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ABSTRACT

Variations in the mid-troposphere circulation associated with the Southern Oscillation (SO) are inves-
tigated and documented using mean monthly 700 mb height data for the period 1951-79. The SO was
defined by a Southern Oscillation Index (SOI) consisting of the difference in normalized mean monthly
sea-level pressures at Tahiti and Darwin. Results for all four seasons are presented in the form of lagged,
as well as contemporaneous, correlations and composites of height anomalies obtained separately for high
and low SOI values.

Different SO teleconnection patterns are observed for each season. Strongest SO signals appear in the
winter with SOI leading the height field by one to two seasons. The time lead may be useful in prognostic
applications. The correlation in the summer is negligible. The winter teleconnection pattern over the North
Pacific-North America-North Atlantic sector is similar to that shown by Bjerknes and others. Patterns for
other seasons are also presented. The statistical significance of the various teleconnections patterns is dis-
cussed.

Distinct features are observed for the high and low SOI composites, where low SOI’s are closely related
to above normal equatorial central Pacific sea-surface temperatures. The high SOI composite in winter
shows a tendency for more pronounced North America negative anomalies and North Atlantic positive
anomalies, suggesting an association with one of the two phases of the North Atlantic Oscillation. The high
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SOI composites of other seasons also show more pronounced anomalies in various regions.

1. Introduction

The Southern Oscillation (SO) and its associated
short-term climatic variations has received increas-
ing attention in recent years. As described by Walker
and Bliss (1932, 1937), Berlage (1957, 1966) and
Troup (1965), the SO is an irregular, interahnual
and global-scale fluctuation reflecting a shift of mass
between the Indonesian equatorial low pressure cell
and South Pacific subtropical anticyclone. Intimately
related to the SO are the equatorial zonal east-west
Walker Circulation (Bjerknes, 1969), El Nifio, an
occasional warming of sea-surface temperature off
the west coast of South America (Wyrtki, 1973,
1975; Quinn, 1974), and several coherent pulses of
meteorological and oceanographic variables, such as
rainfall, sea-surface temperatures, air temperature,
winds and sea level, in the tropical Pacific belt
(Troup, 1965; Krueger and Winston, -1974; Kidson,
1975; Trenberth, 1976; Wright, 1979). A recent re-
view of the Southern Oscillation can be found in
Julian and Chervin (1978) and Rasmusson and Car-
penter (1982).

A link of SO to the midlatitude systems and long
waves in the westerlies has also been observed by
Walker and Bliss (1932, 1937), Bjerknes ( 1966,
1969), Trenberth (1976), Namias (1976), Wright

(1977, 1978), and most recently, by Trenberth and
Paolino (1981), van Loon and Rogers (1981) and
van Loon and Madden (1981). The physical pro-
cesses responsible for the link were postulated by
Bjerknes as a weakening of the easterlies over the
equatorial Pacific leading to cessation of equatorial
upwelling and, thus, above normal sea-surface tem-
perature which results in an enhanced Hadley cir-
culation and above-average poleward transport of
angular momentum to the midlatitude belt of the
westerly winds in the Pacific sector. The downwind
effects of the North Pacific circulation may explain
the teleconnection patterns over North America and
the North Atlantic. Most recently, however, Horel
and Wallace (1981) present a three-dimensional dy-
namical interpretation of the links based on the re-
sults of the numerical models of Opsteegh and Van
den Dool (1980), Hoskins and Karoly (1981) and
Webster (1981). The theoretical studies demonstrate
a response to tropical forcing of wave trains as well
as vertical structures that bear qualitative resem-
blances to the SO teleconnection patterns observed
by Horel and Wallace in the Northern Hemisphere
during the winter.

