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ABSTRACT

A 15-year (1974-1988) data set based on the US Navy’s tropical
global band analysis is used to study the interannual variations of 200
mb winter flow over the Pacific. The divergence fields are free from nu-
merical model prediction influences that typically exist in operational .
data sets, and agree well with the mean outgoing longwave radiation
data. An out-of-phase variation between two major equatorial centers
of large-scale divergence anomalies, one over the central Pacific and the
other over the western extreme of the western Pacific (maritime conti-
nent), is most noticeabie. A third major center of divergence anomalies
is located southwest of the Mexican coast. This center also shows an
out-of-phase variation with that in the equatorial central Pacific. Com-
posite and single-point correlation studies support the notion that the
teleconnection patterns are related to equatorial divergence anomalies.
In particular, divergence forcing from the central Pacific appears im-
portant for the PNA pattern, and forcing from the maritime continent
area appears important for a northeastward wave train pattern in the
North Pacific. These two teleconnection patterns have streamfunction
anomalies of the opposite sign over the northeastern Pacific. By exam-
ining the change of correlation patterns as the divergence base point is
moved around the equatorial belt, the insensitivity of the teleconnec-
tion pattern with respect to tropical forcing locations as reported by
several general circulation model simulations is observed only within
limited regions. In the equatorial Pacific, the PNA correlation pattern
changes slowly when the equatorial divergence base point is within
150°E-120°W. The pattern changes rapidly when the base point is
moved outside of this region.
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1. INTRODUCTION

The possible roles of tropical sea-surface temperature (SST) anomalies on
the interannual variability of extratropical circulations have been the subject of
many observational and modeling studies. The most prominent possible rela-
tionship is that between the tropical Pacific SST anomaly and the Pacific-North
America (PNA) teleconnection pattern (Horel and Wallace, 1981). There are
several interesting points that emerge from these studies. One of these results
from general circulation model (GCM) simulations (e.g., Geisler et al.,1985;
Blackmon et af., 1987), and suggests that the response to forcing from the
equatorial eastern Pacific SST is relatively insensitive to the longitudes of the
SST anomalies. One possible explanation for this is that extratropical variabil-
ity is more responsive to midlatitude SST anomalies than tropical anomalies,
as suggested by the observational study by Wallace and Jiang (1987). However
Pitcher et al. (1988), in a GCM study of the effect of SST anomalies in the
North Pacific, found that during warm episodes the model response is approxi-
mately the sum of the forcing from midlatitude and tropical anomalies. Thus it
is difficult to ignore the issues raised by the previous GCM results concerning
the effects of tropical SST anomalies.

A number of theoretical and modeling studies have been carried out to ex-
plain the insensitivity of the extratropical response to tropical SST anomaly
longitude. Since theories with a zonally symmetric basic state automatically
give an extratropical response that depends on the longitude of the tropical
forcing, the two-dimensional horizontal vatiation of the time-mean flow was in-
corporated in these studies. The results of these studies led to several alternative
theories that proposed to explain the insensitivity problem. The proposed theo-
ries include ones based on Rossby wave generation due to significant interaction
between divergent flow and strong westerly meridional shear, whose location is
quasi-fixed by the East Asian subtropical jet (e.g., Sardeshmukh and Hoskins,
1988); the preferred response distribution due to barotropic instability of the
time-mean flow (Simmons et al., 1983); and wave energy channeling guided by
the sign of the time-mean zonal flow (Webster and Chang, 1988). The first two
are entirely different mechanisms but which may coexist, while the first and the
last are more mutually exclusive.

