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ABSTRACT

The structure of planetary scale Jow freovency phenomena in the tropics is studied, and an attempt is made to de-
termine its influence and interactions with phenomena at higher latitudes.

In the iropics, it is found thal the majority of the variance in the zonal wind structure is made up in wave num-
bers 1 and 2. During warm events in the Pacific Ocean, when the Southern Oscillation Index is negalive, almost all of
the variance resides in the gravest mode which undergoes a 40° eastward phase shift. Meanwhile, the second
logitudinal mode almost diszappears. On the other hand, the meridional wind field possesses maximum amplitude at
higher wave numbers. However, near the equator,the amplitude is small with extreme values occurring in the
subtropics. The difference in scale and the location of extrema of the meridional and zonal wind components indicate
that the tropical atmosphere is responding to two different driving mechanisms.

Correlation analyses between variations of the zonal wind at reference points along the equator with variations
of component elsewhere show that there are strong logitudinal connections. The strongest correlations between the
tropics and higher latitudes exist in the region of the equatorial westerlies. In fact, stronger correlations ocour between
variations in U anywhere along the equator and the middle latitudes to the north and south of the equatorial wesier-
lies than 1o the latitudes immediately 1o the north and south of the reference points. We interpret this “remote” corre-
lation pattern as indicaling a two—stage teleconnection process which emphasizes the importance of the equatorial
tropical westerlies of 1he Pacific Ocean as a “corridor” of communication between the low and high latitudes. The
regionality of the correlations confirms, to some cxtent, seeent theoretical development regarding trapped equatorial
modes. Finally, time lagged correlations from plus and minus six months between variations of U and OLR indicate
that the interactions between the extratropics and low latiludes possess an organized sequence. The extratropical in-
fluence appears to propagate into the tropics followed by an eastward propagation along the equator. Finally, a
propagation from the tropics to the extratropics in the upper troposphere occurs in the eastern Pacific Ocean. The

time~lagged correlation sequence docs not appear to be symmetric about the equator.
1. INTRODUCTION

Since the 1960's, through a combination of theoretical, diagnostic and modeling studies
there has been a substantial increase in the undersianding of the structure of the tropical al-
mosphere, its elementary physical nature and the interaction between the tropics and
extratropical regions. Webster and Chang (1988) have suggested that the slowly evoiving basic
state of the tropical atmosphere completely determines the characteristics of the transient
modes. In regions of negative stretching deformation of the zonal wind component along the
egnator (i.e., where U, <0), transient energy tends to accumulate as the Doppler—shifted
group speeds of the modes go to zero. Such accumulation regions, existing on the eastern side
of the westerly maxima of the upper troposphere are also regions of maximum influence to
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higher latitudes. For the reverse influence, the studies of Webster and Holton (1982) contend
that the upper—tropospheric equatorial westerlies, which extend across the equator in the vi-
cinity of the East Pacific Ocean, act as a duct through which the extratropical rotational
modes can propagate deeply into the tropics and even go further to the mid—latitude of the
other hemisphere. Theoretical work by Zhang and Webster (1989) has suggested that the de-
gree of Lrapping of equatorial modes is determined by the sign of the basic state in the diver-
gent tropical atmosphere and the strength of the shear of the wind field. In the central Pacific
Ocean, Zhang and Webster show that an equatorially trapped mode may possess turning lati-
tudes which are poleward of 45° of latitude, compared with about 15° in the tropical easter-
Iy regime. The clear message from these studies is that the Pacific Ocean region may have a
special significance for the communication between the tropics and the extratropics, and vice
versa.

However, there are still some aspects of the structure of low—frequency waves in the trop-
ics and the interrelationship of the tropics and the extratropics that are not fully understood.
For example, can a Rossby wavetrain emanate from all regions of the tropics or only from a
particular region as suggested theoretically for the subseasonal time scales by Webster and
Chang (1988)? How do the El Nino events affect the structure of the low—frequency tropical
modes and the interaction of the tropics and the extratropics? Are there low frequency modes
or mechanisms of communication with the period longer than 4060 days? If they exist, what
role do they play in the general circulation and in the change of climate?Although some of
these questions possess hypotheses with theoretical support, it is important that they should
be tested against observations.

In this work, we will use a relatively long data set (17 years) to identify the structure of
the low—frequency waves in the tropics and the seasonal and intraseasonal time scale
interactions between the tropics and extratropics.