Since this is mainly an observational analysis, the
present article focuses on a documentation of the
variations in the Northern Hemisphere mid-tropo-
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F1G. 1. Contemporaneous cross-correlations between SOI's and
700 mb heights for the winter season for the period 1950/51 to
1978/79. The shaded areas are positive and the contour interval
is 0.1.

sphere circulation associated with the SO. Series of
lagged as well as contemporaneous cross-correlations
between the Southern Oscillation Index (SOI) and
700 mb heights were obtained for all four seasons.
Composites of height anomalies were also con-

FI1G. 2. One-year lagged autocorrelation coefficients of the winter
700 mb heights for the period 1950/51 to 1978/79. The contour
interval is 0.1.

structed separately for large positive and negative
departures of SOI to discern the contribution to the
teleconnection patterns associated with each case.
The results for each season are presented in the fol-
lowing sections after a brief description of the data
used.
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of 700 mb height field at 60°N and 160°E.
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TaBLE 1. Tabulated integral time scale 7 (years) up to the ith
term of Eq. (3) and the final 7, effective number of degrees of
freedom n, and correlation value of 5% probability level Cogrs.

Location of grid point

iof 25°N 60°N 75°N 335°N 35°N
Eq. (3) 150°E 160°E 130°W 75°W 140°W
0 1.00 1.00 1.00 1.00 1.00
1 1.00 1.00 0.98 0.99 1.00
2 1.06 1.04 0.92 0.98 1.10
3 1.13 1.07 1.00 1.00 1.14
4 1.22 1.16 1.06 1.07 115
S 1.29 1.01 0.83 1.04 1.22
6 1.39 1.08 0.75 1.03 1.10
7 1.39 1.08 0.76 1.04 1.11
8 1.43 1.10 0.76 1.00 1.10
9 1.42 1.10 0.75 1.00 1.09
10 1.49 1.18 0.71 1.01 1.05
11 1.50 1.16 0.73 1.00 1.05
12 1.54 1.18 0.70 0.97 1.10
13 1.55 1.17 0.73 0.97 1.12
14 1.55 1.18 0.69 0.98 1.11
15 1.55 1.16 0.70 0.97 1.10
16 1.55 1.17 0.70 0.98 1.11
T 1.55 1.17 1.00 1.00 1.11
n 19 25 29 29 26
Coo1s 0.44 0.40 0.36 0.36 0.39

2. Data description

Mean monthly 700 mb height data, in 5° X 5°
latitude-longitude grids, north of 20°N, for the pe-
riod 1951-79, were used in this analysis. The data
are maintained by the Prediction Branch, Climate
Analysis Center, National Meteorological Center,
NOAA. The SO was defined by the SOI’s consisting
of the difference in normalized mean monthly sea-
level pressures at Tahiti (17°S, 150°W) and Darwin
(12°S, 131°E). The advantage of choosing this index
among other sea-level pressure indices is discussed
by Chen (1982). ‘

Since the low-frequency interannual fluctuations
are the quantities of interest here, the prominent
annual variations of the data were first removed by
subtracting the 29-year average monthly values from
the individual months. This was done for both 700
mb heights and SOI data. The seasonal means were
then obtained by averaging the three adjacent
monthly anomalies centered’in January, April, July
and October, respectively. For the winter season of
1951, data of December 1950 were also used. The
29 anomalies of each season were then used in this
analysis. None of the time series used were filtered
or detrended.

3. Winter teleconnections and composites

The winter 700 mb height anomalies at each grid
point are cross correlated with SOI of various seasons
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to reveal the SO signatures in the winter height field.
The potentially useful information of time lead/lag
relationship between the two parameters is investi-
gated in this section. Also studied are the composites
of anomalies obtained separately for the high and
low SOI values.

a. Contemporaneous correlations.

The contemporaneous cross-correlation coefficient
is defined as
N

S [X(iAf) — X[ Y(iAD) — P1/NS.S, ,

i=1

C, = (1)

where X(z) and Y(¢) are the input time series sampled
with time interval Az, The total length of time is T
= NAt. The overbar denotes means, while S, and S,
are the standard deviations of X(z) and Y{(¢), re-
spectively. '
The winter coefficients were obtained according
to Eq. (1) for the period 1950/51 to 1978/79. Note
that Ar = 1 year and NV = 29. The results are pre-
sented in Fig. 1, where a large-scale pattern emerges
with certain regions having positive associations with
the SOI while others are negatively correlated.
The correlation coefficients exceed 0.5 in some
areas. However, the significance of these values, as
well as the pattern, needs to be established. For this
purpose the autoregressive natures of the two param-
eters were investigated first. The one-year lag au-
tocorrelation of SOI is —0.02 and those of the height
field at each grid point are presented in Fig. 2. Al-