Another interesting question concerns the possible relationship between forc-
ing from the western extreme of the equatorial western Pacific (the "maritime
continent” area) and the teleconnection patterns in the North Pacific (Livezey
and Mo, 1987). Simmons et al. (1983), Geisler et al. (1985), Branstator (1985)
and Blackmon et al. (1987), in linear and GCM studies, have considered the
possibility that anomalous heating in the maritime continent area may also give
rise to the northern cell (over the northeastern Pacific) of the opposite PNA
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pattern. It has long been reported that there are often opposite fluctuations
in precipitation between the equatorial western Pacific and the equatorial cen-
tral Pacific, and that out-of-phase oscillations in the divergence and outgoing
longwave radiation (OLR) fields exist in time scales from intraseasonal to inter-
annual (e.g., Lau and Chang, 1987; Livezey and Mo, 1987.) Thus anomalous
heating in the equatorial western Pacific-maritime continent area normally oc-
curs during cool central Pacific SST periods. This complicates the analysis of
the different roles of anomalous heating in the two regions. Furthermore, in
GCM studies the evidence of the maritime continent effects is less conclusive
than that of the SST anomalies in the tropical central Pacific. For example, in
studying the effects of mountains in a GCM, Blackmon et al. (1987) produced
cases with a positive precipitation anomaly over Indonesia, without a negative
PNA over the North Pacific. Also, Pitcher et al. (1988) did not produce a neg-
ative PNA pattern during cool central Pacific SST anomalies. It is not known
whether these two results are due to the same or different causes. A question
may also be raised as to whether a negative PNA that is correlated with tropical
heating anomalies is independently identifiable, rather than simply reflecting a
residual when very strong PNA signals are removed from the long-term mean.

The forcing of extratropical response by tropical SST or tropospheric heating
anomalies involves complex dynamical and thermodynamic processes through-
out the troposphere. For example, vertical wind shear or other baroclinic
effects may be important for tropical cumulus heating to force an extended
meridional propagation (Chang and Lim, 1983; Lim and Chang, 1986; Kasa-
hara and Silva Dias, 1986). However, at approximately equivalent barotropic
levels, the barotropic vorticity equation should describe reasonably well the
forcing-response dynamics, and 200 mb is close to being equivalent barotropic
(Sardeshmukh and Hoskins, 1988). Thus an analysis of the divergence and vor-
ticity data at 200 mb may provide clues to the relationship between tropical
SST and heating anomalies and the teleconnection patterns. However, such
an analysis is rarely done and most studies on the effect of tropical heating
are either based on OLR data, or on GCM simulations with prescribed SST
anomalies. It may be noted that while large-scale OLR and divergence over
the tropics are positively correlated, significant differences exist between the
two. For example, Weickmann and Khalsa (1990) showed that for the 30-60
day period band the equatorial 150 mb velocity potential and the OLR patterns
propagate at speed differ by a factor of 2 to 3.

There are several reasons why tropical divergence analyses, most of which are
produced by four-dimensional data assimilation cycles in operational numerical
weather prediction (NWP) systems, are normally not suitable for teleconnection
studies. First, the NWP divergence field is often overwhelmed by model forecast
divergence, and as a result the divergence is often significantly underestimated
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(Lambert, 1989; Unden, 1989). Another problem is that the interannual time
scale of the teleconnections requires the use of a relatively long period of data,
but the NWP systems are changed frequently. Therefore NWP analyses data
in the tropical region usually have different characteristics from one year to
another, with the most significant inhomogeneous problem occurring in the
tropical divergence (Trenbertl'{ and Olson, 1988).

In this study, a 15-year (1974-1988) data set of the US Navy’s operational
tropical global band analysis is used to study the possible relationships between
tropical Pacific divergence and the teleconnection patterns at 200 mb during
northern winter. (The data set contains 14 complete winters, each from De-
cember to the next February). In particular, we will focus on the relative roles
of the divergence over the tropical central Pacific and the maritime continent
in the development of the PNA and negative PNA patterns, and the sensitiv-
ity of the extratropical responses to forcing location. The analysis uses 6-hour
persistence as the first guess, therefore its divergence field is not influenced by
numerical predictions as is the case in most of the present data sets produced
by global NWP systems. The analysis scheme also remained unchanged for the
entire 15 years. Thus we have a relatively long-term homogeneous data set to
study the interannual variations.

2. DATA SOURCE AND ANALYSES
a. Global band anelysis

The wind data used are the operational analyses of the Global Band Analyses
(GBA) of the Fleet Numerical Oceanographic Center (FNOC) during 1974-
1988. These data were produced four times daily by objective procedures on a
Mercator grid which extends from 60°N to 40°S. The use of the Mercator secant
projection resulted in a change in the distance between grid points from 140 km
at 60°N to a maximum value of 280 km at the equator. The objective analysis
scheme was designed to take advantage of all the reports in the operational data
base: surface synoptic, aircraft, pilot balloons, rawindsonde and satellite data.

