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A pole to pole west Pacific atmospheric teleconnection during August
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[1] An observational analysis is presented that reveals an August teleconnection
involving both the Northern Hemisphere (NH) and the Southern Hemisphere (SH). The
teleconnection includes three primary anomalies in the monthly average surface pressure
field: (1) a high southern latitude component including Wilkes Land, Antarctica, the
nearby Southern Ocean, and the Ross Sea, (2) a SH midlatitude component near
Australia and New Zealand, and (3) a NH subtropical component over the extreme
western Pacific Ocean. Surface pressure for the SH high-latitude anomaly is negatively
correlated to the other two primary anomalies. The SH midlatitude and NH subtropical
component are positively correlated. Furthermore, the teleconnection is correlated to
surface pressure near the Aleutian Islands. The teleconnection anomalies result from
tropical convection on intraseasonal timescales. Monsoon rainfall over East Asia during
August is correlated to the teleconnection. Furthermore, August precipitation at several
other locations in the NH and SH is modulated by the teleconnection. Two different
sets of numerical experiments with the National Center for Atmospheric Research
(NCAR) Community Climate Model version 2 (CCM2) show a similar-appearing
teleconnection during late boreal summer. The modeled teleconnection, however, is

forced from high southern latitudes.
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1. Introduction

[2] Observational and modeling studies reveal teleconnec-
tions during late boreal summer with high-latitude, midlati-
tude, and low-latitude components of both the Northern
Hemisphere (NH) and Southern Hemisphere (SH). One of
the best known teleconnections between the tropics and
extratropics is the correlation between warm events of the
El Nifio-Southern Oscillation (ENSO) and the Pacific North
America (PNA) pattern especially during boreal winter [e.g.,
Horel and Wallace, 1981; Trenberth et al., 1998]. Tele-
connections are also found between the polar regions and
tropical sea surface temperature and pressure variations of
ENSO [e.g., Smith and Stearns, 1993; Gloersen, 1995;
Simmonds and Jacka, 1995; Cullather et al., 1996; Bromwich
et al., 2000].

[3] While ENSO plays a key role in global variations on
the interannual timescale, the primary component of the
tropical climate variability on the shorter intraseasonal time-
scale is the Madden—Julian oscillation (MJO) [Madden and
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Julian, 1971, 1994]. The MJO is denoted by tropical con-
vection anomalies typically on a zonal scale of wave numbers
1-3 [e.g., Krishnamurti et al., 1985; Salby and Hendon,
1994; Waliser et al., 1999]. We shall use the term intra-
seasonal oscillations (ISOs) to describe phenomena, includ-
ing the MJO, on a timescale of about 2 weeks to 2 months.

[4] Connections between the tropical ISO and extratrop-
ical climate are less well known than linkages of ENSO to
midlatitude and polar climate. Extensive work, however, has
been done on the role of the ISO within tropical climatology,
the Asian monsoon and the Australian summer monsoon
[e.g., Davidson et al., 1983; Lau et al., 1988; Wang and Rui,
1990; Joseph et al., 1991; Vincent et al., 1991; Lau and Yang,
1996; Wang and Xie, 1998]. There is a strong intraseasonal
modulation of the summer monsoon precipitation over China
[e.g., Samel et al., 1999]. Furthermore, many studies show
that subtropical cyclones and anticyclones are linked to
intraseasonal changes in the tropical convection and velocity
[e.g., Weickmann et al., 1985; Kiladis and Weickmann, 1992;
Lau et al., 1994; Wang and Xu, 1997; Kiladis and Mo, 1998;
Maloney and Hartmann, 1998].

[s] Fewer studies detail the connection of the tropical ISO
to regions poleward of the Asian and Australian monsoons
and subtropical vortices. The review paper by Madden and
Julian [1994] discusses previous work on midlatitude con-
nections to the tropical ISO and notes that robust responses
are not easily found in the midlatitudes. Nevertheless, studies
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do show that the circulation associated with the tropical ISO
extends poleward of the subtropics [e.g., Hendon and Salby,
1994; Lau et al., 1994; Kiladis and Mo, 1998; Mo and
Higgins, 1998]. Recently, Mo and Higgins [1998] find that
the tropical ISO can induce the Pacific—South America
pattern in the SH extratropics during austral winter.

[6] Here we present observational and modeling evidence
that significant teleconnections are found during late austral
winter (boreal summer) with impacts from the SH high
latitudes to the tropical ISO and the East Asian monsoon.
The work was motivated by teleconnections between high
southern latitudes and the East Asian monsoon found in
previous numerical modeling studies by Bromwich et al.
[1998a, 1998b] examining the impacts of Antarctic sea ice
removal. With the National Center for Atmospheric
Research (NCAR) Community Climate Model version 2
(CCM2), they show that removing Antarctic sea ice results
in a chain of anomalies in the West Pacific sector that
extend to the region of the East Asian monsoon. Simulated
changes in the monsoon circulation produce a statistically
significant increase in September large-scale precipitation
over northern China and a corresponding decrease over
central China [Bromwich et al., 1998a].

[7] The current study ties anomalies of surface pressure
near Antarctica with the split jet stream in the Australian/
South Pacific sector as well as with the tropical circulation
and East Asian monsoon precipitation. Section 2 describes
the data sets and station observations for this study.
Section 3 shows the global structure of the teleconnection.
The results of the NCAR CCM2 simulations are discussed
in section 4. The time evolution of the teleconnection
anomalies on intraseasonal timescales is demonstrated in
section 5. The conclusions are presented in section 6.

2. Data Sources

[8] The primary data source is monthly mean fields from
the National Centers for Environmental Prediction (NCEP)/
NCAR Reanalysis [Kalnay et al., 1996; Kistler et al., 2001].
From the NCEP/NCAR Reanalysis, 24 years of monthly
averaged surface pressure data from 1977 to 2000 are taken.
The initial year is selected due to spurious changes in the
reanalysis fields over Asia prior to 1977 [Hines et al.,
2000]. There are also spurious negative trends in reanalysis
surface pressure for high southern latitudes. The effect of
the latter is minimized by removing the linear regression
trend at every grid point south of 40°S.

[o] Individual station observations have been used to
support findings with the reanalysis fields. Monthly station
observations are obtained from several sources. Jo Jacka of
the Antarctic Cooperative Research Center has provided
monthly average surface pressure and surface temperature
up to the early 1990s at multiple high southern latitude
stations. This has been supplemented by surface pressure
and temperature observations at Antarctic stations Casey,
Dumont d’Urville and Mawson for 1960—1996 supplied by
Brad Murphy and Paul Pettré of Centre National de
Recherches Meteorologiques and at Scott Base 1957—1996
supplied by the Antarctic Meteorology Research Center at
the University of Wisconsin-Madison.

[10] For correlation studies, monthly surface pressure
observations at various locations up to the year 1999 are
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also obtained from the Global Historical Climatology Net-
work [Vose et al., 1992] and the National Climatic Data
Center. Selected stations include 39 stations over Australia
south of 20°S, 3 stations from eastern China east of 120°E,
8 stations in southern Japan between 24°N and 33°N, and 5
stations in southwestern Alaska near the Aleutian Islands.

[11] Monthly precipitation data are taken from the 2.5°
latitude by 2.5° longitude Xie and Arkin precipitation data
set [Xie and Arkin, 1997] for 1979—2000. The data are from
merged precipitation fields including input from rain
gauges, 5 kinds of satellite estimates and numerical model
predictions.