[I. DESCRIPTION OF THE DATA

The data sets used in this study originate from the operational tropical cbjective analyses
of the NOAA NMC. They consist of monthly mean values of the zonal and meridional wind
componenis at six vertical levels. Here, we will concentrate on the 200 hPa level. The data is
set on a 72 % 23 Mercator longitude—latitude grid whose spacing is 5° in longitude and ranges
in latitude from 5° at the equator to 3.5 at the southern and northern boundaries which are
located at 48.1°S ./ N. The data used in the analysis span the time periods from March 1968
through February 1985 with the exception of October and November 1972.

A complementary data set used in this study is the outgoing long wave radiation (OLR)
laid out on the same grid described above. These data span the period of June 1974 through
February 1985 with the exception of the period from March to December 1978,

1. SPATIAL CORRELATION OF THE ZONAL WIND COMFONENT

In this section we consider the time correlations of the mean monthly structure first.
Fig.1 shows the distribution of the correlation coefficient between U anomalies (U”; the devia-
tion of U from its mean monthly value) at a reference point (150°W, 0°) relative to U’ at all
other grid points in the domain. Since the wind data in October and November 1972, are not
available, the U’ data used in calculating the correlations are from December 1972 through
February 1985, providing a sample of 147 monthly mean fields. If all samples are
independent, the 95% confidence correlation coefficient should be equal to or greater than
0.16]1 which is for 140 degrees of freedom. However, the possibility of significant
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Fig.). The correlation field of U anomalies at ail points with U at the reference point (150°W,
0°N). The contour intervals are al 0, = 0.16 and the energy + 0.1, The 95% correlation levels are at
- 0.3. Areas with confidence greater than 95% are shaded or hatched. Various correlation maxima
are identified by letters discussed in the text.

autocorrelation in the U’ field series means that there are probably less than 147 independent
realizations. Therefore, a calculation of an “effective number of degrees of freedom” of the U’
field was made using Livezey and Chen's (1983) eapressions:

1= 1 4 2T [C e GADC 5 AN} AL (1)

and
n=NAr/t, 2

“where A¢ is the sampling time (here equal to one month), N is the pumber of samples {147),
and the C’ s are the autocorrelations at lagsi A¢ for U’ at {150°W, 0°% H) and at all other
grids (8), respectively. z is the integrated time scale and n  the effective number of degrees of
freedom. The minimum number of independent realizations, then, for all grids is 42 which
corresponds to a correlation coefficient at the 95% level of 0.3044 for 40 degrees of freedom.
Thus, we refer to the grids with correlation greater than or equal to 0.30 as significant at the
95% level. Statistically significant areas in all subsequent diagrams are shaded or hatched.

There are several major significant correlation areas in the tropics and middle latitudes.
These are labeled as A, B, C, D and E. In the tropical region, the most significant positive
correlation is located in the neighborhood of the reference point (point A). A large negative
region is located in the area between 30°W and 125°E (B and C). These correlation patterns
along the equator infer that the variations of the zonal winds in the central—eastern Pacific are
out of phase with the winds in the Atlantic and Indian Oceans, a phase difference that varies
coherently with time along the equator. In the meridional direction of the reference point
there are also two significant correlation areas (negative) located to the north and south in the
extratropical region around 140°W, 20-30°N /S(D, E) and indications of a pair of areas
{positive) even further poleward. We will discuss the correlation between the tropics and the
extratropics (i.e., D and E) in Section 5.

If we move the reference point to other longitudes, we can obtain maps similar to Fig.1.
Fig.2 shows the correlations between reference points 30° of longitude apart atound the
equator between 20°N and 20°S (black dot refers to the correlation reference point) and other
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grid points in the tropics. It is apparent that at almost all reference points along the equator,
the correlation patterns are similar with maxima and minima separated by about half of the
equatorial circumference. However, the most impressive negative correlation occurs between
central—eastern Pacific and central—eastern Atlantic, i.e., between the regions 150°W—120°W
and 0°—30°W.