CROSS-CORRELATION
COEFFICIENT

8+

SOI LAGS

SOI| LEADS

TIME LEAD { SEASON |}

F1G. 4. Cross-correlation coefficients between SOI’s and height
fields at 25°N, 150°E (X); 60°N, 160°E (Q); 75°N, 130°W
(A); 35°N, 75°W (01); and 35°N, 140°W (+). Inversed values are
plotted for those in symbols (X) and (4).
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F1G. 5. Lagged cross-correlation coefficients between winter height fields and SOF’s of various preceding seasons.
The shaded areas are positive and the contour interval is 0.1.

though the SO is well known to exhibit high season-
to-season persistence, it is seen that the present win-
ter-to-winter autocorrelation is quite small. The 700
mb height one-year lag autocorrelations are, for most
parts, no greater than that of the SOIL. In those re-
gions where they show large cross-correlations (Fig.
1), the winter-to-winter persistence is easily seen
(Fig. 2) to be low. Thus it can be preliminarily judged
that the large-scale pattern of Fig. 1 may be mean-

ingful. The value beyond which a cross-correlation
becomes statistically significant remains to be deter-
mined.

Since the effective number of degrees of freedom
(EDOF) may not be the same as the numer of data
that enter into the calculation of the results of Fig.
1, a special effort was made to obtain the EDOF for
those regions that show large cross-correlation val-
ues. The relationship between the autoregressive na-
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TABLE 2. Integral time scale 7 (years). Effective number of
degrees of freedom n, and correlation value of 5% probability level
Coe75 at a few representative locations for various seasons.
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TABLE 3. Percentage of area (POA) that the cross-correlations
of SOI and height field exceed the corresponding critical values
determined by Davis’ formula.

Correlations Grid point T n Coo7s
JJA SOI to 20°N, 160°E 1.18 25 0.40
DJF height 60°N, 160°E 1.17 25 0.40
fields 60°N, 120°W 1.00 29 0.36
35°N, 90°W 1.00 29 0.36

25°N, 5°W 1.16 25 0.40

30°N, 60°E 1.06 27 0.38

JJA SOI to 45°N, 180°W 1.00 29 0.36
SON height 65°N, 75°W 1.12 26 0.39
fields 40°N, 15°W 1.03 28 0.37
80°N, 100°E 1.09 27 0.38

20°N, 75°E 1.00 29 0.36

JJA SOI to S0°N, 125°E 1.07 27 0.38
JJA height 60°N, 140°W 1.00 29 0.36
fields 60°N, 75°W 1.07 27 0.38
35°N, 0°E 1.02 28 0.37

70°N, 65°E 1.00 29 0.36

MAM SOI to 35°N, 145°E 1.00-- 29 0.36
MAM height 50°N, 80°W 1.23 24 0.40
fields: 75°N, 95°W 1.02 28 0.37
35°N, 40°W 1.14 25 0.40

35°N, 5°W 1.21 24 0.40

ture and the EDOF is discussed in some detail by
Davis (1976). He presents a method of estimating
n, the EDOF, as

NAt
n= ,

(2)

CORRELATION BETWEEN NOISE AND DJF 700 MB HEIGHT

F1G. 6. Cross-correlation coefficients between random data and
700 mb winter height anomalies. An example shows high correl-
ations due to chance occurrence. The shaded areas are positive
and the contour interval is 0.1.

SOI leads height POA
field by (season) DIJF MAM JJA SON
0 11.44 11.92 4.62 10.01
1 17.19 9.55 4.65 8.77
2 21.49 7.25 1.46 1.35
where
@
= 2 C(iAf)C, (iAr)At, (3)

i=—co

and C,, and C,, are the discrete autocorrelation coef-
ficients of X(¢) and Y{(z), respectively. The integral
time scale 7 determines the time period required to
gain a new degree of freedom in the estimation of
the cross-correlation. '

Applying Davis’ method, = and n at various grid
points were evaluated. The time series at grid point
(60°N, 160°E), which has one of the highest cor-
relation values, is chosen as an illustration. Its au-
tocorrelation function as well as that of the SOI are

TABLE 4. Three categories of Southern Oscillation Index anom-
aly. The high, medium and low value are denoted by H, M and
L, respectively. The winter index consists of January and February
of the year listed and December of the previous year.