3. Observations of the Teleconnection
3.1. Primary Anomaly Pattern

[12] The teleconnection patterns in the West Pacific sector
can be seen in monthly mean fields for August from the
NCEP/NCAR Reanalysis. Figure 1 shows the 1977-2000
correlation of monthly averaged surface pressure during
August to that over southeastern Australia at 37.5°S,
142.5°E. The point at 37.5°S, 142.5°E is chosen as the refer-
ence point due to the relatively large magnitude of the corr-
elations for distant points. Similar patterns can be found with
the choice of different reference points. According to Figure 1,
when the reanalysis pressure over southeast Australia is
above average, the pressure will tend to be below average to
the south over Wilkes Land, Antarctica and to the southeast
over the Ross Sea. During such Augusts, the pressure will also
tend to be above average in a subtropical NH region centered
near 25°N, 130°E. The magnitude of the correlations exceeds
0.75 for locations over Wilkes Land in high southern latitudes
and over the subtropical western Pacific in the NH.

[13] The Student’s t-test can be used to gain an indication
of'the statistical significance of the major features in Figure 1.
If the 24 Augusts represent a random sample, then the
number of degrees of freedom for the t-test would be 22.
Due to autocorrelation between years, however, the effective
degrees of freedom are reduced [Bretherton et al., 1999]. The
hatched areas in Figures 1 and 2 are significant at the 95%
confidence level adjusted for autocorrelation. The features
over Wilkes Land to the south and the subtropical NH to the
north easily meet the criteria for statistical significance.

[14] While Figure 1 shows the correlation between points,
Figure 2 gives an indication of the actual amplitude of the
surface pressure anomalies for the teleconnection. The five
selected Augusts, 1982, 1987, 1994, 1995, and 1998, with
above average pressure at the point 40°S, 145°E over south-
eastern Australia are averaged and compared to that of the
five selected Augusts, 1981, 1984, 1990, 1991, and 1992,
with below average surface pressure at the same point. This
point is slightly closer to a pressure anomaly maximum than
the reference point for Figure 1. The surface pressure differ-
ence between the averages is displayed globally in Figure 2.
Hatching again shows where the anomalies are statistically
significant at 95% confidence according to the Student’s
t-test. The pressure difference can be very large. Over the
South Pacific near 40°S, 160°E, the difference between the
composites exceeds 13 hPa. To the south near Antarctica,
surface pressure is negatively correlated to Australia in
Figure 1. Therefore, the difference in Figure 2 is negative
there and can exceed 12 hPa at 70°S in Wilkes Land. There is
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of the SH, the pressure near the high is very important in
determining the location and intensity of the summer mon-

[15] Figure 2 also indicates that the pressure is increased
near the Aleutian Islands in high northern latitudes during

soon rain front over East Asia [e.g., Lau and Li, 1984].
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Correlation of surface pressure to that of 37.5°S, 142.5°E for monthly average Augusts of the

NCEP/NCAR Reanalysis during 1977—-2000. Contour interval is 0.2. Dashed contours show negative

shaded. Hatched areas are significant at the 95% confidence level. Grid spacing is 10°, and the

values. Heavy shaded areas are precipitation regions 1—6 (see text for details). Continents are light
convergence of 180° longitude and the Equator is marked EQ.

Figure 1.

also a second minimum of similar magnitude centered near
65°S, 150°W to the east of the Ross Sea. At 25°N, 130°E in
the vicinity of the southwest Pacific high in the subtropical
NH, the difference is positive with a maximum value about
5 hPa. While this magnitude is less than that of the extrema

Figure 2. Map of difference in average August surface pressure (hPa) of the NCEP/NCAR Reanalysis

between 5 selected months of above average pressure and 5 selected months of below average surface

pressure at 40°S, 145°E. Contour interval is 1 hPa. Thick contour is 0.



Figure 3. Same as Figure 2, except for (a) June, (b) July, (c) August, and (d) September.

Augusts when the pressure is increased over Australia. This
feature, however, is not clearly seen in Figure 1. Figure 2
implies that the impacts of the August teleconnection extend
from high southern latitudes to high northern latitudes.

[16] Key components of the atmospheric variability in the
Pacific sector are linked through the pattern in Figures 1 and
2. The point-to-point correlation pattern in Figure 1 high-
lights locations where the interannual variability is very
large in the SH. The variance of surface pressure is large
near the location of the circumpolar trough surrounding
Antarctica [Thompson and Wallace, 2000]. Furthermore, the
large gradient in pressure in Figure 2 south of Australia and
New Zealand is near the location of the southern branch of

the split jet stream. The split jet near New Zealand possesses
a large and very important component of the interannual
variability in the South Pacific [e.g., Chen et al, 1996;
Kiladis and Mo, 1998; Frederiksen et al., 1999]. The
northern branch of the split jet has been shown to be
influenced by tropical convection on intraseasonal time-
scales [e.g., Hurrell and Vincent, 1991; Ko and Vincent,
1996].

[17] The strong pattern of interhemispheric correlation
during August demonstrated with the NCEP/NCAR Rean-
alysis by Figures 1 and 2, however, does not appear to be
present during other months. For the individual months
June—September, Figure 3 shows the difference in average
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Figure 4. Correlations between monthly mean teleconnection anomalies and teleconnection index (see
text for details) computed individually each month May—November.

surface pressure between averages of five separately selected
years for each month June—September. The 5-year averages
are taken for the highest pressure or the lowest pressure for
the point at 40°S, 145°E. The selected years for July, as an
example, are 1977, 1982, 1987, 1994, and 1997 with the
highest surface pressure and 1978, 1981, 1990, 1995, and
1996 with the lowest surface pressure at the reference point in
southeast Australia. The antiphase relationship of the middle
latitudes near Australia to high southern latitudes is present
for all 4 months from June to September. Station to station
correlations (not shown) readily support the antiphase rela-
tionship. The SH pressure anomalies, however, are somewhat
weaker in June and July than in August.

[18] The negative correlation of wintertime Australian
pressure to that over the Southern Ocean to the south is
consistent with the high latitude mode [Rogers and Van
Loon, 1982]. More recently, Thompson and Wallace [2000]
discuss the SH annular mode, which is to a rough approx-
imation, zonally symmetric and displays opposite phases of
anomalies on either side of 50—55°S. The alternating phase
pattern in Figure 2, however, is localized, primarily con-
fined between 110°E and 150°W in the SH.

[19] The NH component of the August pattern (Figure
3c), on the other hand, is not clearly present during June
(Figure 3a) and July (Figure 3b). The September pattern
(Figure 3d), however, does show some similarity in both
hemispheres to the August pattern. The magnitudes of the
September SH pressure anomalies near Australia and Ant-
arctica are approximately equal to those of August, although
the anomalies are shifted to the west during September. In
the NH, there is also a slight enhancement by up to 2 hPa of
the subtropical west Pacific pressure in Figure 3d. This
feature, however, cannot be verified as statistically signifi-
cant. The limited duration of the NH component indicates
that the cross-hemisphere linkage is occurring on finer
timescales than that of the more persistent ENSO.