There are two kinds of significance tests. The first tests for individual (local) significance
and the second for field {global) significance. To pass the individual significance test, the cor-
relation between U’ must be equal to or greater than 0.30 for a degree of freedom of 40, as
discussed before. However, to pass the global significance test, Livezey and Chen (1983) show
that it is required that 12.5% of the total area must pass the 5% individual significance level.
Employing this field test, we find that five of the cases shown in Fig.2, specifically when the
reference points are located at 0°, 30°W, 120°W, 150°W and 180°, can pass the global sig-
nificance test, atiesting {o our visual observation of spatial coherence. Close inspection of the
basic field shows thal the correlation peints pessessing global significance are at the points of
maximum amplitude of the large scale variability along the equator. The reference points that
do not lead to glebal significance, on the other hand, are at the nodes of the planetary scale
variability. To investigate further the correlation patterns, the correlation between the U
components at {120°W (%) and at all other grid points in the equatorial belt (20°N—20°S) for
every second monih is plotted in Fig.3. Here, each point has a sample number of 17. Since the
sampling time interval is one year, their interdependence can be considered rather small, so
the degree of freedom of these samples is 15 and the threshold value of correlation of
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Fig.2. Same as Figure 1 for U at all points with the reference points at successively, (0°E, 0°N),
{30°E, 0°N)...{30°W, 0°N)). Refercnce points are marked by black dots.
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Fig.3. The carrelation patterns between U al the reference point (120°W, 0°N) and U at all other
grid points for every second month of the year. Shaded regions show correlation greater than 0.48
which is the 95% level.
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Fig.4. The percentape contribution to the total mean monthiy variance of (a) wave number 1, and
(b} wave number 2. The dashed line represents a 12-month running average. The vertical lines scp-
arate the Cressman, Hough and the Optimat Itterpolation Technique initialization schemes.

passing 5% significance test is then 0.48. From Figs.1—3 we can see that the U’ component in
the Central—Eastern Pacific Ocean (150°W~—120°W) has a strong negative correlation with the
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U component in the Atlantic Ocean or in the eastern Indian—western Pacific Ocean even on
monthly time scales. With the reference point at 150°W for all months except August, the
negative correlation region occupies a large area (the area being defined by points where the
correlation coefficients greater than 0.43 is above 30) such that they, too, are “globally signifi-
cant”, With the reference point at 120°W, the global significance also holds for most of the
year except April, May and November. A common feature for both reference points is that
the negative correlations obtain maximum statistical significance in the boreal winter.

In addition to statistical methods, we can use a more direct and simpler technique to veri-
fy the result given by correlation analysis. The curves of the mean monthly 200 hPa U com-
ponent at two locations, the central equatorial Pacific , and the Bastern Atlantic from March
1968 through February 1985 have been plotted (figure omitted). The locations were chosen to
reflect the maximum correlations shown in Figs.2 and 3. Overall, most of the anomalies of U
at each location appear 1o be of opposite sign over the entire sampling period. This confirms
that the results shown in Figs. 1-3 represent a “general” variability of U’ over the entire peri-
od rather than the result just for a few large amplitude events.

IV. STRUCTURE OF THE NEAR-EQUATORIAL CIRCULATION

As early as the 1920s, Walker(1923) found a large scale oscillation between the Indian
Ocean and the Pacific Ocean. The phenomenon, of course, was the well-known Southern
Oscillation,which was confirmed in many studies . From Figs. 2-3 we can conclude that a
similar large scale oscillation occurs not only in the sea level pressure field as described initial-
ly by Walker, but also in the upper troposphere U’ field in the tropics.

The large—scale structure of U in the iropics can be examined further by harmonic analy-
sis, Fig. 4 shows the percentage contribution of wave number 1 to the total variance along the
equator between March 1968 through February 1985. The dashed line shows the annual run-
ning average. A remarkable feature of the figure is the general dominance of the gravest
mode, The average percents of the variance over the entire period contributed by waves 1, 2
and 3 are 43%, 19% and 9%, respectively. That is to say, on average, the wave 1 contributes
almost half of the total variance. In some periods, the variance contribution of wave number
1 can be greater than 80% (e.g., February, 1954).

The statistical significance of the variation contribution of the waves is given by

(@l +b1)/2

- 3
£ 18?05 % (a} +b3)/(n—2-1) ° @

wherea, and b, are the Fourier coefficients for wave number &, 5% is the variance of the
series and F is the F distribution function having a first degree of fieedom of 2 and second
degree of freedom of {(n —2 — 1) where r is the length of the series which is 72 here. Under
the 5% significance level, the threshold value of F function is 3.11. If the F, of the Kth
harmenic wave is equal to or greater than 3.11, then this Kth wave is considered to be signifi-
cant. Using Eq. (3), it is found that in all months except April 1975 and April 1978, wave 1
passes the significance test. For wave 2, 80% of the months pass the significance tesi. Howev-
er, for wave number 3, only 43% are significant. Comparing the contributions to the total va-
rjance of the various waves, it is found that in 180 months, wave number 1 dominates; in 20
months, wave number 2 has the largest contribution; and in only two months does wave
number 3 dominaie,
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V. THE El NINO~SOUTHERN OSCILLATION (ENSO) PHENOMENA AND THE STRUCTURE OF THE
ZONAL MODES OF THE TROPICS