Winter
DJF

Summer
JJA

Spring
MAM

Autumn

Year SON

1950
1

196

197
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F1G. 7. Winter composites associated with high SOI values with the latter leading the height field by various seasons.
The shaded areas are positive and the contour interval is $ m. Confidence limits of the anomalies are presented on the right.
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FIG. 8. As in Fig. 7, associated with low-SOI values.
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shown in Fig. 3. Eq. (3) is used to obtain 7 for various
number of i, and the results are listed in Table 1.
Also presented are those of four other grid points
which represent, respectively, the four other centers
of higher correlations in the Northern Hemisphere.
The integral time scale ranges from less than 1 to
~1.55 years. The EDOF can thus be obtained
through Eq. (2) and the critical cross-correlation
value for various significance levels can be found
readily from the standard tables (e.g., Dixon and
Massey, 1957). At the bottom of Table 1, the cross-
correlation values at 5% significance level are listed
for the five grid points. They range from 0.36 to 0.44.

b. Lead/lag relationships

The lead/lag relationship between SOI and the
height field is explored first by analyzing the situa-
tions at those five grid points mentioned in the pre-
vious section. The contemporaneous cross-correlation
coefficient of Eq. (1) is extended to allow a time lead
by one of the parameters, i.e.,

N

Co,(jhs) = 2 [X(iAt — jAs) — X]

i=1
X [Y(iat) — Y]/NS,S,, (4)

where As is another time interval (a season here) and
J can be a positive or negative integer. For example,
when j = 2, X leads Y by two seasons, while
Jj = —2 implies X lags Y by two seasons.

The results of the five lagged cross-correlation
functions are shown in Fig. 4, where those of grid
points (25°N, 150°E) and (75°N, 130°W) are plot-
ted in inversed values. Note that when SOI lags the
height field, the correlation values drop rapidly while
the values remain as high or even higher than the
zero lag values when the SOI leads by one to two
seasons.

Based on the information found above, the entire
Northern Hemisphere 700 mb height field north of
20°N was cross correlated with the SOI, with the
latter leading the height field by one to four seasons,
respectively. The results are shown in Fig. 5. A well-
defined teleconnection pattern is observed. The stron-
gest SO signals are found as expected when the SOI
leads the height field by a season or two, a charac-
teristic that may be useful in prognostic applications.

The teleconnection pattern over the sector of
North Pacific-western Canada-eastern United States
is similar to that shown by Bjerknes (1972), Namias
(1976) and Horel and Wallace (1981). The pattern
also resembles the one obtained by Wright (1977,
1978), who correlates an SOI derived from empirical
orthogonal functions with the surface temperature
anomalies at many Northern Hemisphere stations.
The wintertime climate variations associated with
this teleconnection pattern have been discussed in
detail by Horel and Wallace (1981).

W. Y. CHEN
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F1G. 9. SOl-associated teleconnections for the autumn season.
Temporal lead by SOI’s are indicated. The shaded areas are pos-
itive and the contour interval is 0.1.

One other interesting feature of Fig. 5, when the
SOI precedes the height field a season or two, is the
tendency for a more significant negative correlation
with the SOI for the Eastern Hemisphere along and
south of 30°N. .

Since different seasonal SOI’'s were cross-corre-
lated with the winter 700 mb height field in Fig,. 5,
and, in addition, there are new centers of large cor-
relation values and slight change in location of the
old centers, it should be useful to obtain the values
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beyond which the correlations are not negligible at
a 5% significance level for the regions represented
by the centers. Table 2 lists the 7, n and Cy5 for
the six centers that appear on the teleconnection map
when SOI leads the winter height field by two sea-
sons. The Cyg75 values range from 0.36 to 0.40. If
we assume that each center is fairly representative
of its neighborhood, then, except for western Canada,
a large area surrounding each center is seen to have
cross-correlation value higher than the responsive
Coog7s.

