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ABSTRACT

Previous studies have suggested that the regions of mean anomalous perturbation kinetic energy which exist
in the vicinity of the equatorial upper-tropospheric westerlies are the result of the propagation of extratropical
synoptic and low frequency waves through the equatorial “westerly duct” where a subsequent wave energy
convergence occurs. The proposition that these perturbed equatorial regions may arise from remote equatorial
energy sources is investigated. It is shown that three criteria must be met. The first two, the existence of wave
energy sources along the equator and a mechanism to transport that energy longitudinally, are accounted for
relatively easily with existing theory of divergent, trapped equatorial modes. The third criterion, the requirement
of a mechanism for an accumulation of transient energy in the equatorial stretch flow (i.e., nonzero #,), is not
immediately obvious and requires exploration to develop new concepts.

Using simple WKBJ arguments it is shown that within a realistic parameter range, a combination of longitudinal
stretch in the basic state along the equator and the characteristics of the equatorial trapped waves satisfy the
third criterion. The equatorial waves must possess a divergent structure which insists on equatorial trapping. It
is shown that purely barotropic modes, which cannot be equatorially trapped, do not represent the real atmospheric
structure at low latitudes. Regions of negative longitudinal stretch along the equator (i.e., westerlies decreasing,
or easterlies increasing, towards the east) are shown to be wave energy accumulation reg'ions. Regions with
positive stretch, on the other hand, are wave energy depletion regions. A free-surface barotropic model with
fully nonlinear basic states, containing both stretch and shear, confirm the results of the simpler model, i.e.,
regardless of the position of the energy source within the tropical atmosphere the wave energy accumulates in
the same region; namely, on the eastern side of the westerly maximum. Thus, the third criterion is accounted
for by the longitudinal trapping of the equatorial Rossby waves in specific regions as they move through the
longitudinal stretch flow. It is argued that the existence of energy depletion and accumulation regions provides
for the existence of an equatorial teleconnection system allowing for remote regions of the tropics to be connected
by the equatorial transient modes. A number of alternate hypotheses such as the instability of the longitudinal
varying basic flow are tested, although, in this case, the basic state is found to be very stable, indicating a
robustness of the wave energy accumulation hypothesis.

The numerical results indicate that the equatorial wave accumulation regions are also emanation regions of
equatorial transient influence to higher latitudes. That is, wherever the equatorial regions are excited, a wave
train to higher latitudes will originate from the same longitude belt along the equator, producing a phase locked
response at higher latitudes given the same mean basic equatorial flow. It is argued that the concept of tropical
emanation regions provides a significant modification to the tropical-extratropical wave train teleconnection
theory.

It is shown that these new theories of atmospheric teleconnections (i.e., the equatorial and the modified
tropical-extratropical theories) may allow interpretation of some rather difficult questions that have been posed
in both modeling and observational studies.
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1. Introduction

In the late 1960s a series of observational and theo-
retical studies provided a new basis for the understand-
ing of the elementary physics of the large-scale tropical
atmospheric circulation and were thus revolutionary.
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a. Identification of fundamental modes in the tropical
atmosphere

Foremost in these studies was Matsuno (1966),
which provided new and enlightening perspectives of
the tropical atmosphere. It showed that there existed
classes of very large-scale modes possessing a mix of
divergent and rotational characteristics that were
trapped about the equator. Using a simple primitive
free-surface barotropic model on an equatorial 8-plane,
Matsuno described the fundamental structures of these
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newly identified waves: the westward propagating
Rossby wave, an eastward and a westward propagating
set of gravity waves and two hybrid families; the east-
ward propagating Kelvin wave and the westward prop-
agating mixed Rossby-gravity wave. The latter is an
antisymmetric mode which shows rotational aspects
at very large scales but an increasing divergent gravity
wave character at smaller scales. Later, the Matsuno
solutions were shown to be subsets of general spherical
modes by Longuet-Higgins (1968). Implicit in these
studies is that the equatorial trapping of the modes is
a direct result of their divergent nature. Purely baro-
tropic modes, on the other hand, are not trapped about
the equator (see discussion in section 3).

Both Matsuno and Longuet-Higgins considered the
fundamental solutions of a quiescent basic state. By
simple extension (e.g., Webster, 1972) the structure of
equatorial modes in a basic state in solid rotation can
be considered. However, the fundamental structure of
the modes did not change from those considered by
either Matsuno or Longuet-Higgins as the simple basic
flow provided only a simple Galilean translation.
However, the consideration of the waves in a nonzero,
although still zonally asymmetric, basic state proved
to be important to climate dynamics. It was shown
that with realistic basic states, steady-state solutions
were possible with planetary stable equatorially trapped
modes (Webster, 1972, 1973; Gill, 1980).