The Southern Oscitlation Index (SOI} is defined as the normalized pressure difference be-
tween Tahiti and Darwin. Periods of negative SOI (e.g.,1968—1969, 1972—1973, 1977-1978,
1982—1983) correspond to warm events in the tropical Pacific Ocean. Bjerknes (1969) related
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Fig.3. Time—longitude plots of the 200 hPa DJF U component for the latitude bands (a) 5"N--5"§,
{b) 25°N—35°N. Regions where 20 < U <40 ms are lightly shaded and where U 64 ms are heavily
shaded. Heavy line in (a) represents the U=0 contour. Regions where U > —12 ms are stippled.
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Fig.6. Percentage contribution (upper panel} of wave number 1 1o the total variance throughout an
El Nino year (SO1« I: solid line), 2 La Nina year (SOI> 1: light—dashed) and normal year (SO1~
(: heavy dashed). Longitudinal phase is shown in the lower diagram. Annual variance and phase is
indicated on the diagrams.
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Fig.?. Same as Fig. 6 except for wave number 2. The phase of wave number 2 for the El Nino (501
«1) year is meaningless given the very low magpitude. Hence the curve is omitted for most

months.

the Southern Oscillation Index of Walker to the variation of the sea surface temperature in
the Pacific Ocean, defining, thus, the Southern Oscillation—E! Nino (ENSO) phenomena.
Dynamic quantities are also related to the cycle. Figs. 5a, b show time—longitude sections of
the boreal winter {DJF) zonal velocity component in the latitude bands {a) 5"N—5°S and {b)
25°N—35°N over the period of 1969—1985. Since the evolution of zonal velocily in 25°5-35°8
is similar to Fig.5b, so it is not given here.

Fig. 5a shows a dramatic variation of the upper tropospheric zonal winds over the east-
ern Pacific Ocean. During warm event periods in the Pacific Ocean, the winds reduce to weak
westerly or even easterly. During “cold events” (i.e., SOT> 0 when the western Pacific Ocean
is slightly warmer than average in the west and cooler in the east), the winds are very strong
and westerly. However, the corresponding variations at higher latitudes in both hemispheres
are out—of—phase with the equatorial variations. For example, the periods of strongest equa-
torial westerlies are matched with weaker westerlies {and vice versa) at higher latitudes.

In order to understand the impact of the warm events on the structure of equatorial
waves, the annual variations of the amplitude of wave numbers 1 and 2 for composite annual
cycles were caiculated. The first composite type relates to an annual cycle during warm events
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or periods of large negative Southern Oscillation Index (i.e., SOl « 0); the second composite
relates to the annual cycle with intermediate values of SOI (SOl = 0} and the final type be-
longs to the “cold event”™ or *La Nina” (SOI » 0). For each type, three “typical” months
were chosen and the amplitudes of the waves averaged. For example, for the January compo-
site of the warm event category, we choose the Januaries of 1983, 1969 and 1970, which pos-
sess SOI values of —3.4, —1.4 and —1.2, respectively. Typical cold event Julys, for example, are
1975, 1979 and 1974, with SOI values of 2.1, 1.3 and 1.2 respectively.

Figs. 6a and b show the annual cycle of amplitude and phase of wave number 1 for the
three categories. The solid line represents the warm event case, dashed line the intermediate
case and the heavy—dashed line denotes the cold event case. The variance contribuiion for the
warm event case is much larger than the two other categories throughout the year except Jan-
uary and February during which the intermediate category is slightly larger. Another distinc-
tion among Lhe categories is that the phase of the wave number 1 (i.e., the longitude of the
maximum of the wave) in the warm event case is much further to the east compared to the in-
termediate year or the cold event year. The maxima are located at 303°E (57°W) and 247°E
(113"W), respectively. This eastward shift of wave number | during the warm event is consis-
tent with the eastward displacement of the thermal forcing as the maximum of sea surface
temperature (SST) moves eastward during a warm event.