3.2. Teleconnection Index

[20] An index is defined to measure the monthly inten-
sity of the three main anomalies shown in Figures 1 and 2.
It also allows us to define the positive and negative phases
of the teleconnection. The index is calculated from a
weighted sum of the observed sea level pressure at
Dumont d’Urville (DUMONT) in Wilkes Land, Antarctica
(66.67°S, 140.02°E), and reanalysis surface pressures
averaged over 20—25°N and 125-140°E (NH subtropics
(NHST)) and over 35-40°S and 135-150°E (SH middle
latitude (SHML)),

INDEX = 0.495 NHST + 0.275 SHML — 0.171 DUMONT

—599.07, (1)
where the input is in hPa, and the value 599.07 is subtracted
to bring the long term mean toward zero. The use of the
monthly observations at Dumont d’Urville prevents the
trends for high southern latitudes in the reanalysis from
impacting the index. The intensity of a particular phase of
the teleconnection is proportional to the magnitude of the
index. The three weights are inversely proportional to the
standard deviation of monthly surface pressure for August,
so that the interannual variations at all three locations have
an approximately equal effect on the teleconnection index.
The average value of the five “positive Australia” Augusts
for Figure 2 is 3.42, while that for the five “negative
Australia” Augusts is —3.12.

[21] The linkage between the teleconnection and the
extreme northern Pacific Ocean, suggested by Figure 2,
can be examined by defining another anomaly, NH High
Latitude (NHHL) for the region 160—170°W and 50—55°N
near the Aleutian Islands. Figure 4 shows correlations during
1960—-1999 computed individually for each month from
May to November. For the Augusts during 1960—1999, the
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Figure 5. Map of difference in average Xie and Arkin precipitation (cm) during August between 5 years
of above average surface pressure and 5 years of below average surface pressure at 40°S, 145°E. Contour
interval is 2 cm. The boxes show precipitation regions 1—6 (see text for details).

correlation of NHHL to the teleconnection index and SHML
are 0.40 and 0.37, respectively. Both of these correlations are
significant at the 95% confidence level. The correlations are
weaker and not statistically significant during other months,
reflecting the limited duration of the teleconnection. There-
fore, the August teleconnection extends from Antarctica on
the southern edge to near the Arctic basin on the northern
edge.

3.3. Precipitation

[22] The importance of the teleconnection to East Asian
monsoon precipitation is revealed by Figure 5 which shows
the difference in precipitation between Augusts of relatively
high and low pressure over Australia. Gridded Xie and
Arkin precipitation data are selected and averaged for two
samples based upon the August surface pressure over
southeastern Australia at the point 40°S, 145°E. We used
the same five-August averages as in Figure 2. Figure 5
shows the difference in precipitation between the sample
averages. Inland over China between about 30—35°N,
precipitation is increased by as much as 12.6 cm during
positive phase Augusts compared to negative phase
Augusts. Precipitation is likewise increased over Korea with
a maximum of almost 20 cm. To the south, precipitation is
decreased over the northern Philippines.

[23] Due to the large interannual variability in precipita-
tion, the statistical significance of the Figure 5 pattern is

difficult to show on a point-by-point basis. We choose the
following method to demonstrate that the teleconnection is
linked to significant changes in precipitation for the East
Asian monsoon and elsewhere. The teleconnection index
for each month July, August, and September during 1979—
1999 is correlated to the area-averaged precipitation during
the same month for six regions: (1) near China for 110—
120°E, 25-35°N, (2) near Korea for 120—130°E, 30—40°N,
(3) near the Philippines for 120—140°E, 10—-30°N, (4) over
the western tropical Indian Ocean for 40—60°E, 0—10°S, (5)
near eastern Australia for 130—150°E, 20-45°S, and (6)
near New Zealand for 160—180°E, 35—45°S. The regions
are shown by the heavy shaded areas in Figure 1 and the
boxes in Figure 5. Results of the correlation are displayed in
Table 1 for each of the months July, August, and September.
Only results significant at the 90% confidence level or
better are shown. No significant correlations are found to
the teleconnection index or NHST during July. Conse-
quently, these values are not included in Table 1. Significant
correlations are much more easily found during August than
during July or September. This time variation is consistent
with intraseasonal timescales. The time duration is not be
surprising given that the summertime North Pacific Sub-
tropical High near NHST has a strong intraseasonal mod-
ulation [e.g., Wang and Xu, 1997]. The correlation between
SHML and the precipitation in region 3 near the Philippines
changes sign between July and August, indicative of the
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Table 1. Correlation of Area-Averaged Xie and Arkin Merged Precipitation to Teleconnection Anomalies
Region Description Location Teleconnection index NHST SHML
August September August September July August
1 China 110-120°E
25-35°N 0.51 0.68 0.46 0.44
2 Korea 120—130°E
30-40°N 0.57 0.59 0.52 0.59
3 Philippines 120—-140°E
10-30°N —0.57 —0.50 —0.42 —0.48 0.53 —0.53
4 Western tropical 40-60°E
Indian Ocean 0-10°S 0.47 0.52
5 Eastern Australia 130—150°E
20-45°S —0.66 —0.55 —0.80
6 New Zealand 160—180°E
35-45°S —0.68 —0.73

All correlations shown are statistically significant at 90% confidence or better. No significant correlations between the precipitation regions and the

teleconnection index are found for July.

different behavior between months. The August precipita-
tion in all six regions is correlated to the teleconnection
index as well as the teleconnection anomaly in the mid-
latitudes of the SH. The positive correlations, 0.51 and
0.57, during August between the teleconnection index
and precipitation zones, 1 and 2, respectively near China
and Korea support the positive contours seen in these
regions for Figure 5. Within these zones, precipitation
during extreme negative phases of the teleconnection
averages about 75—80% of that during positive extremes.
The negative correlation, —0.57, to region 3 during August
also supports the negative difference for that region in
Figure 5. The positive correlation between precipitation in
regions 1 and 2 to the NHST anomaly is physically
realistic as an increased subtropical high over the western
Pacific can increase the southerly flow of moist area over
East Asia. Furthermore, the August precipitation over
castern Australia and New Zealand is highly correlated
to SHML, as precipitation there is reduced when the local
pressure is relatively high. Thus the teleconnection links
variations in August precipitation over the West Pacific
sector.

3.4. Tropical Circulation

[24] A connection between the West Pacific pattern and
the tropical circulation is suggested by correlation of the
teleconnection index to tropical precipitation. Table 1 shows
that the August correlation is positive for region 4 over the
western tropical Indian Ocean and negative for region 3
over the western Pacific Ocean near the Philippines. The
tropical east—west vertical circulation associated with
the teleconnection is displayed in Figure 6 which shows
the horizontal velocity and the difference in both horizontal
velocity and velocity potential at the 850 hPa and 200 hPa
levels. The 5-year averages are the same as for Figure 2.
The observed teleconnection appears to be the result of
tropical convection on intraseasonal timescales [Kiladis and
Mo, 1998]. Not only is the time duration of the teleconnec-
tion consistent with intraseasonal timescales, the tropical
pattern in Figure 6 also appears similar to phases of the
MIJO shown by Hendon and Salby [1994] and Maloney and
Hartmann [1998]. When the surface pressure is above
normal over Australia, the lower-tropospheric winds at
850 hPa have an increased easterly component extending
from the maritime continent to eastern equatorial Africa

(Figure 6d), while the difference winds in the upper tropo-
sphere at 200 hPa are westerly near the Equator from about
80°E to 160°E (Figure 6c). Furthermore, the difference
winds at 850 hPa show anticyclones in the subtropical
western Pacific in the NH and near southeastern Australia
in the SH (Figure 6d). These anticyclones can be linked
with the tropical ISO [e.g., Kiladis and Weickmann, 1992;
Hendon and Salby, 1994].

