF1 By Uy Ve S01 AAQ PDO
SF1 — —{.31 =0, F7 0.37 (.33 —0.32 —0.23
(97.5%) 199.9%) (99.0%:) (97.5%) (97.5%) (<95%)
U —0.31 — —0.14 —0.51 —0.41 0.48 0.09
(97.5%) (99.9%) (99.5%) (99.5%)
Ui -0.77 —0.14 — 0.02 0.01 0.68 0,09
(99.9%) (99.9%)
Vi 0.37 0.51 0.02 = 0.87 —0.07 —0.60
(99.0%) (99.9%) (99.9%) {99.9%)
S01 0.33 0.41 0.01 0.87 — —0.07 —{).44
(97.5%) (99.5%) (99.9%) (99.5%)
AAO =032 0.48 0.68 —=0.07 -=0.07 - (.30
(97.5%) (99.5%) (99.9%) (95%)
PDO —0.23 0.09 0.09 —0.60 0,44 0.30 —
(<95%) (99.9%) (99.5%) (95%)

flow has decreased in area, although a minimum still
exists between the two weakened jets. In the SH the
anticyclone has diminished. The NH anticyclone has
shifted equatorward over the relatively warm waters of
the Indian Ocean and the west Pacific.

b. Annual split-flow streamfunction variability

In Fig. 5b, the variability of the split flow was ap-
parent in the wide swings between the extremes of no-
split and enhanced-split years. A subjective check of
the SFI for the JAS split flow was made for each year
of the reanalysis. Every year. with only one exception,
was accurately categorized by its SFI value. Three years
with contrasting SFI values are shown in Fig. 7. In 1978
(Fig. 7a) with a near-normal SFI at 0.2 SFI, the 200-
hPa PFJ] was clearly separate from and parallel to the
STJ across the south Indian Ocean and the South Pacific.
The ST stretched across the Indian Ocean and Austra-
lia. but was weaker than climatology across the western
Pacific and South America. In the strongly split year
(—2.0 SFI) of 1989 (Fig. 7b), a broad area of minimum
in the velocity field delineating the split flow was cen-
tered on the date line in the South Pacific with the PFJ
stretching from near 120°E to 120°W. Across the south
Indian Ocean, the PFJ was slightly stronger and the STJ
was much weaker than in 1978. The large positive SFI
(1.5 SFI) of 1980 (Fig. 7¢) was characterized by a single
jet. The PFJ extended from the South Atlantic across
the south Indian Ocean and then appeared to merge with
the STJ west of Australia. The STJ was the sole feature
across the South Pacific.

In each of the examples shown, the SFI objectively

TABLE 3. SOI lag correlations to JAS values for 3-month periods before JAS and for 1 yr belore (

described the degree of split in the South Pacific flow.
The SFI accurately categorized the split flow for the
entire time series of the reanalysis with the exception
of 1998. In 1998 (Fig. 8b) a distinct STJ and PFI, char-
acteristic of split low, were centered over New Zealand.
However, the SFI ranked 1998 as a low split year with
a value of 1.1, which can be compared with 1975 (Fig.
8a) with a SFI value of 0.9, and to 1999 (Fig. 8c¢) with
an SFI of 1.0. The 1975 winter season had a weak PFJ
stretching to 140°W. The 1999 PFJ was stronger, bul
stretched to only 175°W. The 1998 PFJ was neither miss-
ing nor weaker than climatology: in fact the PF] was
rather robust with a 30 m s~ isotach nearly the width
of the Pacific Ocean. However, the 1998 STJ in the
South Pacific was dramatically weaker than normal. Av-
eraged across the area of the split flow in the South
Pacific (box Us,, in Fig. 2a and plotted in Fig. 9), the
1998 STJ was the weakest STJ in 43 yr. The STJ of
1999, with a more representative SFI of 1.0, was the
second weakest.

The anomalous minimum in the average zonal wind
of the STJ in 1998 is responsible for the one instance
in the 43-yr climatology where our objective definition
of the split flow, as given by the SFI, fails to agree with
a subjective analysis of the flow regime. This failure
arises from the small magnitude of the relative vorticity
associated with the STJ in 1998 (Fig. 5a), leading to a
normalized SFI value of 1.1. Since the STI is a key
component of the SFI (Table 1) and a fairly steady fea-
ture of the SH flow pattern (Fig. 5a), the anomalous
behavior of the STJ had a large impact on the SFL. We
attempted to refine the SFI to better describe 1998, by
redefining the areas of calculations, by using different

1y and | yrafter (+ 1) JAS.