Table . The Amplitude, Phase and Variance Contribution of Wave 1 for El Niro, Normal and La Nina Case, 4
represents amplitude, P is phase, § is variance. The subscript e, #. [ denote El Nino, intermediate and

La Mina. respectively

El Mino SO1 < <0 Intermediate SOl = 0 La Nina SOI> > 1
A, P, 5, /5 A4, P, 5,75 4, P 5, /8
JAN 8.67 298.4 70.1 11.10 267.9 76.8 12.47 2599 55.7
FEB 8.3% 3174 62.6 11.65 278.0 70.2 10.92 2495 59.1
MAR 6.82 3239 60.7 7.9 260.1 57.3 7.56 2458 41.1
APR 3.56 298.7 76.7 5.37 250.2 50.2 5.08 2236 46.6
MAY 4.0 271.1 74.5 6.11 2434 75.1 5.01 250.6 62.6
JUN 6.48 2886 90.3 7.03 237.0 74.0 5.40 2568 59.9
JUL 7.67 294.1 92.3 7.38 258.1 82.0 140 2722 58.1
AUG 6.83 307.1 21.9 7.84 2798 84.9 5.24 2324 70.3
SEP 7.33 316.1 93.8 4.31 295.0 65.1 5.43 2313 635.1
oCT 4.56 3138 806 | 569 2858 69.2 6.26 243.5 57.6
NOV 5.46 3035 74.9 7.89 2729 68.4 .76 2422 63.1
DEC 817 299.5 85.6 8.13 2728 68.0 10.22 250.3 64.5
Mean 6.50 302.7 79.6 7.50 266.7 70.2 7.06 246.5 588

Important differences between warm and cold event years are also apparent in the
amplitude and phase of wave number 2. The composite properties of wave number 2 {calcu-
lated using the same months as for wave number 1) are shown in Fig. 7. During the warm
event vear the amplitude of wave number 2 is very small, making negligible contribution to
the total variance. During intermediate and cold event years, on the other hand, the
amplitude contributions of wave number 2 are much larger, contributing, on average, 20%
and 29% 1o the total variance. Using Eq.(3) to test the statistical significance of wave number
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2, we find that during a warm event, no month can pass the 5% significance level test. That is
to say during the warm event year there is little evidence of a wave number 2 in the equatorial
region. In the intermediate year all months except Januvary pass the 5% significance test while
in cold event years all months pass the 1% significance level test. Fig. 7b shows that the phase
of wave number 2 for cold and intermediate years is about 150°W. As the amplitudes of wave
number 2 during the warm events are statistically insignificant, its phase has no real physical
meaning and it is omitted in most composite months of Fig.7. Table 1 provides a summary of
the annual cycle of wave number 1 for the La Nina, El Nino and intermediate years.

V. CORRELATIONS BETWEEN THE TROPICS AND MID-LATITUDES

In Fig. | we noted the existence of two large stalistically significant negative correlation
areas (marked by the letters D and E) with central values of —0.640 (29°8, 140°W) and —0.568
(24°N, 140°W), respectively. On the peleward sides of the negative correlation areas D and E
there are two further positive correlation regions (F and ) although their maximum values
are somewhat smaller. Thus, in the eastern Pacific Ocean, from the Southern Hemisphere
across the equator to the extratropics of the Northern Hemisphere, the sign of the correla-
tions aiternates. This correlation pattern suggests that there exists wave propagation from the
tropics to high latitudes (or reverse) with a lateral modal scale of roughly 40°to 50°f latitude.
Alternatively, one may think of the pattern as representing the latitudinal structure of region-
ally extended trapped equivalent modes (Chang and Webster, 1990). These connections are
also apparent in the dynamic fields shown in Fig. 5. To study the latitudinal correlation struc-
ture, we move the reference point along the equator {c.f., Fig. 2) and examine meridicnal cor-
relation strip maps as a function of latitude between 50°N and 50°S averaged over 60°of lon-
gitude about the particular reference point. Fig. 8a shows the distribution of correlations be-
tween U anomalies about the reference point and the 60°longitude average U anomalies at all
other grid points to the north and south., The upper panel schematically describes the scheme.
The curves represent the local correlations of the U anomalies at (say) point C with those
along the local meridian C'—C’. The shaded regions denote statistical significance beyond
95%,, Similar patterns appear at all longitudes {i.e., negative correlation between the tropics
and high latitudes) although only in the vicinity of the upper tropospheric westerlies (i.e.,
150°E to 120°W) are the correlations strong and significant away from the equator. The corre-
lation value for statistical significance as calculated by the methods discussed in Section 3 re-
lates to a point correlation and not a 30°average as shown here. Thus, the shaded areas of
Fig.8 are probably an underestimate of the significant regions.