The analysis was performed every six hours for the surface, 700, 400, 250
and 200 mb levels, using a successive corrections method, with the six-hour
persistence used as the first guess. Both wind and temperature were analyzed
and then adjusted by a set of numerical variational analysis (NVA) equations
which incorporated the dynamical constraints of the momentum equations with
friction included in the surface layer (Lewis and Grayson, 1972). Temperature
and wind fields were adjusted subject to mutual constraints on the fields. How-
ever, the 200 mb wind data used here served only as a boundary condition for
NVA and were not subject to the adjustment.
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b. Computation of streamfunction and velocity potential
To represent the large-scale rotational and divergent motions, the stream-

function (%) and velocity potential (x) were computed, respectively, from the
following equations:

Vi =, (1)
V2X =-D ? (2)
where relative vorticity is
o 0
Oz Oy’
and divergence is
D= Qlf. + @
~ 9z Oy’
Both ¢ and D were computed using centered differences on the GBA Mercator

grid.

Eq. (2) was solved using the boundary condition that x = 0 at the north
and south boundaries, which are at 60°N and 40°S, respectively. The method
used to compute ¢ was essentially method II of Shukla and Saha (1974). This
technique uses the previously computed values of y to formulate boundary con-
ditions for . Comparison with the global fields produced by the National
Meteorological Center (NMC) for the years since the NMC global product has
become available indicates that the solutions are not sensitive to the boundary
condition between 50°N and 30°S for all the months used in this study. Exten-
sive comparisons between x and divergence fields also confirm that while the
former is inversed Laplacian of the latter, it represents very well the smoothed
pattern of divergence, both for time means and anomalies.

The use of persistence as the first guess, rather than using short-term NWP
predictions, may cause a concern for data-sparse tropical area. However, com-
parison between the monthly-mean 200 mb divergence from GBA and the OLR
data (Boyle and Chang, 1984, and Lau and Boyle, 1987) shows that the agree-
ment is at least as good as that between the four-dimensional assimilated NWP
analysis and OLR. In addition, daily GBA divergence data in the tropical Pa-
cific have been used successfully in studying synoptic time scale variations (e.g.,
Chang and Lum, 1985; Lau and Chang, 1987). Furthermore, the Australian
Bureau of Meteorology also uses persistence as the first guess in its tropical
regional analysis over the western Pacific since September 1983. By comparing
with the ECMWF gridded data, Hendon (1988) concluded that the large-scale

tropical circulation is depicted quite well in the Australian analysis.

3. TIME MEAN FIELDS
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In this study, anomalies of the 200 mb streamfunction (3) and velocity
potential (x) for each of the three-month winter seasons, and each of the indi-
vidual months within the season, are analyzed. These anomalies are calculated
as departures from their respective 15-year means. In order to give an overall
perspective of the 200 mb flow fields before the discussion of the anomalies,
the 200 mb mean % and x for the entire 15 winters are shown in Figs. la-b,
respectively.
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The mean ¥ field (Fig. 1a) in the northern hemisphere is dominated by the
familiar patterns of two south-north anticyclone-cyclone pairs. The predomi-
nant one over East Asia- western Pacific encompasses a longitudinal domain of
about one half of the globe, while the secondary one is more restricted over the
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vicinity of North America. The strength of the mean East Asia subtropical jet

‘is produced by the quasi-stationary location of the strong % gradients locally,
while over North America the gradients are considerably weaker due to the mi-
gratory nature of the jet there. At the equator, the antisymmetric distribution
in ¢ correspondes to a symmetric height distribution with three anticyclonic
cells in the southern hemisphere. The extent of each of these circulations are
comparable to their northern subtropical counter-parts, but the strength of the
one over the Australia-southwestern Pacific is much weaker than the one over
East Asia-northwestern Pacific. '