[25] Kiladis and Mo [1998] display a teleconnection with
a wind pattern strikingly similar to that in Figures 6¢ and 6d.
They use the NCEP/NCAR Reanalysis fields for May—
September filtered to motions on timescales of 30—70 days.
Velocity and outgoing longwave radiation (OLR) anomalies
are associated with the phase of the tropical ISO and with
enhanced convection in the western tropical Pacific sector.
In their Figures 8.12b and 8.12c, they show 200 hPa and
850 hPa velocity patterns, respectively that resemble those
from the phase of the August teleconnection that corre-
sponds to below average pressure for Australia. The anoma-
lies of Kiladis and Mo [1998] have a baroclinic structure at
low latitudes and an equivalent barotropic structure in the
extratropics, consistent with the findings of the current
study. Furthermore, the 500 hPa geopotential height anoma-
lies displayed in their Figure 8.13 are analogous to the
surface pressure anomalies in the middle and high latitudes
of the SH shown in Figure 2 of the current study. Thus, the
three primary anomalies (high-latitude SH, midlatitude SH,
and subtropical NH) seen in Figure 2 are similar to patterns
shown by Kiladis and Mo [1998]. They indicate that their
pattern results from outflow from the tropical convection
enhanced by the ISO. The ability of divergent advection
from tropical convective anomalies to generate circulation
anomalies in the subtropics is explained by Tyrrell et al.
[1996] with vorticity budget calculations. Similarly, Sar-
deshmukh and Hoskins [1988] emphasize the importance of
divergent outflow from tropical convection in generating
nonlocal responses.

[26] The similarity of the August teleconnection dis-
played in Figures 1, 2, and 6 to ISO phenomena is
consistent with the findings of Wang and Xu [1997]. They
find a northwestward or westward propagating convective
anomaly that displays phase-locking to subseasonal varia-
tions in the East Asian summer monsoon. The oscillation,
which they refer to as the climatological intraseasonal
oscillation (CISO), is linked with OLR extrema over the
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Figure 6. Maps of August horizontal velocity (m s™', arrows) and wind speed (contours, m s~ ' at
(a) 200 hPa for five Augusts of highest pressure at 40°S, 145°E and (b) 200 hPa for five Augusts of lowest
pressure at 40°S, 145°E; difference in horizontal velocity and wind speed at (¢) 200 hPa and (d) 850 hPa;
and difference in velocity potential (contours, m? s~ ') at (¢) 200 hPa and (f) 850 hPa. Contour intervals are
5ms~ ' for(a)and (b),2ms ' in (c)and (d),and 5 x 10° m*s ™" in () and (). Wind speed between 30 and
38ms~ ! is light shaded and greater than 38 m s~ is heavy shaded in (a) and (b). Wind speed between 5 and
10 m s~ " in (c) and (d) light shaded and greater than 10 m s~ " in (c) and 8 m s~ " in (d) is heavy shaded.

western Pacific near 15°N, 140°E. Wang and Xu [1997] also [27] A dipole or seesaw in vertical circulation with
show that the amplitude of CISO peaks during August and alternating centers of rising and sinking motion between
September, the same time of year when the teleconnection the Indian Ocean and the western tropical Pacific is com-
can be seen in Figure 3. monly seen with the tropical ISO [e.g., Lau and Chan,
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Figure 7. Surface pressure difference (hPa) between the CCM2 simulation without Antarctic sea ice
(NSIS) and the control (CNT). Contour interval is 0.5 hPa. Negative contours are dashed. Thick contour
is 0. Hatched areas are statistically significant at 95% according to the Student’s t-test. Latitude and
longitude dashed lines are spaced every 10°.

1986; Zhu and Wang, 1993]. A similar dipole is seen in the
velocity potential field displayed in Figures 6¢ and 6f for
200 hPa and 850 hPa, respectively. As the divergent
component of the horizontal wind flows from low to high
values of the velocity potential, lower-tropospheric con-
vergence, upper-tropospheric divergence and middle-tropo-
spheric ascent can be inferred over the western Indian
Ocean. This is consistent with increased precipitation in
region 4 for the positive phase of the teleconnection. The
descending branch of the circulation is over the western
Pacific Ocean, consistent with the negative correlation of
the teleconnection index to precipitation in regions 3, 5,
and 6.

[28] Over the midlatitude Indian and South Pacific
Oceans, Figure 6a shows that the westerly polar front jet
is greatly enhanced between 45°S and 65°S during years
with increased pressure over southeastern Australia as
compared to Figure 6b. The velocity differences in the
upper troposphere (Figure 6¢) and lower troposphere (Fig-
ure 6d) show an equivalent barotropic structure with the
vectors in a westerly direction and having a maximum
magnitude of 9.6 m s~' at 850 hPa and 14.6 m s ' at
200 hPa. In contrast, the westerly subtropical jet is signifi-
cantly weakened near Australia when the pressure is high
over southeastern Australia. Thus, Figure 6 demonstrates
the linked behavior between the tropics and SH middle
latitudes.

4. NCAR CCM2 Results
4.1. West Pacific Interhemispheric Teleconnections

[29] Numerical simulations with the NCAR CCM2 pro-
duce a late boreal summer/austral winter teleconnection that
is strikingly similar to the observed phenomenon described

in section 3. Whereas the observed teleconnection is asso-
ciated with tropical convection, the modeling results orig-
inate from forcing near Antarctica. The CCM2 is described
in detail by Hack et al. [1993], while Antarctic sensitivity
simulations are discussed by Bromwich et al. [1998a,
1998b] and Lubin et al. [1998]. The simulations are
performed with version 2.1 of CCM2, which has a standard
horizontal resolution of T42 (2.8° latitude x 2.8° longitude)
and 18 levels in the vertical. The model reasonably captures
most climatic features in southern high latitudes, even
though it has a simplistic treatment of sea ice [e.g., Tzeng
et al., 1994; Hack et al., 1994]. The 15-year seasonal cycle
simulation that Bromwich et al. [1998a] called NSIS has
monthly Antarctic sea ice replaced throughout the year by
open water at —1.9°C. Otherwise, sea surface temperature is
climatological. Permanent Antarctic ice shelves are retained
in NSIS. The results of this sensitivity experiment are
compared to a control run (CNT) conducted with the
monthly climatological parameter settings. The simulation
CNT includes seasonal variation of specified sea ice and sea
surface temperature without any interannual variations in the
boundary conditions. Each simulation generates 15 years of
monthly average fields.

[30] Figure 7 shows the surface pressure difference
between NSIS and CNT averaged over all Septembers of
the 15-year runs. September is the month of maximum SH
sea ice in CNT. Hatching shows statistically significant
differences at the 95% confidence level according to the
Student’s t-test. Similar to the modeling results of Simmonds
and Budd [1991], the surface pressure is reduced in NSIS
over most of the Southern Ocean near Antarctica in
response to the sea ice removal. Figure 7 shows pressure
anomalies of opposite sign between Australia and the
latitudes to the south, similar to Figure 3.
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[31] The September pattern in Figure 7 contains three
anomalies over Australia and the western Pacific that appear
similar to August fields displayed in Figures 1 and 2. In the
NH there are statistically significant anomalies over
the subtropical western Pacific near 25°N, 130°E, where
the pressure is increased by up to 2.2 hPa, and inland over
northern China and near Mongolia, where the pressure
is decreased by 1-3 hPa. The location of the anomalies
and the ratio of their magnitudes do show differences
between Figures 2 and 7. Some of the difference in anomaly
magnitudes between Figures 2 and 7 result because Figure 2
is the difference between extremes, while Figure 7 is the
difference between an extreme sea ice simulation and a
control based on climatology. The magnitude of the high
anomaly near Australia in Figure 7 is much weaker relative
to the negative anomaly to the south compared to those of
Figure 2. Another difference between Figures 2 and 7 is the
large contribution to zonal wave number 1 to the positive
anomaly near Australia in Figure 2 while the analogous
anomaly in Figure 7 is associated primarily with wave
number 2.