Fig. 8b shows the results of an examination of the “remote™ tropical-mid—latitude corre-
lation. Here the correlation of U at a reference point at a particular longitude along the equa-
tor with the U variation along a longitude—latitude strip to the north and south of the
mid—Pacific westerly maximum, specifically in the band between 180°E and 120°W is plotted.
i.e., the strips show the variation of the correlation of (say) point C with the 30° averaged
correlations along R'—R’. Strong communication appears to exist in the strips between 30°W
and 30°E and the extratropics in the reference zone 1o the north and south of 120°E even
though the reference point and reference zone are removed by 180°of longitude!

In summary, Fig.8 indicates that the correlation between the U—variation along the
equator at 0°E is much more strongly coupled with the middle latitudes 180°of longitude re-
moved away from the correlation point than is related to variability immediately to the north
and south.
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Fig.8. (a) "Local” correlation curves indicating the correlation of U averaged in a 30° longitude

strip as a function of latitude for U at the reference points at the indicated longitude (ic., 0°, 30°E,
60°E,...) and the equator. The correlation scheme is summarized in the map. Shaded parts of the
curves denoie statistical significance at the 5% level. (b) “Remote” correlation curves indicating
the correlation of U averaged in a 30° longitude strip about the 150°W longitude strip relative lo
the variation of U at the reference points {0°, 0°),(30°E, 0°), (50°E, 0") ..., and etc.

We also calculated the correlation of V at the reference point (150°W, 0°N), with U at all
points for January and the similar correlation map with the reference point at (30°E, 0°N) for
July. The correlation patterns indicate the existence of strong, cross equatorial local
meridional cell. Figure 8c extends the analysis showing the zonal mean value of the correla-
tion coefficients between the V anomaly (V') at the tropical reference points (0°, 30°E,...30°W)
and the U anomaly (U”) at all points within a 30° longitude belt in a similar manner to the
scheme shown in Figs.8a and b. Two areas show significant correlation, at 60°E—90°E and
near 150°W. The former is the Asia monsoon region and the second is the equatorial westerly
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duct region. The mean correlation coefficient in each region in the mid—latitudes is greater
than 0.30.

VII. LAG CORRELATION AND LOW FREQUENCY PROPAGATION

1. Zonal Velocity

Lag correlaiions are useful in revealing the temporal nature of climate. Fig. 9 shows the
lag correlation between U’ at (120°W, 0°) with U’ at all other points. A positive lag value in-
dicates that the point (120°W, 0°} leads other grid points. A negative lag value indicates thatl
the reference point lags other points. Latitude—longitude plots of correlation with lags month-
ly from ~6 months to +6 months are shown. Regions of positive correlation (2>0.30) are en-
closed in the solid shaded contour and significant negative correlations (< 0.30) are hatched.

When the lag is —6 months, the significant correlations (designated by A) are located in
the western Pacific (145°E~175°E, 0°~10°N) with a maximum positive value of 0.379. As the
lag decreases, region A moves eastward and equatorward and increases in value. With the lag
at —1 month, the maximum correlation center moves just to the west of the reference point
(ie., 140°W, 0°N) with a value of 0.643, As lag becomes positive (i.e., the reference peint now
leads other grid points), A moves to the east of the reference points. Although the correlation
decreases in statistical significance (smaller than 0.30) with the lag increasing beyond +4
months, we still can trace the slowly eastward movement of the maximum correlation center.
In summary, between lags of —6 to lag +6 the correlation center, A, moves slowly eastward
over a distance of 150°longitude with an average propagation speed of 10—15° longitude or
so per month. Secondary positive maxima (B and C) occur to the south and northeast of A.
Although both B and C never attain statistical significance, they follow an orderly and coher-
ent propagalion.