'The mean x field (Fig. 1b) shows an extensive equatorial divergence area over
the same western Pacific longitudes as the 1 center shown in Fig. la. The area
extends toward west-southwest in the central Pacific, which is a manifestation
of the South Pacific Convergence Zone (SPCZ). Previous winter-mean 200 mb
divergence calculated by Krishnamurti et al. (1973), Murakami and Unnuna-
yar (1977) and Arkin et al. (1986) all showed a strong east-west (Walker-type)
divergent component over the tropical Pacific that is at least comparable to
the north-south (Hadley-type) component. However, Fig. 1b. shows that the
Hadley-type component is much more dominant. Compared to the previous
studies the structure of the SPCZ is also better defined. Furthermore, Fig. 1b
shows an outflow region in the equatorial eastern Pacific centered near 120°W
that is totally absent from the NWP-based analyses by Murakami and Unnuna-
yar (1977) and Arkin et al. (1986). It is interesting to note that this feature
is present in Krishnamurti et al.’s (1973) subjective analysis of the January-
March 1969 data, and is consistent with long-term OLR distribution where the
OLR minimum in the entire tropical eastern Pacific is located. Other significant
differences from the NWP-based studies include the locations of the divergence
centers over South America and Africa. In Fig. 1b they are near 10°S rather
than the equator as found in Murakami and Unnunayar (1977) and Arkin et
al. (1986). Again, the present distribution agrees much better with the OLR
observations.

4. COMPOSITE OF ANOMALIES

The seasonal (December-February) averaged data are used to compute the
streamfunction and velocity potential anomalies from their long-term means.
Inspection of each year’s x field (not shown) can readily identify two major
centers of x anomalies, one over the equatorial central Pacific (CP) and the
other over the equatorial western Pacific near the maritime continent (MC).
As expected, they are often of opposite signs.. However, within their respective
general areas the location of both centers varies considerably from year to year.
It is interesting that neither anomaly center is located in the center of the
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" long-term mean at about 5°5, 165°E (see Fig. 1b).

The anomalies are composited in two different ways. The first is according
to the central Pacific SST anomalies. This is done by inspecting the time series
of a standardized equatorial SST anomaly near 170°W plotted by Kousky and
Leetmaa (1989). Fig. 2 shows this plot which was based on the equatorial
portion of a ship track that runs between Fiji and Hawaii. Based on this time
series, four winters of warm SST anomalies (”El Nino”) and four winters of cool
SST anomalies (" Anti-El Nino”) are selected for compositing. Table 1 lists the
winters selected.

Table 1. Winters selected for EI Nino, Anti-El Nino, and positive maritime continent (MC)

divergence composites

El Nino: 1977-78, 1982-83, 1986-87, 1987-88
Anti-El Nino: 1974-75, 1975-76, 1983-84, 1984-85
Maritime continent: 1974-75, 1976-77, 1980-81, 1981-82, 1983-84, 1984-85, 1985-86

The El Nino composites (Fig. 3) show the expected PNA teleconnection
pattern in the 1 field and the positive divergence anomaly over central Pacific
(CP) in the x field. It is well known that the 1982-83 season was a very strong
El Nino case, and Fig. 3 may be dominated by this single period. However, the
three other El Nino winters (not shown) all show the same general patterns of
¥ and x anomalies. The Anti-El Nino composites (Fig. 4) have strong ncga-
tive correlations with the El Nino composites, and the streamfunction anomaly
shows a clear signal of a negative PNA teleconnection pattern. In order to as-
certain that the negative PNA pattern is not simply a reflection of the difference
between the long-term mean and the strong PNA signal, the six winters that
do not belong to either El Nino or Anti-El Nino are also composited and the
results are shown in Fig. 5. It is clear that these in-between years do not show
any organized patterns that are similar to the PNA or negative PNA patterns
in either the ¥ or the x anomalies.

There are other features in the El Nino composites that are noteworthy. In
Fig. 3a marked antisymmetric distributions of the anomalous ¢ centers (sym-
metric in height) about the equator can be found in three places. The most
prominent antisymmetric couplet is in the (maritime continent) MC longitudes
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Fig. 3. Composites of the anomalies of the four El Nino winters. (a) %, and
(b) X. The counter interval for 1 is 107 m? s71, for  is 105 m?2 571,

centered between 90°E-120°E, with both the northern and southern centers lo-
cated about 25-30° from the equator. The other two are in the central Pacific
and the eastern Atlantic, respectively, although the centers in the former are
mis-aligned by about 30° of longitude. The centers of these two pairs are also
more equatorward, within 20° from the equator. Fig. 3b shows that the three
couplets are in the vicinity of the anomalous equatorial divergence regions in
Indonesia, central Pacific and Atlantic, respectively. The signs of the ¥ anoma-
lies relative to those of the y anomalies are consistent with the Rossby response
to heating in linear equatorial wave theory (Gill, 1980, Chang and Lim, 1983},
although the longitudinal position of the northern anticyclinic center relative
to the divergence center is shifted from the theoretical northwest position to
the observed north position.