[32] The pressure differences near Asia in Figure 7
impact the East Asian monsoon. The close relationship of
the southwest Pacific subtropical high and patterns of
precipitation over China is discussed by many researchers
[e.g., Lau et al., 1988; Wang and Li, 1990; Samel et al.,
1999]. Bromwich et al. [1998a] find that the pressure
difference in Figure 7 is linked with a northward shift of
the September large-scale precipitation over China. They
show that some of the affected grid points have statistically
significant increases or decreases in large-scale precipitation
by as much as 6 cm. The year-to-year change in monsoon
precipitation is a critical feature of the climate variability for
China [e.g., Lau and Li, 1984; Fan and Oglesby, 1996; Park
and Schubert, 1997]. The very large change in simulated
monsoon precipitation over China, however, is probably
exaggerated by the excessive convective precipitation pro-
duced by CCM2 [Hack et al., 1994; Kiehl, 1994]. Another
consequence of excess CCM2 precipitation may include the
simulated rainy season lasting later into the seasonal cycle.
September is normally very late in the cycle of the observed
summer monsoon [Domros and Peng, 1988]. Considering
the large amount of precipitation simulated by CCM2, the
September results in Figure 7 may represent an example of a
late summer monsoon case that best matches the observed
case slightly earlier in the seasonal cycle. Thus, despite
apparently different forcings, the CCM2 teleconnection
patterns within the pressure difference fields over the west-
ern Pacific during a late austral winter month show a large
similarity with the observed teleconnection fields at about
the same time of year.

4.2. Tropical Component

[33] Similarities between the modeled phenomenon and
that observed are also seen in the tropical fields. Figure 8
shows the NSIS—CNT difference horizontal winds and
velocity potential on CCM2 sigma surfaces in the upper
troposphere (sigma = 0.1892) and the lower troposphere
(sigma = 0.8664). These sigma levels are usually close to
200 hPa and 850 hPa, respectively. Figure 8 displays some
noise in the NSIS—CNT difference wind field within the
tropics. Nevertheless, westerlies over the Indian Ocean and
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easterlies along 140—170°E over the Pacific Ocean are
evident between 5 and 15°N in the upper troposphere. This
wind pattern resembles stages of the life cycle of intra-
seasonal tropical circulations shown by Hendon and Salby
[1994] and Maloney and Hartmann [1998]. Consistent with
the baroclinic structure of many tropical circulations, the
lower tropospheric winds along the Equator in Figure 8b
display a tendency to be in the opposite direction to those in
the upper troposphere, as there are easterlies between 0 and
25°N over India and the Indian Ocean. Near the Philippines,
the winds are northeasterly in the lower troposphere and
southwesterly in the upper troposphere. Moreover, to the
northeast of the easterlies at sigma = 0.8664 across southern
Asia, there is anticyclone centered near 25°N, 120°E. There
is also an anticyclone centered over southeast Australia.

[34] The differences between the NSIS and CNT simu-
lations in the tropics resemble the observed differences
between the phases of the teleconnection. Furthermore,
the length of persistence of the NH anomalies shown in
Figure 7 suggests that the cross-hemisphere teleconnection
is occurring on intraseasonal timescales. Slingo et al. [1996]
noted that while all global climate models have difficulty
accurately simulating the tropical ISO, CCM2 is one of only
3 out of 15 GCMs tested to capture the amplitude of the
ISO. Wang and Schlesinger [1999] attribute the success of
CCM2 in simulating the ISO amplitude to its nonpenetrat-
ing convection parameterization. Maloney and Hartmann
[2001] show that CCM2’s convection parameterization is
superior to that of the more recent CCM3 for simulations of
the MJO.

[35] The velocity potential fields in Figures 8c and 8d
show a similar dipole in the vertical circulation to observed
field in Figure 6, as there is lower-tropospheric convergence
and upper-tropospheric divergence over Africa and the
western Indian Ocean and vice versa over the western
tropical Pacific. Thus the NSIS—CNT difference velocity
field includes rising (sinking) over the western Indian
Ocean and Africa (western Pacific). There is an additional
center of upper-tropospheric convergence and lower-tropo-
spheric divergence near the surface pressure maximum over
Australia. The modeled pattern of the tropical vertical
circulation is, in general, physically consistent with the
influence of the tropical ISO on precipitation, divergence
and humidity shown by Hendon and Salby [1994] and
Maloney and Hartmann [1998]. Moreover, the tropical
and NH subtropical difference circulation in Figure 8 is
highly consistent with the alternating phases of the CISO
shown by Wang and Xu [1997]. Although the CCM2
modeling results and the observed teleconnection have
different forcings, the similarity in results does suggest that
both reflect a similar favored response pattern in the western
Pacific region on intraseasonal timescales.

4.3. Antarctic Cloud Simulations

[36] A somewhat different set of CCM2 simulations
provides another example of Antarctic forcing that results
in a pattern appearing similar to the observed telecon-
nection. Previously, Lubin et al. [1998] used CCM2 to
demonstrate that significant remote impacts result from
improvements to the radiative properties of Antarctic
clouds. Their simulations did not have the annual cycle.
Instead, perpetual January (austral summer) boundary con-
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Figure 8. The difference NSIS—CNT in horizontal velocity (vectors, m s~ ') and velocity potential
(contours, m* s~ ') on CCM2 sigma levels for September: (a) horizontal velocity at sigma = 0.1892, (b)
horizontal velocity at sigma = 0.8664, (c¢) velocity potential at sigma = 0.1892, and (d) velocity potential
at sigma = 0.8664. Contours are wind speed (m s~ ') in (a) and (b) every 1 m s~ '. Contour interval is

2.5 x 10°m? s~ in (c) and (d).

ditions are employed. Consequently, both longwave and
shortwave radiative characteristics of Antarctic clouds were
important. For the current study, two CCM2 simulations are
performed with perpetual August (austral winter) boundary
conditions including climatological sea ice and sea surface
temperature for August. While August is one of the most
climatologically stable months, the simulations are, never-
theless, impacted by the lack of forcing with the seasonal
cycle. The first simulation is a 12-month control simulation
with only standard CCM2 water clouds [Hack et al., 1993].
The second simulation is a 12-month sensitivity experiment
in which the radiative properties of water clouds over
continental Antarctica are replaced by Ebert and Curry’s
[1992] parameterization for ice clouds. Observations indi-
cate that the sensitivity simulation is more realistic as
Antarctic clouds consist primarily of ice particles. Lubin
et al. [1998] explain in detail the reasoning for the change in
radiative properties. In the sensitivity experiment, the stand-

ard CCM2 parameterization for water clouds is applied
north of continental Antarctica. Boundary conditions are
identical for both runs. Therefore, the difference between
the simulations originates from Antarctic clouds and is
dominated by longwave radiative effects during the Polar
Night. The first 2 months of the perpetual August simu-
lations are taken as an adjustment period. Only the last 10
months are analyzed here. In both the August case presented
here and the January case discussed by Lubin et al. [1998],
the change in radiative properties increases the surface
temperature (not shown) by a few degrees over Antarctica.

[37] Figure 9 shows the average difference in surface
pressure between the Antarctic ice cloud simulation and the
control for August. In high southern latitudes, the difference
in surface pressure induced by the cloud radiative changes is
about one-third the magnitude of the large positive anoma-
lies simulated by Lubin et al. [1998] during January.
Pressure reductions in the ice cloud simulation are about
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Figure 9. The average difference in surface pressure (hPa) between the Antarctic ice cloud and the
water cloud simulations for August. Contour interval is 0.5 hPa. Shaded areas are statistically significant
at 95%.