An eastward prepagation of an opposile sign correlation pattern (Y) also occurs along
the equator considerably to the west and is apparent even at —6 months although it does not
achieve significance until —5 months. Together with A, the impression is that the correlation
pattern migrates along the equator as a wave number one and two system. The propagation
suggests that the low frequency signal along the equator originates in the western
Pacific / Asian region and propagates eastward. The development of the negative center
along the equator coincides with an extended region in the extratropics of both hemispheres
(X and Z). Through time, the negative pattern appears as a “Y” shape with the open end fac-
ing westward and the vertical arm along the equator. As the lag decreases, the “Y” moves
eastward strengthening into distinct correlation centers along the equator and to the north
and south of the positive corfelation maximum. The negative tongues seem to extend west-
ward and “curl” into the tropics. This occurs at a time (about —3 to —2 months) with the es-
tablishment of the negative maximum along the equator {W). The extratropical maxima coin-
cide with the westerly maxima shown in Fig. 5. With positive lags, the extratropical maximum
negative correlations continue eastward at a faster rate than the tropical positive maximum.
The effect is to reverse the orientation of the negative “Y" pattern which now seems to open
to the east.

The results presented in Fig.9 show a systematic temporal structure of the zonal wind.
The pattern evolution in the tropics appears to follow that described by Gill and Rasmusson
(1985) with a signal emerging [rom the western Pacific Ocean. Between the extratropics and
tropics, the patterns seem to suggest an organized sequence similar to those found by Barnett
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Fig.9. Lag correlations of U at reference point (120°W, 0% and all the U between £ 6 months. Let-
ters refer Lo correlation pattern centers identifiable from lag to lag. Areas within shading and

hatching are statistically significant to 93%.

(1984, 1985) who used more sophisticated statistical techniques than those employed here.
Cleatly, there are strong lag and lead correlations between circulation variations at low lati-
tudes and the extratropics that require investigation. However, there is a clear and important
conclusion thal appears lo emerge from the analysis. The tropics and the exliratropics are cer-
tainly connected. Furthermore, the interaction appears to be in both directions. Another ob-
servation is that the strongest negative correlations (X and Z) seem to occur in the region to
the north and south of the equatorial westerlies which correspond to the Webster and Hollon
“westerly duct.” We note for later reference that it is also a region of minimal longitudinal

shear.
2. The Correlations between OLR and Velocity Potential {x)

To understand further the propagation of the large—scale tropical waves and the
interactions between the tropics and mid—latitudes, we choose OLR and y (velocity
potential) for a correlation analysis. The velocity potential, x was calculated using the rela-
tionship

Vig=V+V, L))
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which is solved using an nverrelaxation scheme. The OLR can be considered as a proxy for
rainfall in the tropics because it is closely linked with the development of convective
cloudiness. Thus, minimum OLR areas, representing deep and persistent convective clouds,
are usually considered Lo be related to heating source regions.

The OLR data are only available from June 1974, and as continuous data from only De-
cember 1978 which is chosen as the starting date for the calculation of the correlation fields
between OLR and . Thus, a total of 74 months is available for analysis. Within a 93% sig-
nificance level, the threshold value of the correlation coefficient is 0.23 when the degree of
freedom is 70. However, as discussed previously, there are far fewer degrees of freedom than
70. In fact, the results of calculation based on {3) and (4) show that the average value of effec-
tive degree of freedom for 12 reference points (0°, 30°E ++» 30°W) is only 27 so that the critical
correlation coefficient at the 95% significant level is 0.368.

Fig.10 shows the simultaneous and lag correlations between —6 and +6 months for the
OLR at the reference point (120°E, 0°N) and y at all other grid points. The reference point
was chosen as it represents the center of the mean OLR minimum. The figure clearly reveals a
dipole pattern along the equator and a strong connection between the tropics and mid—lati-
tudes, especially in the vicinity of the reference point, and in particular, near 120°W where the

Fig.10. Lagped correlalions between = 6 months for the OLR at (120°E, 0°) with z elsewhere.
Arcas in this shading and hatching are statistically significant to 95% . Letters refer to correlation
pattern centers identifiable from lag to lag.
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upper tropospheric westerlies are strongest.

In the simultaneous correlation map (bottom panel, Fig.10) there are two significant cor-
relation areas. One ceniter is positive (point A maximum value 0.738) and is located in the
neighborhood of the reference point, about the equator and around 120°E. The other center is
negative {point B), and located near [20°W and the equator. If we can think of negative y
fields as being associated with upward motion, positive correlation regions suggest ascenl as-
socialed with convection at the reference point. Negative correlations, on the other hand, im-
ply descent resulting from the convection. Thus, the simultaneous correlation patterns suggest
that the region which determines the strength of the Walker cell is the convective region of the
West Pacific and that the associations are on the largest longitudinal scale. The regional ex-
tension of the negative correlation area well to the north and south of the equator indicates
the importance of variation in tropical convection intensity to the higher latitudes.