SON 700 MB ANOMALIES FOR HGH SOI YEARS, LAG=0
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¢. Statistical significance of patterns

Although the values at which the temporal cross-
correlations become statistically significant have
been established, the significance of a spatial pattern
has yet to be assured. To illustrate the concern, we
correlate the winter 700 mb height field with a series
of random data, instead of the SOI. The results,
shown in Fig. 6, also yield some regions of high pos-
itive and negative correlations. However, we are cer-
tain that these are entirely owing to chance occur-
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FiG. 10. Autumn composites and confidence limits associated with high-SOI values. On the composites, the shaded areas
are positive and the contour interval is 5 m.
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rence. The question then is how significant are the ical value, which is 0.367 for 29 temporal degrees
SO teleconnection patterns of Fig. 1?7 How much of freedom at the 5% significance level, was deter-
confidence does one have that these patterns are not mined. The experiments were conducted 200 times,
due to chance occurrence? each with different random data. From the frequency
Viewing the growing interest in the SO and its distribution of the 200 POA’s, the 95 and 99% con-
influence on other parts of the globe, Livezey and fidence limits can be determined; these turn out to
Chen conducted a critical analysis on the subject be 12.93 and 18.09%, respectively.
mentioned above. The result will be published in a The corresponding POA'’s of the SOI teleconnec-
separate paper. It is sufficient here to say that a tion patterns were obtained by counting those ex-
Monte Carlo approach was employed to correlate the ceeding the critical correlation values determined by
height field with random data, and the percentage the Davis’ method mentioned in Section 3a. The val-
of area (POA) that the correlations exceed the crit- ues thus obtained are listed in Table 3. Note that the

NV
W ces =

iy
i
)
-

{ [ABea T

7
AW
BT
LikY
a8
4

S
i

_.04 '
v
I3

SON 700 MB ANDMALIES FOR LOW SO1 YEARS, LAG=0 CONF.LIMIT OF SON COMPOSITE FOR LOW SOI YRS,LAG=0

7T

SON 700 MB ANOMALIES FOR LQOW SOI YEARS, LAG=1 CONF.LIMIT OF SON COMPOSITE FOR LOW SO0I YRS,LAG=1

F1G. 11. As in Fig. 10, associated with low-SOI values.
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F1G. 12. Teleconnections for the spring season. Temporal lead
by SOI’s are indicated. The shaded areas are positive and the
contour interval is 0.1.

contemporaneous teleconnection pattern fails to reach
the 95% confidence limit. But, the other two patterns
do exceed it with wide margins. When the SOI leads
the height field by two seasons, the resulting tele-
connections well exceed the 99% confidence limit.

d. Winter composites

To discern the contributions to the teleconnection
pattern by the large positive and negative SOI as-
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sociated height anomalies, three classes of compos-
ites were obtained. The SOI’s were first normalized
with the individual seasonal standard deviations and
then divided into three classes with approximately
equal numbers of cases for each high, medium and
low category. Table 4 lists the class into which a SOI
value of a given season falls. The composite associ-
ated with the medium range SOI’s is not interesting.
In this section, we shall present the major features
of the high and low SOI associated composites, with
the determining SOI values being placed zero to two
seasons ahead of the winter height field.

The composites for high and low SOI are shown
in Figs. 7 and 8, respectively. As expected, the stron-
gest SO signal appears in the composite when the
SOI precedes the height field by one or two seasons.
Note particularly the low/high departures in the
North Pacific, the high/low departures over western
Canada, and the low/high departures over the east-
ern United States and western Atlantic area asso-
ciated with the low/high SOI. .

To evaluate the significance of the anomalies in
the composites, confidence limits were also obtained
and presented in figures. For a level of significance
of 5% and 1%, respectively, a one-tailed Student’s-
t distribution was applied to determine the values of
anomaly that is significantly different from the long-
term seasonal mean. Those departures with, respec-
tively, 95 -and 99% confidence were connected to-
gether to form a contour. The significant anomalies
can thus be easily identified in Figs. 7 and 8.