JEM FMA MAM AMI M1 1A SO1—1 SOL + 1
SF1 —0.08 —0.09 0.00 0.10 0.22 0.31 —{.14 —0.15
Uy 0.12 0.09 —0.06 —0.18 =232 =0.35 0.22 0.17
Ui 0.03 0:10 0.14 0.11 0.06 0.01 0.01 0.01
Vo 0.11 0.27 0.51 0.62 0.67 0.78 -0.14 —~0.03
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FiG. 6. As in Fig. 1 but for (a) JFM, (by AMJ, and (¢) OND.

variables, and by trying different calculations. However,
all attempts resulted in an overall degraded SFI. Our
original SFI, as defined in section 2, best described the
variability of the split flow for all years but 1998 and
is a reliable measure of split flow when the STJ is near
its usual intensity.

c. Zonal wind time series

A time series of the area-averaged zonal wind for the
STI and PEJ at 200 hPa for the SH cool season from
1958 to 2000 is shown in Fig. 9. The STJ (Uy,) is

averaged from 70°E to 130°W and from 25° to 35°S,
while the PFJ (U,,,) is averaged from 150°E to 150°W
and from 55° to 65°S. The boxes used for the area av-
eraging are presented graphically in Fig. 2a. Table 4
lists the slopes and correlations of the linear fit, means,
and standard deviations for the STJ and PFJ for two
lime periods: from the IGY to the time of writing, 1958—
2000: and the period of time with increased SH satellite
data and observations, 1979-2000.

The STI zonal wind speed from 1958 to 2000 had a
downward trend line with a slope of —0.13 m s ' yr .
This trend decreases slightly when the time period be-
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Fig. 7. As in Fig. | but for (a) average split flow in 1978 with a (.2 SFL, (b) stong split flow
in 1989 with a —2.0 SFL, and (c¢) nonsplit flow in 1980 with a 1.5 SFL

ginning with satellite data is considered, leading to a
slope of —0.11 m s ' yr! (see also Kidson 1999). In
contrast to the STJ, the PFJ shows a very slight in-
creasing trend in the magnitude of the zonal wind speed
with a trend line slope of 0.02 m s~ yr ! for 1958
2000 and increases to 0.03 m s ! yr~' for 1979-2000.
In the time-mean sense, the reanalysis since the IGY
does a decent job in detecting and measuring the PFJ.
This reaffirms our decision to use the 1958-2000 time
period for our study. However, note that the standard
deviation of the PFJ increases in magnitude with more
recent time periods in comparison with the standard

deviation of the STJ. This is especially significant when
considering that the average zonal wind speed associ-
ated with the PFJ is approximately one-half that of the
ST, indicating a much larger fractional change in the
PFEJ. The decreased variability suggests that earlier years
may not represent the variability of split-flow events as
well as later vears (see also Hines et al. 1999).

d. Vertical cross sections

A vertical cross section of the zonal wind speed and
potential temperature for the JAS climatology is shown
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Fic. 8. As in Fig. 1 but for (a) 1975 with 4 0.9 SFL, (b) 1998 with a 1.1 SFI, and (c) 1999
with a 1.0 SFI.

in Fig. 10c. The cross section from 87.5°S to 10°N at
the date line reveals the climatological mean split jet
with a-distinct PEJ and STJ in agreement with previous
studies (e.g., Taljaard 1972: van Loon 1972a.b.c: Hurrell
et al. 1998). The PFJ is located near 65°S and is weakly
defined in the mid- and upper troposphere (i.e., 500
200 hPa) with wind speeds increasing from about 20 m
s~ " at 500 hPa to almost 30 m s ' just above the 200-
hPa level. Above this level, the zonal wind speed in-
creases rapidly to a maximum over 80 m s ' near 10
hPa (not shown). The maximum wind speed at the 10-
hPa level, as well as the rapid increase in velocity above
200 hPa, indicates that in the climatological mean, the

tropospheric portion of the PFJ lies underneath the
stratospheric polar night jet surrounding the Antarctic
polar vortex. The structure of the PFJ is consistent with
the location of the meridional temperature gradient as
indicated by the isentropes between 850 and 200 hPa.
The strong meridional temperature gradient at 65°S in
the troposphere is located in the lowest 300 hPa just
equatorward of the polar ice cap, reflecting the strong
continental-ocean contrasts (see also Bromwich and
Parish 1998).

In contrast to the PFJ, the compact STJ is confined
to the 500—-100-hPa layer with a maximum in the zonal
wind speed over 50 m s ! located at 30°S near 200 hPa.
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FiG. 9. Times series (1958-2000) of the area-averaged ST (circles)
and PEI (diamonds) zonal wind (m s ') at 200 hPa for JAS. The
linear fit slopes and correlations are listed in Table 4.