We focus our attention on the positive correlation region in the Asian western Pacific re-
gion. At lags of —6 months, the largest correlation (point A} is located at 35°N, 105°E with a
maximum value of 0.53. Between lags —4 or —2 months, the significant positive correlation
moves towards the equator and slightly to the east. At positive lags, the significant correla-
tions move from the equator to high latitudes in both hemispheres and even further to the
east, With the lag at +6 montks;, there are two significant correlation areas located in 25°S,
165°E (A4, ,r =0.448) and 41°N, 180°%(A,, r = 0.442), respectively. The movement of signifi-
cant correlation regicn with the change of the lag length suggests that variations in the y—field
in the northern and southern westetn Pacific Ocean precede by several months the variation
of convection in the western Pacific Ocean. The negalive correlations, on the other hand, fol-
low a similar pattern beiween lags —6 and —2 months. However, as the lag becomes positive,
the negative area (B) occupies most of the Western Hemisphere and extends poleward in both
hemispheres, On the other hand, the changes of OLR in the western Pacific precede variations
in the extratropics of the northern and southern eastern Pacific Ocean.

In summary, the correlations suggest that there are low frequency associations between
the extratropics and the tropics and vice versa. However, the relationships are not symmetric
about the equator. For example, the —6 month lag correlation shows that the significant posi-
{ive area A correlation residing in the Northern Hemisphere has no counterpart in the South-
ern Hemisphere. Perhaps this asymmetry may be explained by the different geography of the
two hemispheres. On the other hand, with positive lags, both the positive and negative pat-
terns appear symmetric about the equator.

The paiterns shown in Figs. 9 and 10 are similar to the variations in mean sea level found
by Barnett (1985) who noted that a large scale signal propagated along the equator from the
monsoon regions Lo the eastern Pacific Ocean and from ihere to higher latitudes.

VIIl. SUMMARY

From above analysis, the following conclusions have been reached:

(i) In the tropics, the dominant components of the U—field are longitudinal wave num-
bers 1 and 2. Thus, the variation of the U component in the central eastern Pacific Ocean is
out—of—phase with the variation in the Indian and Atlantic Oceans.

{ii) The spectral distribution of the U—field is strongly affected by ENSO events. [n an El
Nino year , wave 1 provides a much larger contribution to the total variance compared with
intermediate or La Nina years . Wave number 2 provides very little contribution to the total
variation during an El Nino year although in a La Nina year, it increases its amplitude
significantly.

(iil) The ENSQ events also change the phases of the low frequency structure of the trop-
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ics. In an El Nino vear, the anomalous SST distribution in the Pacific Ocean forces the diver-
gent and convergent centers to move eastward with a consequent eastward migration of the
phase of wave number 1. On the other hand, in 2 La Nina year, the phase of wave number 1
shifts westward creating large phase differences (> 50%f longitude) between the two extremes.

{iv) Correlations between U’ at the equator and U’ elsewhere indicate that there are
strong latitudinal correlations between the tropics and midlatitudes, especially in the regions
of the upper tropospheric equatorial westerlies (of the central and eastern Pacific Ocean). Va-
riations of U in the upper tropospheric easterlies are only weakly correlated with variations to
the north and south. In fact, variations in the easterlies are more strongly correlated with the
geographically remote variations of U to the north and south of the equatorial westerlies.

{v) The weak local correlation between U’ at the equator and U’ at higher latitudes in the
vicinity of the equatorial easterlies and the much stronger local correlation between V' at the
equator and U’ elsewhere in the same location suggest the coexistence of two mode forms.
The former correlation suggests a dominance of an even or symmetric mode about the equa-
tor in U oriented zonally. The latter correlation suggests that the V field at low latitudes is
connected to an odd mode about the equator oriented meridionally which is probably part of
the Asian monsoocn system.

{vi} The lagged correlation fields between OLR and y reveal that there are strong
interactions between the tropics and extratropical regions which, within the limitations of the
data, appear to have a definite sequence. An extratropical signal appears to propagate into
the tropics. Perhaps because of the differences between the two hemispheres in topography
and ocean—land distribution, the tropical—extratropical interactions do not appear to be
symmetrical about the equator.
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