Based on the information revealed by the confi-
dence limits, distinct differences in features between
the high and low SOI composites can be found. In
the low SOI composites, while the deepening of the
Aleutian low and the strengthening of the Pacific
westerlies are clearly seen, the positive height anom-
alies over western Canada and the negative anom-
alies over the eastern United States do not reach the
level of 95% significance. On the other hand, the high
SOI composites exceed that level in all three regions.
To put the difference of feature in perspective, it is
noted that the low SOI phases are associated with
warmer equatorial central Pacific sea-surface tem-
peratures (Rasmusson and Carpenter, 1982; Horel
and Wallace, 1981). ’

In a Northern Hemisphere surface pressure and
temperature analysis, van Loon and Madden (1981)
suggest that the SO was sometimes strong enough
to influence the North Atlantic circulation and some-
times not, stressing on stability of the teleconnection
patterns obtained for different periods of time. Our
results, in addition, indicate a significant association
with the North Atlantic Oscillation when the SOI’s
are high but lacking a clear association when the
SOI’s are low.

Also of interest in Figs. 7 and 8 is the shift from
significant positive anomalies in the western sub-
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tropical Pacific associated with the low SOP’s to sig-
nificant negative anomalies in South Asia associated
with the high SOI’s.

4. Autumn teleconnections and composites

The autumn results were obtained in the same
manner as those for the winter season. High correl-
ations are found in some areas for the contempora-
neous one and when the SOI leads the height field

W. Y. CHEN
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by about a season, as shown in Fig. 9. The correlation
values of 5% significance level at five centers of
higher correlation are listed in Table 2. They range
from 0.36 to 0.39. The teleconnection pattern over
the North Pacific-western Canada-eastern United
States sector is similar to that of the winter season.
Note, however, the significant change from the win-
tertime pattern in the north Atlantic. The positive
correlation in the eastern United States extends

MAM 700 MB ANOMALIES FQR LOW SOOI YEARS, LAG=0

CONF.LIMIT OF MAM COMPOSITE FOR LOW SOOI YRS,LAG=0

FIG. 13. Spring composites and confidence limits associated with high-SOI values (upper) and low-SOI values (lower).
On the composites, the shaded areas are positive and the contour interval is 5 m.
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F1G. 14. Teleconnections for the summer season. Temporal lead
by SOI's are indicated. The shaded areas are positive and the
contour interval is 0.1.

northward then southeastward to the coast of Por-
tugal rather than extending eastward into the North
Atlantic. The new teleconnection pattern in this
United States-Canada-North Atlantic sector is well
defined for the lag —1 correlation as well as the con-
temporaneous ones. The latter correlation pattern
has 10.01% area exceeding critical values compared

with 11.11% owing to chance occurrence with 5%

significance level.
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The composites of anomalies as well as the cor-
responding confidence limits for high -and low SOI
values are shown in Figs. 10 and 11, respectively.
The most pronounced anomalies are associated with
the strengthening/weakening of the Aleutian low.
The positive anomaly in the eastern United States
associated with the high SOI's appears to have a
higher significance than the negative anomaly as-
sociated with the low SOI’s. However, the positive/
negative anomalies in the upper North Atlantic ap-
pear to be equally significant for both cases.

5. Spring teleconnections and composites

The teleconnection statistics for the spring season
are shown in Fig. 12. The correlation values of 5%
significance level at five centers of higher correlation
are listed in Table 2. There is no significant correl-
ation in the central north Pacific, but, around the
north Atlantic, there is a strong negative—positive—
negative pattern for the contemporaneous correla-
tions, which has 11.92% area exceeding critical val-
ues compared with 12.38% due to chance occurrence
with 5% significance level. The teleconnection weak-
ens considerably for lag — 1 cases. In the western
North Pacific, however, the SO signals appear to be
significant. The composites, shown in Fig. 13, indi-
cate that the height anomalies in both sectors are
significant, but for high SOI cases only.

6. Summer teleconnections and composites

The cross-correlations are much weaker in the su-
mer than in the other three seasons. The telecon-
nection patterns and composites with zero lag are
shown in Figs. 14 and 15, respectively. When the
Monte Carlo technique was applied, the pattern
failed to pass the significance test. The regions that
might have some association with the SO are the
Gulf of Alaska and northeastern China. In the latter
region, both the high and low SOI associated anom-
alies are significant with 95% confidence. In the Gulf
of Alaska, only high SOI associated anomalies may
have some significance.

f

7. Summary and remarks

The variations in the Northern Hemisphere mid-
troposphere circulation associated with the SO are
investigated using mean monthly 700 mb height data
for the period 1951-79. The lagged as well as con-
temporaneous correlations and composites of anom-
alies are presented for all four seasons.