1-2 hPa over the Antarctic coast, up to 4.8 hPa over the
Ross Sea near 75°S, 180° and by about 2.9 hPa at 55°S,
95°E in the Indian Ocean. On the other hand, pressure
increases by about 2.5 hPa over the northern Antarctic
Peninsula. The general pressure decrease south of 60°S is
not large enough to be verified as a statistically significant
response to the changes in cloud radiative properties.
Nevertheless, Figure 9 does show the tendency for a three
anomaly pattern in the western Pacific sector extending
northward from the Ross Sea area to the NHST. The
pressure falls near Antarctica are compensated by a general
pressure increase in SH midlatitudes, although the pressure
does decrease over southern South America and the Atlantic
Ocean near 45°S. Over southern Australia, there is a
statistically significant pressure increase by 1—2 hPa. Both
Figures 7 and 9 show a localized similarity to the high
latitude mode with a positive anomaly near Australia and a
negative anomaly near Antarctica. This SH pattern is shifted
about 10° to the north in Figure 7, perhaps because the
differential forcing is over the Southern Ocean in the sea ice
experiment and over continental Antarctica in the cloud
experiment. Both the difference patterns in Figures 7 and 9
also show increases in surface pressure over the subtropical
western Pacific Ocean in the NH.

[38] Thus, Figure 7 for September in the annual cycle
simulation and Figure 9 for the perpetual August simulation
have approximately similar three-anomaly patterns in the
western Pacific sector, even though the Antarctic forcing and
local responses are not identical. The horizontal and vertical
components of the tropical circulation for the perpetual
August experiment (not shown) also resemble the corre-
sponding fields for the sea ice experiment in Figure 8. Two
different cases, the sea ice removal simulations and the
Antarctic cloud simulations, show a very similar link
between Antarctic forcing and simulated pressure variations

in the NHST. Furthermore, analogous to the September
results of the sea ice removal experiment found by Bromwich
et al. [1998a], large-scale precipitation is increased in north-
ern China (not shown) in the Antarctic ice cloud simulation
for August. The anomalous tropical vertical and horizontal
circulations (not shown) induced by the change from water
to ice clouds are also similar to those shown in Figure 8§ for
the sea ice removal experiment. Thus, with two different
CCM2 scenarios, monthly average fields for late boreal
summer show that simulated teleconnections originates from
high southern latitude forcing and suggest a link to the
tropical ISO. Therefore, it appears that modeling studies
capture similar phenomena to that observed and can be used
to study the teleconnection. The preference for the modeled
teleconnection to appear 1 month later (September) in the
CCM2 sea ice experiment could be related to the excessive
strength of the simulated monsoon precipitation for East
Asia during late summer when the observed monsoon
circulation is beginning to change toward the winter phase
of dry northerly winds [Domrés and Peng, 1988].

5. Development of the Teleconnection on
Intraseasonal Timescales

[39] The development of the observed teleconnection
needs to be examined on finer timescales than those
resolvable with the monthly mean fields previously shown.
The monthly means suggest that the teleconnection persists
about 1 month, consistent with an intraseasonal duration.
Furthermore, the teleconnection shows resemblance to
known MJO response patterns. In place of the monthly
observations from Dumont d’Urville and monthly values of
NHST and SHML from the NCEP/NCAR Reanalysis in (1),
daily fields from the NCEP/NCAR Reanalysis are used to
detail the development of the teleconnection over the intra-
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Figure 10. Power spectral density of the adjusted teleconnection index values during June—October for

1979-1999.

seasonal timescale. The daily fields show linkage between
OLR and the three main teleconnection anomalies on the
intraseasonal timescale. Tropical convection associated with
OLR anomalies can provide the forcing to generate the
observed teleconnection. The analysis presented here will
also help us understand the preference for the teleconnec-
tion to appear in monthly mean fields for August.

[40] Daily values of mean sea level pressure are taken
from NCEP/NCAR Reanalysis for the months June—Octo-
ber during 1977—1999. With the sea level pressure, we can
approximate the teleconnection index on a daily basis. An
adjusted teleconnection index is calculated with a weighted
sum of daily sea level pressures. A contribution from
Southern Ocean grid point (SH high latitude (SHHL*)) at
140°E, 65°S located slightly north of Dumont d’Urville
replaces observations of the monthly pressure from that
Antarctic station. The adjusted teleconnection index also
incorporates the average pressures for an area in the
Australia—New Zealand sector of the SH midlatitudes
(SHML*) for 35-40°S, 135—-150°E, and an area offshore
of Asia over 20—25°N, 125—140°E in the Northern Hemi-
sphere subtropics (NHST*),

INDEX* = 0.495 NHST* + 0.275 SHML* — 0.171 SHHL
—610, (2)

where the input is in hPa, and 610 hPa are subtracted to
bring the mean toward zero.

[41] Figure 10 shows the power spectrum for the adjusted
teleconnection index during June—October of 1977—1999.
There is a peak in the spectrum for frequencies near a 30-day
period. Large contributions to the variance are also present
for periods longer than 30 days, so it is entirely possible for
one phase of the teleconnection to dominate a monthly mean.
Consistent with its similarity to known MJO meteorological

fields, the teleconnection is very active on intraseasonal
timescales. Figure 10 demonstrates that an intraseasonal
examination of the teleconnection is appropriate.

[42] To help explain the preference for the teleconnection
in August fields, we evaluated the autocorrelation of the
daily adjusted teleconnection index for each of the months
June, July, August, September, and October. Figure 11
shows the autocorrelation for lags of up to 20 days. The
autocorrelation for the month of August is clearly larger
over a broad range of lags than for the other months. The
least autocorrelation is typically occurs during October. The
relatively large persistence of the teleconnection index
during August helps explain why the teleconnection is
clearly seen for this month in Figure 3c and not clearly
seen for other months.

[43] Daily values of geopotential height and horizontal
velocity on isobaric surfaces were also obtained from the
NCEP/NCAR Reanalysis during 1977-1999 including
10 years with Augusts of extreme value (magnitude
greater than 2 hPa) for the teleconnection index. The
divergent component was obtained from the velocities.
The analysis concentrated on velocities at 850 hPa and
300 hPa, and geopotential heights at 850 hPa. Addition-
ally, interpolated daily outgoing longwave radiation (OLR)
data from the National Oceanic and Atmospheric Admin-
istration (NOAA)-CIRES for 1974—2001 was obtained on
a 2.5° longitude by 2.5° latitude grid from their web site at
http://www.cdc.noaa.gov/. The OLR data are a good meas-
ure of tropical convection to which they are negatively
correlated.

[44] Time filtering has been performed on the data to
extract the intraseasonal component. The data cover the
151 days starting on 2 June and ending on 30 October. The
mean and the linear trend are separated from the data, and
the remainder can be filtered for variations on the intra-
seasonal timescale (roughly 2 weeks to 3 months). The
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Figure 11. Autocorrelation of adjusted teleconnection index for each month June—October over lags
0-20 days.

longest unfiltered periodicity is 150 days. Time series (not
shown) of the adjusted teleconnection index, OLR and the
teleconnection sea level pressure anomalies filtered to
variations with a period of 25—75 days suggest coordination
between the individual teleconnection anomalies, and
between the anomalies and OLR. The time series also
suggest recurring seasonal development patterns for each
of the positive and negative phases of the teleconnection.
Therefore, we can study the development of the telecon-
nection by averaging similar events.