The second stage of the large-scale tropical meteo-
rology revolution was a series of observational papers.
For example, Yanai and Mauryama (1966), Wallace
and Kousky (1968), and many others identified most
of the Matsuno and Longuet-Higgins modes as fun-
damental components of the low latitude tropospheric
and stratospheric circulation.

Recent studies have suggested that there may be an-
other, very special, role for the very low frequency
equatorial Kelvin wave. There is increasing evidence
that the Madden-Julian oscillation (i.e., the 40-60 day
mode) in the tropics, first described by Madden and
Julian (1972), may be part of an adjusting stationary
Kelvin wave through some form of internal feedback
(e.g., Lau and Phillips, 1986).

! Using FGGE winter MONEX data, Williams (1981) showed that
there may be tropospheric counterparts to the stratospheric Kelvin
modes (e.g., Wallace and Kousky, 1968). Williams showed that an
eastward propagating Kelvin-like circulation feature along the equator
appeared to be produced as a response to forcing by a cold surge
from higher latitudes. Despite this intriguing diagnosis, there still
appears to be limited evidence that the high-frequency transient Kelvin
wave possesses a role in the tropical troposphere that matches the
importance of its oceanographic counterpart as described, for example,
by Mysak (1980). But elsewhere in the atmosphere the transient Kel-
vin wave appears to possess a substantial role that is more in keeping
with its oceanic importance. P. J. Webster and J. M. Fritsch (personal
communication) and subsequent work by P. J. Webster and D.
Leathers (personal communication) have shown that, together with
atmospheric shelf wave, the transient Kelvin wave explains a large
part of the observed variance close to major orographic features.
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b. The role of stationary equatorially trapped funda-
mental modes in determining the mean state of
the tropical atmosphere

The concept that the stationary equatorial Kelvin
wave plays a fundamental role in determining the mean
state of the tropical atmosphere has been the result of
considerable theoretical effort (e.g., Webster, 1972,
1973; Chang, 1977; Gill, 1980, etc.). Observational
analyses by Krishnamurti (1971) showed that the large-
scale mean structure of the tropical atmosphere pos-
sessed, what he termed, . . . east-west circulations
. . .” (later given the generic title of “Walker circu-
lations”), centered on the equator with an amplitude
that decreased exponentially towards the poles.

The Walker circulations were interpreted by Webster
(1972, 1973) and Gill (1980) as stationary equatorial
Kelvin waves forced within a generally westward equa-
torial flow. Chang (1977) showed that there had to be
significant dissipation in order for the stationary modes
to have the proper vertical scale. This is because the
frequency of an inviscid Kelvin wave with a slow
enough phase speed to have a zero Doppler shifted
phase speed (thus producing a stationary solution) has
a vertical scale that is an order of magnitude smaller
than that observed. However, with dissipation rates
matching cumulus mixing, a mode of a particular hor-
izontal scale is stretched in the vertical to fill the depth
of the troposphere (Chang, 1977).

Figure 1 shows a schematic view of the Walker Cir-
culation along the equator for two sea-surface temper-
ature distributions matching La Nifla and El Nifio
conditions (Webster, 1983).2 It is worth noting that the
magnitude of the easterlies and westerlies exceed the
magnitude of the zonally averaged mean easterly zonal
current. Thus, the combination of the sea-surface tem-
perature distribution and the location of the tropical
continents, which together produce the form of the
Walker Circulation, introduce considerable longitudinal
stretching deformation® (referred to subsequently as
longitudinal stretch) into the mean tropical circulation.
For example, during the boreal fall and winter, the
monthly averaged westerlies of the upper troposphere
over the eastern Pacific Ocean exceed 10-20 m s™!
which introduce maximum longitudinal stretch along
the equator. During the boreal summer or during Pa-
cific Ocean warm episodes or El Nifio periods, the
equatorial longitudinal stretch diminishes over the Pa-

2We use La Nifia and El Nifio as convenient terms to describe
the extreme values of positive and negative Southern Oscillation In-
dex, respectively, following Philander (1986).

3 The shearing and stretching deformation fields of a horizontal
flow are written traditionally as (iZ, + ¥,) and (&, — ©,). Thus, for
consistency, we must refer to the zonal variation of the zonal wind
component (i.e., &) as the longitudinal stretch of the flow and not,
as it is often incorrectly called, the longitudinal shear. The longitudinal
shear, of course, is given by b,.
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FIG. 1. Schematic view of the Walker Circulation along the equator during El Nifio (lower
panel) and La Nifia (upper panel) periods that occur at the extremes of the Southern Oscillation.
The shaded areas indicate sea surface temperatures warmer than 27°C and the dashed lines show
relative horizontal pressure variations in the lower and upper troposphere. (From Webster, 1983)
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cific Ocean region but increases over the Atlantic
Ocean.