The relatively rapid increase in the zonal wind speed
from the 500- to the 200-hPa layer is associated with
steeply sloped isentropes (i.e., a strong meridional tem-
perature gradient) in the mid- and upper troposphere
(750-300 hPa). The location of the temperature gradient
abave 750 hPa suggests that the gradient may only be
weakly tied to the Australian continent, and that other
mechanisms for its maintenance must be considered.
The zonal wind speed in the STJ decreases rapidly above
the 200-hPa level, consistent with a strong reversal in
the direction of the meridional temperature gradient
above this level. The meridional temperature gradient
reversal indicates that the level of the tropopause rises
rapidly equatorward of 30°S in the climatological mean.

In an attempt to further check the validity of the SFI
as a quantification of the flow regime on daily timescales
as well as seasonal timescales, composites of non-split-
flow and split-flow regimes were created. Each day at
0000 UTC from 19358 to 1999 (excluding PAOBS years)
where the normalized SFI was greater than 1.5 was used
to create the non-split-flow composite (n = 201) and
cach day where the normalized SFI was less than —1.5
was used to create the split-flow composite (n = 134).

A vertical cross-section composite of the days char-
acterized by nonsplit flow is shown in Fig. 10a. The
wind maximum associated with the STJ is located at
35°S with no indication of a significant PFJ in the tro-
posphere. While there is a strong wind maximum near
60°S at 50 hPa, this wind maximum is a response to

JOURNAL OF CLIMATE

VoLume 14

stratospheric dynamics and is not connected to any sig-
nificant tropospheric temperature gradient. All the sig-
nificant baroclinicity for the non-split-flow regime is
located in the mid- and upper troposphere near 35°S.
The structure of the STJ is largely unchanged. although
its location is displaced poleward relative to climatology
and to the split-flow composite.

A vertical cross section of the zonal wind and po-
tential temperature for the composite split-flow regime
is given in Fig. 10b. Two distinct wind maxima are
located at 27.5° and 62.5°S. The PFI and ST/ are located
in approximately the same position as climatology (Fig.
10¢). However, the PFJ in the split-flow regime is stron-
ger than climatology with the 20 m s ' isotach extending
down to 850 hPa in the split-flow composite but to only
500 hPa in the climatology. This increase in the PFI
strength is consistent with the more steeply sloped is-
entropes in the split-flow composite. Significantly, there
is very little difference in the structure and location of
the split-flow STJ from climatology. This supports our
earlier assertion that the STJ is a quasi-steady feature
of the SH cool season and that the characterization of
the split-flow regime is largely dependent on the pres-
ence/absence and strength of the PFJ.

In order to depict the temperature and zonal wind
differences among these cross sections, Fig. 11 contains
the composite nonsplit flow minus JAS climatology
(Fig. 11a), composite split flow minus JAS climatology
(Fig. 11b), and composite nonsplit flow minus com-
posite split flow (Fig. 11c). In Fig. 1la the poleward
shift of the STI is denoted by a positive wind anomaly
from 30° to 45°S. The anomaly is a maximum between
200 and 250 hPa. With no PFl in the non-split-flow
composite, the location of the climatological PFJ is out-
lined by a negative wind anomaly from 55% to 70°S.
This anomaly is a maximum between about 350 and
200 hPa. The temperature anomalies show a slight
warming equatorward of the STJ below 200 hPa and a
cooling above this level. A slight cooling exists below
300 hPa poleward of the STJ to the center of the cli-
matological PFJ, with warming above 250 hPa. A strong
warm anomaly centered at 75°S exists poleward of the
PFJ anomaly and extends from 350 hPa to the surface,
reflecting the destruction of the meridional temperature
gradient associated with the PFJ. These temperature
anomalies near the date line are consistent with cold air
being displaced off the Antarctic coast as the flow pat-
tern amplifies poleward of Australia. The evolution of
these cold surges poleward of New Zealand will be

TasLE 4. Statistics on the STJ and PEJ.

Correlation coefficient

Slope (m s~ yr™')

of the linear fit

Mean (m s7') Std dev (m s ')