The anomalous x field in the El Nino composites (Fig. 3b) shows that the
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Fig. 4. Asin Fig. 3 except for the four Anti-El Nino winters.

major divergent center in the equatorial central Pacific is surrounded by sev-
eral convergent centers. The one immediately to the north (near 180°E, 28°N)
delineates a "local Hadley cell.” Two centers to the west, one in the MC area
representing a negative MC anomaly and another near the northeast coast of
Australia, provide termination points for the westward outflows of Walker-type
circulations. To the east the divergent outflow connects to another convergent
center southwest of Mexico to form another Walker-type circulation. This con-
vergent center, although weak in magnitude, is situated to the immediate north
of the time-mean x center in the equatorial eastern Pacific (Fig. 1b), the one
that is missing in NWP based time-mean fields as mentioned in Section 3.

In the Anti-El Nino composite the anomalous-y field (Fig. 4b) shows a major
convergence center in the equaterial central Pacific, with an axi-symmetric dis-
tribution such that the reversed local Hadley and Walker type circulations, as
well as convergent flow from other directions, all have about the same strength
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Fig. 5. Asin Fig. 3 except for the six winters that do not belong to either El
Nino or Anti-El Nino.

and extent. However, in the surrounding area only one divergent center clearly
stands out. It is located southwest of Mexico in the same vicinity as the con-
vergent center in the El Nino case. Thus this appears to be another important
region for interannual variations in tropical divergent motions.

The second way of compositing is according to the variation of the divergence
anomalies over the MC area. The seven winters where the MC x anomalies are
positive are also listed in Table 1. The results are shown in Fig. 6. In this
composite the negative PNA teleconnection pattern also appears in the % field
(Fig. 6a), although the intensity of the pattern is weaker than that of the Anti-
El Nino composite (Fig. 4). Other 3 distribution within the broad Asia-Pacific
region is also basically similar to the Anti-El Nino composite. An important
difference is that in the MC composite the Australian ¢ cell is stronger while the
¥ cell in the south central Pacific is wealer. This leads to greater antisymmetry
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about the equator in the MC longitudes and less in the central Pacific, consistent
with linear equatorial wave theory.
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Fig. 8. Asin Fig. 3 except for the seven winters that the X anomalies in the
maritime continent are positive.

The x field (Fig. 6b) shows three tropical divergence features. The composite
criterion naturally leads to an anomalous divergence center over the MC area.
This center is not apparent in the Anti-El Nino case (Fig. 4b). Otherwise the
major centers are similar to, but less prominent than, those in Fig. 4b, with a
convergence center in the equatorial central Pacific and a divergence center off
Mexico. The divergence center over the MC area is also of modest intensity,
which is indicative of the varied distribution ef y anomalies in the seven winters.
The removal of three (1974-75, 1983-84, 1984-85) of the seven winters that also
belong to the Anti-El Nino category does not change significantly the gross
features of the ¥ and x composite patterns.
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The MC composite turns out to be somewhat different from that done by Lau
and Boyle (1987), who composited a 9-year subset of the same data according
to the OLR data. Instead of computing anomalies from the the long term mean,
they subtracted the 3 and x of the three maximum OLR {weak convection over
MC) winters from those of the three minimum OLR (strong convection over
MC) winters. Of the three winters they chose for minimum OLR activity over
the MC vicinity, two (1980-81 and 1981-82) are included in the seven winters
chosen in the present study. The resultant difference field in v, presumably
representing the effect of strong convection in the MC area, is similar to Fig. 6a
in the overall pattern. The exception is in the eastern North Pacific where Lau
and Boyle’s (1987) result shows a slanted negative PNA pattern such that the
north Pacific positive 1 center at 135°W in Fig. 6a is situated over the western
U.S. around 105°W in their Fig. 13c. This slanted negative PNA pattern occurs
despite the fact that two of their three weak MC convection winters were El
Nino (1977-78 and 1982-83) years.