Different teleconnection patterns are observed.
The winter correlations are strongest and the summer
the weakest. The winter positive-negative~positive
teleconnection pattern over the North Pacific-west-
ern Canada-southeastern United States sector is
similar to that shown by Bjerknes (1966, 1969), and,
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FI1G. 15. Summer composites and confidence limits associated with high-SOI values (upper) and low-SOI values (lower).
On the composites, the shaded areas are positive and the contour interval is 5 m.

most recently, Horel and Wallace (1981), van Loon
and Madden (1981), van Loon and Rogers (1981)
and Trenberth and Paolino (1981). Over the same
sector, the autumn teleconnections have the same
pattern, but they differ from the winter pattern over
the North Atlantic sector. Centered around the
North Atlantic another pattern is observed for the
spring teleconnections. The correlation in summer
is negligible.

Based on the theoretical studies of Opsteegh and

Van den Dool (1980), Webster (1981) and Hoskins
and Karoly (1981), Horel and Wallace (1981) pro-
vide a plausible explanation of the physical process
that links the SO to the middle latitudes. Responding
to the forcing of the sea surface temperature (SST)
and the rainfall in the equatorial central Pacific, the
steady-state, linearized primitive equations on a
sphere yield wave trains as well as vertical structures
that bear qualitative resemblance to those SO tele-
connection patterns observed in the North Pacific—
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FiG. 16. Winter teleconnections with the SOI’s consisting of the
sum of mean spring sea-level pressures at Rapa and Easter Islands,
with SOI’s leading the height fields. The shaded areas are positive
and the contour interval is 0.1.

western Canada-southeastern United States sector.
The seasonal dependency that the numerical solu-
tions indicate, i.e., the forced Rossby waves are pres-
ent only for the winter half of the year and absent
for the other half, is also in agreement with the ob-
servations. :

The lead/lag relationship between the SO and its
associated extratropical 700 mb height anomalies is
also explored. The SOI, consisting of the difference
in normalized mean monthly sea-level pressures
(SLP) at Tahiti and Darwin, was used to define the
SO in this study. Lead/lag relationships have also
been investigated using the sum of mean monthly
SLP at Rapa (28°S, 144°W) and Easter Island
(27°S, 109°W) as an SOL The strongest SO signal
appears in the winter anomalies when the (Tahiti
~ Darwin) index precedes the height field by one to
. two seasons and when the (Rapa + Easter Island)
index precedes by three seasons (Fig. 16). This is
consistent with the finding of Chen (1982) that the
SO signal in the latter index leads the former by one
to two scasons. Both sea-level pressure indices, there-
fore, appear to be useful in the prognostic applica-
tions.

The investigation of Chen (1982) reveals that the
SO is not a standing oscillation. Furthermore, Ras-
musson and Carpenter (1982) report that there is a
close tie between the SO and El Nifio events. In
general, an El Nifio sets in during the northern winter
with a rapidly rising SST on the west coast of South
America. The anomaly reaches a maximum in about
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April and persists for several months. In the mean-
time, the warmer SST spreads westward along the
equator toward the dateline where it reaches a max-
imum in about July and persists through all of the
next northern winter. The rainfall in the equatorial
central Pacific also reaches maximum at this time
(Horel and Wallace, 1981). The long-term average
pressure of the overlying air varies in similar fashion
to that of the SST. It is thus clear, while the forced
Rossby waves magnify their effects during the win-
ter, the precursor is there in the (Tahiti — Darwin)
index two seasons and in the (Rapa — Easter Island)
index, or SST index of the west coast of South
America, three seasons ahead. The usefulness of this
information in long-range forecasts is self-explana-
tory.

Finally, in order to discern the contributions to the
teleconnection pattern by the large positive and neg-
ative SOI associated height anomalies, composites
of the 700 mb height were obtained. An interesting
feature of the winter composites is the tendency for
more pronounced North America negative anomalies
and North Atlantic positive anomalies associated
with the high-SOI values, suggesting an association
of the SO with one of two phases of the North At-
lantic Oscillation. No such association is indicated
by the low-SOI winter composites. For other seasons,
the high-SOI composites also show more pronounced
anomalies in various regions.
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