STl PFl STI PFJ STI PF] STJ PFI
1958-2000 —0.13 0.02 0.68 0.37 44.1 253 2.7 2.
1979-2000 —0.11 0.03 0.28 0.06 42.8 254 23 3.2
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Fic. 10. Vertical cross section of the zonal wind isotachs and potential temperature from 1000
to 10-hPa taken at the date line between 87.5°8 and 10°N for (a) composite nonsplit flow (201
members), (b) composite split flow (134 members). and (¢) JAS climatology. Isotachs (solid) are
contoured and shaded every 10 m s " above 10 m s~'. Isotherms (dashed) are contoured every
4 K for values less than 352 K and every 16 K above 352 K. with the 284, 304. and 332 K
isotherms plotted in a thicker line. Reanalysis terrain representation is hatched: note that since
no terrain representation was available for the climatology in (¢). the graphics software allows
the isotherms to incorrectly intersect with the terrain plotted from the composites,

documented in an upcoming paper addressing the syn-
optic modulation of the split-flow regimes. The com-
posite split flow minus JAS climatology in Fig. 11b is
the mirror image of Fig. 11a. The poleward side of the
STI has a negative zonal wind anomaly and the PFJ has
a positive zonal wind anomaly. Little temperature dif-
ference is apparent equatorward of the STJ. Between
the STJ and PFJ latitudes. a warm anomaly stretches
below 250 hPa and a cold anomaly lies above 250 hPa.
consistent with the presence of a blocking anticyclone
in this region. Poleward of the PFJ zonal wind anomaly

a cold anomaly sits below 300 hPa, maximized at the
base of the PFJ between 950 and 700 hPa, suggestive
of relatively cold air trapped near the edge of the Ant-
arctic ice sheet.

In Fig. 1lc, the difference between the non-split-flow
and split-flow composites is a pronounced enhancement
of the pattern noted in Fig. I la, the nonsplit low minus
climatology. The poleward shift of the STJ in nonsplit
flow is seen in the 10 m s~ negative zonal wind anomaly
equatorward of 30°S centered at 200 hPa and a 25 m
§ ! positive anomaly centered at 37.5°S. The PFJ char-
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Fii. 11. Vertical cross section of anomalous zonal wind isotachs and potential temperature from
1000 to 10 hPa taken at the date line between 87.5°S and 10°N for (a) composite nonsplit fow
minus JAS climatology. (b) composite split flow minus JAS climatology, and (¢) composite nonsplit
flow minus composite split flow, Zonal wind speed shaded every 5 m s above 5 m s ' with
light (dark) shading for positive (negative). or westerly (easterly) anomalies. Isotherms are solid
(dashed) every 2°C for positive (negative) anomalies.

acteristic of split flow appears in the deep 25 m s~
negative anomaly at 65°S from 150 to 450 hPa, while
the 15 m s ! anomaly penetrates to nearly 850 hPa. The
temperature anomalies below 250 hPa reveal a weak
warm anomaly equatorward of the STI. a strong cold
anomaly between the STI and PFJ, and a strong warm
anomaly poleward of the PFJ anomaly core. As com-
pared with split flow, nonsplit flow is characterized by
warmer temperatures at higher latitudes, while cooler

air is located from 40° to 60°S. Above 250 hPa the
anomalies reverse, with cold anomalies above the high-
latitude warm anomaly, and a warm anomaly above the
midlatitude cold anomaly.

The vertical structure of the jets revealed in the cli-
matologies, composites, and anomalies lends credence
to the selection of 200 hPa for calculation of the SFI.
The composites and climatology in Fig. 10 show that
the maximum zonal velocity associated with the STJ is
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FiG. 12. The 200-hPa velocity potential and vectors of the divergent wind for (a) composite
nonsplit fow (201 members), (b) composite split low (134 members), and (c) JAS climatology.
Velocity potential contoured every 2 % 106 m? s,

located near 200 hPa. Furthermore, the 200-hPa level
is below the location where the zonal wind associated
with the stratospheric polar night jet starts to rapidly
increase upward. This ensures that we are basing our
SFI calculations on the tropospheric reflection of the
PFE] and not the stratospheric polar night jet. Given the
apparent lack of connection of the stratospheric jet to
any tropospheric temperature gradient, we feel it is un-
likely that the presence or location of the stratospheric
polar night jet plays a significant role in the modulation
of synoptic-scale disturbances controlling the sensible
weather.

e. Velocity potential and streamfunction

The strength and location of the STJ and the asso-
ciated meridional temperature gradient can in part be
understood by an examination of the 200-hPa global
velocity potential and divergent wind (Fig. 12¢). Figure
12¢ shows strongly divergent outflow from the anti-
cyclone centered over the western Pacific warm pool.
The time-mean cross-equatorial flow associated with the
divergence approaches 8 m s ' over Indonesia. The lo-
cation of the 200-hPa STJ wind maximum just south of
the divergent outflow (Fig. 13c¢) strongly suggests that
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FiG. 13. The 200-hPa streamfunction and isotachs of the nondivergent wind for (a) composite

nonsplit flow (
Streamfunction is contoured every 2 X 107 m* s~
20m st

the STJ is partly maintained by Coriolis-torqued outflow
from the 200-hPa anticyclone situated over the western
Pacific warm pool, concurring with results presented by
Newton (1972) and Hurrell et al. (1998). This interpre-
tation is further supported by the high correlation be-
tween the cross-equatorial flow (Vi) and the strength
of the zonal wind in the STJ (Us,) as shown in Table
2. At 850 hPa (not shown), strong convergent inflow is
located over the western Pacific warm pool and below
the 200-hPa divergent outflow. The STJ is essentially
nonexistent at 850 hPa (Fig. 14c¢), indicating that the
baroclinicity at this latitude is confined to the mid- and

201 members), (b) composite split flow (134 members), and (¢) JAS climatology.