In addition to the negative PNA pattern, both the Anti-El Nino and the
MC 4 composites show a pattern of highs and lows suggestive of a wave train
emanating from the MC area northeast- ward across the northwestern Pacific,
and joining with the positive cell in the northeastern Pacific. In fact, a similar
pattern with an opposite sign can also be identified in the El Nino compos-
ite, although the track is less well-defined, with the intermediate cell in the
northwestern Pacific shifted to the southeast. The generally opposite patterns
between the El Nino and the MC ¢ composites are consistent with the generally
out- of-phase relationship between the CP.and the MC x anomalies. However,
this makes it difficult to identify the respective roles played by the two possible
tropical sources on the two teleconnection (PNA and MC wave train) patterns.

5. CORRELATIONS BETWEEN STREAMFUNCTION FIELD AND LOCAL
DIVERGENCE IN THE EQUATORIAL BELT

In addition to compositing according to preconceived categorizations, the
data are subjected to a single-point correlation analysis. Here the velocity
potential at different longitudes of the equatorial belt is used as the "base
point” to correlate with the velocity potential and streamfunction at all other
grid points. Each base point is an area-average over a section between 10°S-
10°N and 30° longitude in width. Because there are only 14 winter seasons in
the data set, it may not be very meaningful to discuss the significance level
of these correlations. Rather, the single point correlation may be regarded
as a fast and convenient way to composite the ¥ and y anomalies according
to x variations at different equatorial longitudes. The large-scale distribution
of positive and negative correlation patterns can be viewed as the composite
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patterns of the 14 seasons, and the magnitude of the center values can be viewed
as the relative magnitude of the composite features.

Figs. 7a-d show the correlations with global x using the equatorial x in the
120°W-90°W, 150°W-120°W, 180°W-150°W (CP) and 150°E-180°E sections,
respectively, as the base point. A well defined out-of-phase correlation between
the central Pacific divergence and the maritime continent divergence is indi-
cated by negative correlation coefficients > 0.7 in the latter area in Figs. 7h-c.
The negative correlation coefficients area spreads northeastward north of the
equator and southeastward south of the equator, giving a symmetric ”slanted
wing” appearance in the western Pacific. In both hemispheres this structure
can be traced to the midlatitudes, beyond 40°. It is interesting that while the
southern wing resembles the SPCZ pattern, no similarly prominent climato-
logical convective feature has been observed for its northern counterpart. This
symmetric "slanted wing” distribution in the interannual variations of the trop-
ical western Pacific divergence was not observed in previous studies using OLR
data (e.g., Lau and Boyle, 1987). When the base point is shifted to the eastern
extreme of the eastern Pacific (Fig. 7a) or west of the dateline (Fig. 7d), no
large area of strong correlations are found outside of the base point.

Figs. 8a and 8b show the correlations with % using the equatorial velocity
potential in the 150°W-120°W and 180°W-150°W (CP) sections, respectively,
as the base point. Consistent with the El Nino and Anti-El Nine composites,
the CP (Fig. 8b) correlation clearly exhibits the classical PNA pattern over
the North Pacific, with the positive correlation maximum > 0.8 near 10°N and
150°W, and the negative correlation maximum > 0.9 just off the northwest
coast of the United States. Further downstream, a negative center over the
North Atlantic with a smaller correlation {> 0.6) is also indicated. As the base
point is shifted 30° to the east (Fig. 8a), all these features basically remain. The
subtropical positive correlation center is shifted only about 10° eastward to a
position that is due north of the base point, with a slightly weaker maximum of
> 0.7. The northwestern U.S. negative correlation center remains at about the
same location but is reduced to > 0.6, and a stronger negative center of > 0.7
is found to the southeast near 30°N, 105°W.