[45] To verify the link between tropical convection and
the pressure anomalies of the teleconnection index, we
correlated the OLR in the NH tropical sector 5—-20°N,
100—-115°E to the individual teleconnection pressure
anomalies and to the adjusted teleconnection index. This
sector, near Thailand, Malaysia, and Indonesia, is shown by
the dashed box in Figure 14, presented later. A preliminary
analysis suggested that correlations to OLR were particu-
larly high for this NH tropical sector. The June—October
fields were filtered to oscillations with periods of 25—
75 days. Kiladis and Weickmann [1992] and Kiladis and
Mo [1998] note that similar filtering is a reasonable way of
isolating MJO effects. After the filtering, the August values
from 1979—1997 are used to compute correlations with lags
from —20 to 20 days. When the filtered OLR anomalies
lead (follow) the filtered pressure anomalies, the lag is
referred to as positive (negative). Only correlations signifi-
cant at 95% confidence are displayed in Figure 12. The
filtered correlations reflect the variations on intraseasonal
timescales. The largest correlation magnitudes are found
when the sector OLR leads the teleconnection pressure
anomalies, thus the lag is positive. This indicates the tele-
connection anomalies represent a extratropical response to

the tropical convection. Extreme values of the correlation
coefficient between the adjusted teleconnection index and
sector OLR are 0.58 for a lag of 10 days and —0.36 for a lag
of —13 days. Thus the maximum positive phase of the
teleconnection, characterized by positive pressure anomalies
for NHST* and SHML* and a negative pressure anomaly
for SHHL*, is frequently preceded by a positive OLR
anomaly (reduced convection) for the tropical sector. The
OLR near Indonesia may have an intermediate-scale pre-
dictive value for both the NH and SH. There is also a
tendency for a positive anomaly of the teleconnection index
to be followed by a negative anomaly of OLR, though the
correlation is weaker for negative lags. Furthermore, there
are significant correlations of August OLR to August values
of all three teleconnection pressure anomalies in Figure 12.
Correlations between the pressure anomalies indicate that
the SHHL* anomaly slightly leads the SHML* anomaly.
Both the SH anomalies lead the NHST* anomaly.

[46] Compositing of similar phases of the teleconnection
is now performed to help understand the temporal develop-
ment of the phases. From the teleconnection index as
defined in section 3.2, we identify individual Augusts of
extreme positive and negative phase. The extreme years are
taken as years when the magnitude of the index exceeds
2 hPa. We select the 5 positive extreme years: 1982, 1987,
1993, 1994, and 1995, and 5 negative extreme years: 1981,
1984, 1990, 1991, and 1992. Some of the positive years are
associated with El Nifio warm events in the Pacific Ocean.
Figure 13 shows the composite development of the 850 hPa
geopotential height field for the 5 positive index years. The
climatology for each day during 1977-1999 has been
subtracted from the height fields which are then filtered to
include variations with periods of 15 days or longer. Both
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Figure 12. August lagged correlation of OLR in the sector 5-20°N, 100—115°E for anomaly sea level
pressures including SHHL* at 65°S, 145°E, SHML* at 40°S, 150°E, and NHST* at 25°N, 125°E.
Positive lags indicate that OLR leads the pressure anomaly. Data are filtered to periods of 25—75 days.
All correlations shown are statistically significant at 95% confidence.
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the annual cycle and synoptic-scale variations are removed
from the geopotential fields while intraseasonal variations
are retained. Figure 13 includes a wider range of frequencies
than in Figure 12 to display a more complete development
of the pattern. No temporal offsets are applied for cycles
comprising the composite as clear offsets were not found
between the cases.

[47] Of the six stages shown in Figure 13, the first panel
(Figure 13a) displays the composite for 14 July before the
teleconnection anomalies are seen to form. A high centered
near 60°S, 125°E extends northwestward over the Indian
Ocean with a low to the west centered at 55°S, 55°E. There
are a chain of anomalies across the SH high and middle
latitudes. The SH wave number one pattern (not shown)
includes a ridge over the Indian Ocean at 40°S during the
middle of July. By 22 July, the high seen in Figure 13a has
split into two components. One component is centered near
60°E, and the other is centered near 140°E (Figure 13b). A
low has moved between the two highs. On 30 July, shortly
before the period of rapid intensification, the high-low-high
pattern seen in Figure 13b has migrated eastward with the
western high now weakened and centered near 105°E
(Figure 13c). The low has also slightly weakened and is
centered south of Australia near 125°E. The eastern high
has intensified and is now south of New Zealand. Also by
30 July, a lower-tropospheric high is beginning to develop
in the NH subtropical region over the extreme western
Pacific Ocean.

[48] Figure 13 indicates that the longitudes near western
Australia are favorable for development of two of the
teleconnection anomalies. By 5 August, the familiar three

cell pattern across the equator is apparent, and the SH
anomalies have rapidly intensified (Figure 13d). The west-
ern high has moved slightly east to near 130°E and has
reached an intensity of 64.1 geopotential meters (gpm). The
low has moved south and has reached a center intensity of
56.1 gpm. The wave number 1 pattern for this time includes
a midlatitude ridge over Australia. The NH subtropical cell
is centered offshore near 155°E and is weaker than the main
SH anomalies as its amplitude is 15.9 gpm. The eastern high
of the former high-low-high pattern in the SH has become
the greatly weakened feature just east of New Zealand.

[49] The 15 August is about the time of maximum
intensity for the teleconnection anomalies (Figure 13e).
The eastern high of the high-low-high pattern seen previ-
ously in the SH has disappeared by 15 August, while
another high has intensified near the Antarctic Peninsula.
The low and the remaining high of the former high-low-
high pattern have intensified and their centers have moved
eastward of Australia. The high is now centered near New
Zealand with an intensity of 75.2 gpm, and the low is to the
south with a center intensity of 85.5 gpm. In the NHST, the
extreme western Pacific anomaly has moved slightly west to
near 135°E. The teleconnection anomalies slowly weaken
after mid-August.

[s0] By 29 August, the SH anomalies have weakened and
stretched longitudinally (Figure 13f). The NH subtropical
anomaly has also weakened. There is a lower frequency
response in the SH that lingers after the three primary
teleconnection anomalies weaken. Figure 13f shows a pat-
tern with resemblance to the high latitude mode, as geo-
potential height is reduced at high latitudes and increased at
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Figure 13. Daily composite difference in geopotential height (gpm) at 850 hPa between 5 positive
phase teleconnection anomaly years and the 1977—1999 mean filtered to periods of 15 days or longer.
(a) 14 July, (b) 24 July, (c) 30 July, (d) 5 August, (¢) 15 August, and (f) 29 August. Contour interval is

5 m. Thick contour is 0.

middle latitudes. This lingering SH pattern is especially
captured by lower frequencies, suggesting an interaction
between the intraseasonal timescales and slightly lower
frequencies. During the development of the anomalies,
there has been a gradual eastward movement of the centers
of the principal SH anomalies. The wave number 1 pattern
migrates eastward consistent with the changes. In sum-
mary, there appears to be a strong longitudinal preference
for the rapid growth of the SH teleconnection anomalies,
with development favored for anomalies moving into the
region near 110°E. The development of the negative phase
of the teleconnection (not shown) is similar to that of the
positive phase, except that the sign of the anomalies are
reversed.