! and isotachs are shaded every 10 m s ' above

upper troposphere as shown in Fig. 10c. In contrast, a
high-latitude wind maximum of over 12 m s ' at 850
hPa poleward of New Zealand suggests that lower-tro-
pospheric dynamics are important in the PFJ, in spite
of the fact that the maximum in the zonal wind is located
upward of 10 hPa.

In the composite of the velocity potential for non-
split flow (Fig. 12a) and split flow (Fig. 12b) the lo-
cation of the center of divergent outflow remains ba-
sically unchanged from climatology. Both the nonsplit
flow and split flow have strong cross-equatorial out-
flow equatorward of the STJ. The velocity potential
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FiG. 14. As in Fig. 13 but for 850 hPa contoured every (.5 X 107 m*s ' and shaded every 3
m s~ above 9m s .

gradient and associated outflow poleward of the
southern tip of New Zealand are slightly stronger in
the split-flow composite than in either the nonsplit
flow or climatology. The stronger outflow is located
equatorward of the composite split-flow PFJ wind
maximum (Fig. 13b) and is consistent with the pres-
ence of a stronger PFJ. As noted at the date line in
Fig. 10a, no PFJ can be found in the South Pacific
200-hPa streamfunction non-split-flow composite
(Fig. 13a). Instead, the climatological gradient asso-
ciated with the PFJ in a split-flow regime has been
replaced by a negatively tilted trough at higher lati-

tudes. Note that the southwesterly flow poleward of

New Zealand is suggestive of cold surges in this re-
gion. This evolution of cold surges into the region
will be illustrated in a forthcoming companion paper.
The non-split-flow STI (Fig. 13a) has two separate
50 m s ' cores, one off the western coast of Australia
and one equatorward of New Zealand, coincident with
troughs at higher latitudes, both centered at 30°S, A
high-latitude ridge from New Zealand to 170°W in
the split-low composite (Fig. 13b) strengthens the
streamfunction gradient associated with the PFJ. The
split-flow STJ has a strong core (50 m s ') stretching
from near 100°E to 140°W at 25°S. Unlike the findings
of Chen et al. (1996), our composite shows a strong
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FiG. 15. The 200-hPa anomalous velocity potential and vectors of the eradient difference for
(a) composite nonsplit flow minus JAS climatology, (b) composite split flow minus JAS cli-
matology, and (¢) composite nonsplit How minus composite split flow. Velocity potential con-

toured every 0,5 % 10" m?* s’

STJ paired with a strong PFJ. Their result of a weaker
STJ associated with a strong PFJ may be the product
of a shorter time series.

At 850 hPa the high-latitude wind maximum exceeds
18 m s~ in the split-flow composite (Fig. 14b). Strong
northwesterly flow poleward of Australia to the date line
and northerly flow across New Zealand imply warm air
advection in the South Pacific toward the high-latitude
jet maximum. Southwesterly flow exits the equatorward
side of the low-level jet core toward 120°W. In the non-
split-flow composite (Fig. 14a). the high-latitude flow
is southwesterly between the longitudes of Australia and

New Zealand, suggesting warm air intrusions into the
polar regions, with a 9 m s~ wind maximum occurring
at 35°S east of New Zealand, implying a shift equator-
ward in the low-level baroclinicity.

The anomaly fields for the velocity potential appear
in Fig. 15. In the non-split-flow-minus-climatology
anomaly (Fig. 15a), a negative anomaly is located east
of Australia and equatorward of New Zealand. This re-
gion stretches across the equator toward 30°N, south-
ward toward 60°S, and hooks westward around the south
side of Australia. This pattern indicates slightly stronger
outflow than climatology across this region during non-
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FiG. 16, The 200-hPa anomalous streamfunction and isotachs of the gradient difference for
(a) composite nonsplit flow minus JAS climatology. (b) composite split flow minus JAS cli-
matology, and (¢) composite nonsplit flow minus composite split flow. Streamfunction is contoured
every 0.5 X 107 m* s ', and the gradient of the difference field is shaded every S m s~! above

5 mus—h,

split-flow events. The split-flow anomaly has a negative
anomaly centered over the date line across the South
Pacific, but does not extend as far south as the non-
split-flow anomaly.