In the southern tropics, both figures show a maximum negative correlation
zone south of the equator in the general area of the base-point. As mentioned
before, this approximate anti-symmetry about the equator is consistent with
barotropic vorticity dynamics for divergent forcing at the equator. Fig. 8a
exhibits this anti-symmetry better than Fig. 8b, where the anti-symmetry is
somewhat distorted in a northeast-southwest orientation. On the other hand, in
the longitudes of the maritime continent, a well formed anti-symmetric pattern
of the opposite sign is found in Fig. 8b. This may be a manifestation of the
out-of-phase correlation between the CP and the MC divergence as is evident
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(MC) section as the base point.

in the x-x correlation (Fig 7).
Fig. 9 shows the correlations with the equatorial velocity potential in the
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105°E-135°E (MC) section as the base point. Here the anti-symmetric pattern
about the equator shows up even more prominently. The center values are > 0.8
on both sides of the equator, larger than those for the anti-symmetric pattern
shown in Fig. 8b. The northern tropical positive correlation zone has two
maximum, with the western one at 20°N, 105°E appearing to be a source for a
possible wave train from the northwestern Pacific to an area off western Canada.
Further downstream of this wave train, a positive correlation maximum > 0.8
is found in the North Atlantic, at the same location of a negative center found
in the CP base point correlation. The negative PNA pattern over the North
Pacific can also be identified, but the correlation is considerably weaker.

It is possible to trace the signal of a wave train pattern from southern China
to the northwestern U.S in Figs. 8a and 8b as well (particularly Fig. 8b), but
with opposite signs to those in Fig. 9. This may again be expected from the
out-of-phase relationship between the two major centers of tropical divergence
anomalies. However, the MC base point correlation gives a much stronger wave
train definition. This suggests that this East Asia-North Pacific wave pattern is
more directly related to the divergence anomalies over the MC area. Similarly, a
comparison of the PNA correlation pattern between Figs. 8 and 9 suggests that
the PNA pattern is more directly related to the CP divergence anomalies. Both
effects have a teleconnection influence over the same area off the northwestern
coast of North America, with the two influences appearing to take quite different
routes.

Figs. 8a and 8b suggest a modest sensitivity of the # "response” to the
longitudinal position of the equatorial y “forcing” in the central Pacific. To
examine this sensitivity further, a series of six equatorial y-global % correlation
maps, with the x base point moving from 120°W-90°W westward to 90°E-
120°E at 30° intervals, is displayed in Fig. 10. (The MC base point map shown
in Fig. 9 is an intermediate map between Figs. 10e and 10f.) Fig. 10a shows
that there is no PNA pattern when the x-base point is in the eastern end of
the eastern Pacific between 120°W-90°W. Between 120°W and the dateline,
the PNA pattern is clearly identifiable in the eastern Pacific (Fig. 10b and 10c,
same as Fig 8). The pattern becomes very weak as the base point is shifted to
the west of the dateline (Fig. 10d), and the negative PNA pattern appears in
the eastern Pacific when the base point is between 150°E-120°E (Fig. 10e). This
is also when a strong positive-correlation ¢ “response” reappears immediately
north of the equatorial x-base point region. In this case it is over the eastern
part of the MC. Further north there is an indication of a negative correlation
cell response over Japan.

If the base point is now shifted 15° to the west, we get Fig. 9, which shows

the East Asia-North Pacific wave train pattern. As the base point is shifted
further west to cover the western part of the MC (Fig. 10f), the northern



December 1990 C.-P. CHANG, M. S. PENG AND J. S. BOYLE 355

200 M8 120- 90 75-88 CONTOUR= 0.1

[

dmmm

[>3

&

TR P

7

T

%
Aoy
i

W
1
'
1

TT

TITT

1
]
]
]
+
]
i
e
I

e

UL TRLEYEE LI LARY

)

P L

TYRITTFIsT

1 +
' ' 1
oo b iunoh i ol 40°

F1g.10. Asin Fig. 8 except for a series of six equatorial Y-global ¥ correlation
maps, with the X base point section moving from 120° W-90°W westward to 90°E-
120°E. See text for details.

equatorial positive-correlation cell is shifted westward as well. This cell may still
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Fig. 10. (Continued)

be identified as an upstream part of a wave train that is traceable northeastward.
A positive cell downstream over the northwestern North America, but a negative
PNA pattern is not apparent in the eastern Pacific.