[s1] Figure 14 shows the composite OLR averaged for 16
July to 15 August. The 1977—1997 daily mean is subtracted
from the OLR, which is then filtered to intraseasonal
variations with periods of 30—75 days. A time average is
shown to emphasize the influence of lower frequency
oscillations within the 30—75-day range on the OLR field

near Indonesia. Figure 14 helps show how tropical convec-
tion and the SH pressure anomalies are linked. For both the
positive and negative phases of the teleconnection, an OLR
anomaly near Indonesia is located between the NH subtrop-
ical component and the SH midlatitude component. The
OLR anomaly is positive (reduced convection) for the
positive teleconnection index Augusts and negative for
negative index Augusts. For positive index Augusts, there
is a negative OLR anomaly centered near 20°N, 120°E that
is consistent with the increased precipitation over China seen
in Figure 5. This negative OLR anomaly is generally west of
the region of the increased surface pressure offshore (see
Figure 2). Consequently, the anomalous geostrophic wind in
the lower troposphere is northward, increasing the seasonal
monsoon flow of warm, moist air toward the negative OLR
anomaly (increased convection). In contrast, to the east of
the increased subtropical surface pressure, where the anom-
alous geostrophic wind is southward, there is a positive OLR
anomaly centered near 20°N, 155°E. The opposite phase of
the OLR anomalies can be seen near the box in Figure 14b
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Figure 14. OLR (W m ?) averaged for 16 July to 15 August. The OLR has been filtered to periods of
30-75 days and is displayed in composites of (a) five positive phase and (b) five negative phase
teleconnection events. Contour interval is 2 W m 2. The OLR inside the dashed line box is correlated to

the teleconnection.

for negative index Augusts. On the other hand, while a
negative anomaly indicating increased convection over the
Equatorial Indian Ocean is seen in Figure 14a, there is no
analogous positive feature in Figure 14b.

[s2] Linkage between the tropical convection and the SH
extratropics is also seen in Figure 15. Horizontal velocities
are divided into divergent and rotation components for each
of the teleconnection composites. Divergent wind compo-
nents are then filtered to periods of 25-75 days. In
Figure 15, the arrows display the filtered divergent velocity
component at 850 and 300 hPa for 7 August, while the
contours display the unfiltered wind speed at 300 hPa. The
latter field shows the location of the subtropical and polar
front jet streams in the upper troposphere. The 7 August

fields are representative of the growing stage of the tele-
connection. The maximum in the SH subtropical jet stream
begins over the Indian Ocean and extends over Australia.
The subtropical jet is faster during the negative phase and
weakened during the positive phase of the teleconnection.

[53] The vectors in Figure 15 show that the divergent
circulation is active in the region of the subtropical jets near
northern Australia. For the positive phase of the telecon-
nection, the anomalous divergent circulation represents an
enhanced local Hadley cell with outward flow to the south-
west at low levels from the tropical OLR anomalies near
Indonesia (Figure 15c¢). At high levels (Figure 15a), the
divergent flow from the SH subtropical jet is north and
northeastward into the tropical OLR anomalies. The oppo-
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Figure 15. Divergent wind component (arrows, m s~ ') filtered to periods of 25—75 days for 7 August
at (a) 300 hPa for the composite of five positive phase events, (b) 300 hPa for the composite of five
negative phase events, (c) 850 hPa for the composite of five positive phase events, (d) 850 hPa for the
composite of five negative phase events. The contours show the 300 hPa unfiltered wind speed. Contour

interval is 5 m s~ .

site is true for the negative phase. Previous studies have
shown that enhanced tropical convection and variations in
the SH subtropical jet streams are linked on intraseasonal
timescales [e.g., Hurrell and Vincent, 1991; Ko and Vincent,
1996]. Figure 15 is consistent with those findings as the
Coriolis torque to the left of the divergent wind is enhancing
the SH subtropical jet stream at 300 hPa during negative
index years. Furthermore, the divergent meridional circu-
lation is seen to extend from the tropics to the latitude of the
polar front jet near 50°S. The polar front jet tends to be
intensified when the subtropical jet is weak. This can be
seen in the contours of Figures 15a and 15b. The variations
of the polar front jet typically have a reflection in the
surface pressure pattern. This correspondence is seen
between the pressure field of Figure 2 and the wind field
of Figure 6. Also, the unbalanced development between
hemispheres seen in Figure 13 is reflected in the divergent
circulation in Figure 15. The NH circulation is less clearly
ordered and there are multiple OLR anomalies there in
Figure 14. Thus, through the divergent circulation at intra-
seasonal timescales, the teleconnection encompasses the SH
split jet stream which can be seen in Figure 6. We have also

seen that the SH subtropical jet stream is well connected to
tropical convection. Other key teleconnection linkages are
to precipitation for the East Asian monsoon and elsewhere
(Figure 5). Additional linkages in the Pacific sector are
indicated by Figures 1 and 2.

[s4] The preference for the teleconnection to be seen
during late boreal summer may be related to the annual
cycle of its intraseasonal components. Kemball-Cook and
Wang [2001] show important differences in tropical intra-
seasonal behavior between May—June and August—Octo-
ber. For instance, they note that there is weaker eastward
propagation and strong northwestward propagation in the
western Pacific during August—October, unlike that for
May—June. It is possible, therefore, that favorable tropical
intraseasonal linkage involving the NH and SH components
of the teleconnection is only present during a small portion
of the annual cycle. Fine-tuned seasonal phase-locking has
previously been found for the monsoon precipitation over
China [Samel et al., 1999]. The boreal summer movement
of the North Pacific Subtropical High [e.g., Lu, 2001] may
also have a role in the limited seasonal duration of the
teleconnection.
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6. Conclusions

[s5] Analyses of observed fields on both sides of the
Equator reveal an intriguing teleconnection that links the
late austral winter/boreal summer variability especially dur-
ing August. Evaluation of the intraseasonal development of
the teleconnection indicates that tropical convection on that
timescale provides the forcing. Numerical simulations with
the NCAR CCM2 produce a teleconnection that appears
surprisingly similar to that observed and occurs about the
same time of year. Thus, numerical simulations may be a
tool for studying the teleconnection. Dissimilar to the
observed feature, however, the forcing for the CCM2
simulations is in high southern latitudes.

[s6] The observed teleconnection includes three primary
anomalies in the surface pressure field for the West Pacific
sector: (1) a SHHL component near Wilkes Land, Antarc-
tica and the Ross Sea area, (2) a SH midlatitude component
near Australia and New Zealand, and (3) a NH subtropical
component over the extreme western Pacific Ocean. The
monthly average surface pressure for the SH midlatitude
anomaly is negatively correlated to the SH high-latitude
anomaly. There is also a positive interhemispheric correla-
tion in surface pressure between the SH midlatitude anom-
aly and the NH subtropical anomaly. An index to measure
the phase and intensity has been defined based on the three
primary anomalies. These anomalies develop on intrasea-
sonal timescales and have a lagged correlation to tropical
convection near Indonesia.

[57]1 The teleconnection links regions of highly important
climate variability. Impacted features are the Antarctic
circumpolar trough, the split jet in the SH, and the East
Asian monsoon in the NH. Furthermore, the teleconnection
also encompasses correlations to the surface pressure near
the Aleutian Islands in high northern latitudes. Thus the
teleconnection influences the Pacific basin from the Ant-
arctic to the Arctic basin. The important consequences
include modulation of the East Asian monsoon, as local
precipitation is significantly increased during Augusts of
increased pressure over Australia. Precipitation is also
significantly impacted at locations in the tropics and SH
middle latitudes. In summary, the West Pacific sector
appears to be a crucial region for communication between
high latitudes and low latitudes during late austral winter/
boreal summer.
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