The streamfunction anomaly fields at 200 hPa (Fig.
16) and 850 hPa (Fig. 17) highlight the sharp contrasts
between the non-split-flow and split-flow regimes with
bull’s-eyes on the SH South Pacific. In the non-split-
flow anomaly (Fig. 16a). a positive streamfunction
anomaly (clockwise flow) poleward of New Zealand at
the date line reflects the relatively weak PFJ, with 15

m s ' anomalous easterly flow located near the clima-
tological position of the PFJ. A slight strengthening of
the STI (10 ms~") on its poleward side and a weakening
(easterly anomaly) on the STJ equatorward side indi-
cates a poleward shift in the location of the STJ. The
positive stream function anomaly extends down through
the troposphere to 850 hPa (Fig. 17a). The 200-hPa
split-flow anomaly (Fig. 16b) has anomalies of nearly
the same magnitude but in the opposite sense (coun-
terclockwise flow) as the nonsplit flow. A 10 m s
westerly anomaly at 60°S is located near the climato-
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Fig. 17. As in Fig. 16 but at 850 hPa and shaded every 3 m s " above 3 m s .

logical position of the PFJ. A 10 m s ' easterly anomaly
at 35°S occurs at the gap and is suggestive of a blocking
high in this region. The easterly anomaly and a 10 m
s ! westerly anomaly at 25°S indicate an equatorward
shift of the STJ. At 850 hPa (Fig. 17b) the negative
anomaly persists, outlining the depth of the PFJ. The
non-split-flow-minus-split-flow anomaly in Figs. 16¢
and 17¢ accentuates the flow differences between these
regimes. On the equatorward side of the positive anom-
aly the westerly flow anomaly exceeds 25 m s™' in
association with the poleward-shifted STJ, while on the
poleward side of the positive anomaly, the easterly flow
anomaly reaches upward of 30 m s~ reflecting the com-
plete destruction of the PFJ in non-split-flow regimes.
On either side of the positive anomaly equally strong

negative anomalies contribute to the strength of the
anomalous flow, to the shift of the STJ, and to the dis-
sipation of the PFJ. Figure 17¢ is an amplification of
the non-split-flow-minus-climatology anomaly of Fig.
17a.

5. Discussion

To help put our results in perspective we 10w compare
and contrast the atmospheric thermal structure and
1000-hPa height field in the SH. Figure 18c displays
the JAS climatological 1000-400-hPa thickness and
1000-hPa heights for the SH. Although the 1000-400-
hPa thickness pattern is fairly zonal, regions of enhanced
baroclinicity exist over southern South America, pole-
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F1G. 18, The SH 1000-hPa heights and 1000-400-hPa thickness for (a) composite nonsplit flow
(201 members), (b) composite split flow (134 members), and (¢) JAS climatology. Heights (solid)
are contoured every 60 gpm, and thickness (dashed) is contoured every 10 dam.

ward of South Africa. and across central sections of

Australia. The lower latitudes of South Africa and South
America serve as warm perturbations of the mean zonal
thickness gradient near 30°S. thereby enhancing the bar-
oclinicity poleward of these landmasses. Australia, on
the other hand, represents a relative cold anomaly with
respect to the southwest Pacific warm pool to its north.
This configuration allows the continents to serve as
“land anchors™ (Taljaard 1972; H. van Loon 2000, per-
sonal communication) for the STI. Other features of
note include a region of northwesterly flow and weak
warm air advection poleward of Australia and New Zea-
land, just south of a region of difluence in the thickness
field. The resulting baroclinicity at high latitudes in con-
Jjunction with the strong thickness gradient equatorward
of New Zealand represents the time-mean signature of
a split-flow regime between the longitudes of Australia

and South America. The implied weak upper-tropo-
spheric flow located near and over New Zealand is an
area that has been shown to be tavored for episodes of
strong blocking (e.g.. Trenberth and Mo 1985; Mo et
al. 1987: Trenberth 1986a, 1991). In the 1000-hPa
height field, oceanic highs stretch across the south In-
dian and South Atlantic Oceans, with another high sit-
uated off the western coast of South America.