Based on Fig. 10, it appears that considerable sensitivity to the longltude
of equatorial divergent anomalies exists in the midlatitude North Pacific "re-
sponse.” The PNA teleconnection pattern is relatively insensitive only when the
divergence anomaly is located within the longitudinal band, between 150°E-
120°W. (Strictly speaking the band is from 180°W to 120°W. Between 150°E-
180°E the correlated PNA pattern is very weak. However, this may be due
to the smaller variability of the divergence there.) The PNA pattern is not
identifiable when the anomaly is located east of this band. When the anomaly
is moved westward of this band, the primary pattern changes first to a negative
PNA and then to a East Asia-North Pacific wave train.

The x-x and x-% correlations have also been done using individual months.
The monthly anomalies are computed from the long-term means of the respec-
tive months (e.g., December anomaly is the departure from the average of 14
Decembers), so that each time series consists of 42 independent points. The
resultant correlation patterns (not shown) are very similar to the correlations
using the 14-point winter data, with the correlation values at positive and neg-
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atives centers decreased typically by 0.1.
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This means that, in general, the

significance level for all areas enclosed by a 0.7 isopleth in Figs. 7-10 (0.6 in the

42-point correlations) is > 99.5 %.

6. SUMMARY AND CONCLUDING REMARKS
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Fig. 11. The (a) streamfunction and (b) velocity potential anomalies for the

winter of 1985-1986.

Using 14 winters of divergence data analyzed directly from observations, the
interannual variations of the tropical Pacific divergence at 200 mb are studied
with composite and single-point correlation methods. The two prominent cen-
ters of the divergence variations in the equatorial Pacific are located in the
central Pacific, which has been related to El Nino events, and the maritime
continent area. Neither of these two centers are located in the center of the
long-term mean divergence. Single point correlations show that the interannual
variations of the maritime continent divergence, which has been known to be
out-of-phase with the central Pacific divergence, have a ”slanted wing” struc-
ture that is symmetric about the equator and extends into midlatitudes in both
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Fig. 12. Asin Fig. 6 except for only six MC cases, with the 1985-1986 winter
excluded.

hemispheres. The south wing resembles the SPCZ while the north wing is not
obvious in satellite cloud data. A third major center of interannual variations
is identified southwest of Mexico. This center is also out-of-phase with the one
in the central Pacific.

The present results provide support for the importance of equatorial diver-
gence forcing of positive and negative PNA patterns from the equatorial central
Pacific, and for a northeastward wave train across the North Pacific from the
maritime continent. The two teleconnection patterns give opposite influences
to the streamfunction over the northeastern Pacific near the northwestern coast
of North America. However, the insensitivity of teleconnection patterns with
respect to the longitude of tropical SST anomalies, as reported by some previ-
ous GCM studies, can be observed only within a limited region. This result is
derived from examining the single-point correlation patterns between equato-
rial velocity potential at varios base points and global streamfunction. In the
northern Pacific, the PNA correlation pattern is basically robust only when the
base point velocity potential is within the 180°W-120°W region. The pattern
changes rapidly when the base point is moved outside of this region.
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Close inspection of individual seasons’ anomaly charts indicates that the
‘teleconnection patterns are quite complex and can vary greatly. One example is
the winter of 1985-1986, whose streamfunction anomaly has the most prominent
East Asia-North Pacific wave train pattern of all the years. This pattern appears
to emanate from a western Pacific x anomaly center (Fig. 11). Within this
season the wave train is strikingly noticeable from December 1985 to January
1986 (Hoskins and Sardeshmukh, 1987). The 1985-86 winter is also one of
the seven winters used in the maritime continent composite (Fig. 6). Thus, it
may be expected that this season contributes strongly to the appearance of the
wave train in the maritime continent composite. However, in the subtropics the
wave train axis in the 1985-86 3 anomaly is approximately 50° to the east of the
composite axis, so that the inclusion of this winter actually makes the composite
wave train less distinct. (The equatorial x center in 1985-86 is also shifted
about 25° to the east.) If this season is removed, the composite of the other
six MC cases gives a wave train (Fig. 12) that is more distinct than Fig. 6 due
to significantly larger amplitudes of the downstream cells in the northwestern
and northeastern Pacific. Similarly, the MC yx- ¢ correlation diagram defines
a more focused wave train pattern emanating from the x base-point sector
when the 1985- 86 data is removed (not shown). Thus the composite and
correlation approaches may sometimes mask important features. It is therefore
important to supplement the composite study by diagnostic or modeling studies
of individual season’s anomalies.
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