In contrast to the climatological mean, the nonsplit
composite (Fig. 18a) indicates a trough in the thickness
field near the date line accompanied by southwesterly
flow at high and midlatitudes. The broad subtropical
ridging present in the 1000-hPa height field in the cli-
matological mean (Fig. 18¢) has been suppressed equa-
torward, with a closed anticyclone now located over
Australia. Concurrently, the flow both upstream and
downstream of the date line shows considerable merid-
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Fici. 19. The SH anomalous 1000—400-hPa thickness for (1) composite nonsplit flow minus
JAS climatology. (b) composite split flow minus JAS climatology, and (¢) composite nonsplit
flow minus composite split flow. Thickness anomalies are contoured every 30 gpm and shaded

for values greater than £30 gpm.

jonal amplification versus the climatological mean. The
690-dam thickness contour has shifted several degrees
equatorward near and just to the east of New Zealand.
At the same time, the 660-dam thickness has shifted
farther poleward near 180"W. The resulting difluence in
the thickness field represents the destruction (displace-
ment) of the PFJ in this region, and the northwesterly
flow and colder thicknesses are suggestive of cold air
being displaced equatorward from Antarctica.

Figure 18b shows the composite for enhanced split
flow. A closed anticyclone in the 1000-hPa height field
lies east of New Zealand, suggestive of the enhanced
blocking activity associated with strongly split flow. The
700-dam thickness contour has been displaced poleward
of New Zealand, while the 640-dam thickness contour
is displaced equatorward off the Antarctic coastline near
180°W. As a result, the thickness gradient at high lati-

tudes between 120°W and 120°E is strengthened con-
siderably with respect to climatology and in contrast to
the non-split-flow composite. This enhanced thickness
gradient is consistent with a stronger PFJ and occurs as
a result of broad warm air advection ahead of a posi-
tively tilted trough in the south Indian Ocean. By far,
the most significant differences in the height and thick-
ness fields occur poleward of 30°S. indicating once
again that differences in the PFJ are the most defining
factors in quantifying the presence or absence of split
flow in the South Pacific.

The 1000-400-hPa thickness anomaly fields for the
split-flow and non-split-flow composites are given in Figs.
192 and 19b, respectively. Most of the significant thickness
anomalies at midlatitudes seem to be confined between
120°W and 120°E, and are largely associated with the
dissipation (strengthening) of the PFEI in Fig. 19a (Fig.
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19b) and the displacement of the STJ poleward (equator-
ward). The warm thickness anomaly of 150 m near 165°W
in conjunction with the cold anomaly of 30 m just pole-
ward of New Zealand represents a relaxing of the tem-
perature gradient of approximately 6 X 107¢°C m ' [6°C
(1000 km)~'] (note that a 60-m change in thickness is
equivalent to a 2.2°C change in the mean temperature for
the 1000-400-hPa layer). Using thermal wind arguments,
this relaxation of the temperature gradient corresponds to
a decrease of approximately 15 m s~' in the wind shear
of this layer and accounts for the weakening of the PFJ
in this region. Differences in the strength and position of
the STI are less pronounced. although the temperature
gradient associated with the STJ has been displaced pole-
ward near 170°W.

In Fig. 19b (split flow). the pattern of the thickness
anomalies has been reversed, in agreement with the
anomalous potential temperature signatures given in
Fig. 11. In the split-flow composite, the cold anomaly
at 75°S and 160"W, in conjunction with the warm thick-
ness anomaly east of New Zealand, represents an in-
crease of the climatological temperature gradient as-
sociated with the PFJ of approximately 5°C. This tem-
perature gradient increase corresponds to an increase in
the wind shear of approximately 13 m s ! in the 1000~
400-hPa layer. The temperature gradient associated with
the STJ has been displaced slightly equatorward of 30°S.
The warm anomaly near New Zealand is located in the
gap region and may be associated with anomalous
blocking high activity in the midlatitudes.

Figure 19c¢ represents the differences in the thickness
pattern between the two flow regimes. Since the anom-
aly patterns in Figs. 19a and 19b are similar spatially
and opposite in sign, the resulting differences between
the two flow regimes are quite dramatic. The thickness
anomaly patterns represent a change in the temperature
gradient in the higher latitudes of approximately 10 X
10*°C m ' [10°C (1000 km) '], which is equivalent
in magnitude to the climatological mean temperature
gradient. This anomaly is an indication that the SFI is
quantifying a clear and significant perturbation, or de-
parture from the climatological mean. This result re-
inforces our confidence in the performance of the SFIL.

6. Conclusions

Although most previous studies of SH flow regimes
have emphasized the documentation and understanding
of the time-mean flow signatures, relatively little has
been done toward examining the structure and synoptic
evolution of the predominant SH split jet. We have used
the newly available NCEP-NCAR reanalyses to update
and expand on previous climatologies of the prevailing
cool-season flow regime in the SH and to objectively
quantify and evaluate the SH split jet. Our climatology
reaffirmed the presence of a split jet that occurs pref-
erentially in the South Pacific to the east of Australia.
The separation of a single zonal jet into a PFJ and STJ
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begins in the south Indian Ocean. The PFJ curves pole-
ward, to the southeast of the west Australian coast, even-
tually paralleling the Antarctic coast at about 60°S near
the date line. Meanwhile, the STI stretches zonally
along 25°-30°S across central Australia and continues
castward, equatorward of New Zealand, to South Amer-
ica. Onset of the split jet begins in the SH fall as the
STIJ becomes established over the lower latitudes, while
dissipation occurs in SH spring as the baroclinic zone
in lower latitudes weakens,

Our study has endeavored to create an objective index
to quantify the degree to which the flow in the South
Pacific is split. Hovmadller plots of both the 200-hPa
zonal wind speed and relative vorticity revealed that the
STI is a quasi-steady feature of the SH cool season,
while the location and strength of the PFJ tended to be
more variable. A minimum in the zonal wind speed and
a maximum in the anticyclonic relative vorticity oc-
curred in the gap between the PFJ and the STJ in the
South Pacific. An analysis of the Hovmaéller plots led
to the development of a split-flow index (SFI) consisting
of three separate parameters measuring the 200-hPa rel-
ative vorticity at different latitude bands in the South
Pacific. The resulting SFI value is negative during pe-
riods of split flow, as the cyclonic (negative) vorticity
is maximized over both the PFI and the STIJ, and the
anticyclonic (positive) vorticity is accentuated in the gap
between the two jets. However, when the PFI is weak,
the normalized SFI becomes positive as the cyclonic
relative vorticity in the southernmost latitude band less-
ens and the relative vorticity in the gap region becomes
cyclonic,

The normalized SFI agreed favorably with a subjec-
tive classification of the flow regime, with the one ex-
ception of 1998, The exception was due to an anoma-
lously weak STI, unprecedented in the 43-yr climatol-
ogy. All attempts to refine the SFI to account for this
anomaly resulted in an overall degradation in the per-
formance of the SFL

The SFI was correlated with teleconnection indices
such as the SOI, PDO, and AAO. The SOI is only weak-
ly correlated with the SFI, suggesting that split-flow
conditions in the South Pacific are not strongly modu-
lated by El Nifio or La Nifia conditions. Likewise, while
the zonal wind of the PFJ has a strong positive corre-
lation to the AAO, the zonal wind of the STJ has a
moderate negative correlation to the AAO, thus the
AAO is only weakly correlated to the SFIL.

The development of the SFI also allowed for the cre-
ation of composite maps of split-flow and non-split-flow
regimes. An examination of the difference in the thermal
structure of the two regimes revealed a dramatic change
in the strength of the temperature gradient near 60°S
and [80°W. The change in the temperature gradient in
the 1000-400-hPa layer between the two flow regimes
was approximately 5 X 107°°C m ' [5°C (1000 km) '],
nearly 2 times the magnitude of the climatological tem-
perature gradient. The change in gradient suggests a
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large difference in the strength of the PFJ using simple
thermal wind arguments. The implied change in the
magnitude of the shear in the troposphere is on the order
of 13 ms !; considering that the strength of the PEI in
the mean is about 25.5 m s !, this represents a change
of nearly 50% of the mean value. The location and
orientation of the temperature anomalies for the split-
flow composite, both in the vertical cross sections and
the thickness fields. indicate warm air poleward of Aus-
tralia and New Zealand, with the bitterly cold air con-
fined to Antarctica. Correspondingly, during nonsplit
flow the temperature gradient is reversed, leading to the
hypothesis that cold surges out of Antarctica into the
South Pacific lead to the dissipation of the split flow.

Cross sections revealed that periods characterized by
a low SFI (strong split flow) exhibit a very strong PFJ
extending into the lower troposphere near 65°S, with
the 20 m s ! isotach extending down to about 800 hPa.
In the climatology the 20 m s ! isotach barely extends
below 3500 hPa, and in the non-split-flow composite the
20 m s ! isotach remains above 150 hPa. The structure,
strength, and location of the STJ is consistent with cli-
matology in both the split and nonsplit cases. However,
in the nonsplit case. the zonal wind maximum associated
with the STJ is located just poleward of its climatolog-
ical and strong split-flow location. The lack of vari-
ability of the STJ, in combination with the dramatic
changes observed in the strength and location of the
PFJ, strongly indicates that the SFI is largely modulated
by variability in the PFJ. which consists of both syn-
optic-scale and large-scale disturbances.

These results suggest that further research into the
synoptic-scale evolution, maintenance, and dissipation
of split-flow events into non-split-flow events and vice
versa may lead to a better understanding of the vari-
ability of the split jet, the PFJ, and the STI in the SH.
In a forthcoming companion paper we will examine the
synoptic-scale evolution of split-flow and non-split-flow
events.
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