¢. Relationships between the tropical and the extra-
tropical circulation

Bjerknes (1969) noted that during El Nifio periods,
the anomalous tropical climate (see Fig. 1) appeared
to be associated distinctly with variations in the cir-
culation patterns in higher latitudes. A number of
studies (e.g., Opsteegh and Van den Dool, 1980; Hos-
kins and Karoly, 1981; Webster, 1981) suggested that
the influence of the perturbed tropics was transmitted
as a train of Rossby waves from the anomalous heating
regions. Webster (1982) argued that the transmission
to higher latitudes would be most efficient towards the
hemisphere where the westerlies were closest to the
equator. This explained why the observed correlations
between the tropics and the higher latitudes were
strongest in the winter hemisphere.

However, the simple model of a train of waves em-
anating out of the anomalous heating region does not
bear close scrutiny. Observational studies indicate a
much more complicated relationship with a diversity
of apparent wave train patterns. Also, modeling studies
by Keshevamurty (1982) and Geisler et al. (1985), show
a distinct insensitivity in the extratropical response to
the location of the anomalous tropical heating. Similar
phase locking of the high latitude response has been

noted in diagnostic studies by Lau and Phillips (1986)
with regard to the Madden and Julian oscillation ir-
respective of the location of the tropical convection.
Furthermore, O’Lenic et al. (1985) found a similar in-
sensitivity of equatorial forcing region to the phase of
the extratropical response but on even shorter time
scales.

Despite the problems noted here, there are some
compelling arguments that suggest that the concept of
an emanating Rossby wave train from the tropics is
basically correct even if it is more complicated than
originally perceived. There is, of course, the observed
seasonality of the response at high latitudes that may
be tied to the ability to generate wave trains more easily
in the winter hemisphere (e.g., Webster, 1982). Fur-
thermore, Hoskins and Karoly (1981) suggested that
there should be strong scale dependency of the response
with latitude due to given basic state distribution. In-

- deed, the anomalous climate at very high latitudes is

found to be of a much larger spatial scale than in the
middle latitudes, as predicted by Hoskins and Karoly.

Perhaps the greatest problem with the pure wave
train teleconnection theory is that it does not take into
account transient modes in a direct sense, especially
in the tropics. Opsteegh and Van den Dool, 1980; Hos-
kins and Karoly, 1981; Webster, 1981, 1982 were all
steady-state studies. Heating was assumed to be time
independent and some sort of simple undefined aggre-
gate of the transient modes.
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d. The relationship between transients and the mean
* state of the tropical atmosphere

It is the mean state of the tropical atmosphere, with
its slowly evolving shearing and stretching deformation
fields created in the manner described here, that the
transients within the tropics, or those propagating to-
wards the tropics must contend. However, this full
three-dimensional structure of the tropics has been
largely ignored in terms of how it may affect the prop-
erties of transient or stationary modes or their propa-
gation characteristics. .

The role of latitudinal shear and its relationship to
propagating synoptic and planetary scale disturbances
has been understood for a considerable time. Charney
(1969) showed that certain values of the mean wind
should act as effective barriers to the equatorward
propagation of extratropical disturbances. For tran-
sients of synoptic scale, the critical values of the mean
wind are found to be weak and easterly. For stationary
waves, the critical value of the zonal wind component
is zero. Transient planetary scale extratropical waves
_ possess critical latitudes where the wind speed is strong
and easterly. These modes could be expected to prop-
agate through the equatorial easterlies. However,
Charney argued that they were of small amplitude and
that their transmission was of little significance mete-
orologically. Charney’s study emphasized the propa-
gation of nondivergent extratropical modes towards the
tropics through a zonally averaged basic state.

The study of the interaction of extratropical waves
and shear flow was extended, in kind, by Webster and
Holton (1982, hereafter referred to as WH), but with
an emphasis on the equatorial longitudinal stretch and
latitudinal shear discussed above. Noting the juxta-
position of the 200 mb equatorial westerlies and tran-
sient activity (defined here as the perturbation kinetic
energy, PKE) from analyses of Murakami and Unni-
nayer (1977), WH suggested a new, distinct and im-
portant role for the equatorial westerlies. They posed
and tested the hypothesis that the equatorial westerlies
acted as a corridor, or a duct, for extratropical rotational
modes. The regional maxima in PKE, they reasoned,
were the result of the deep propagation of disturbances
into the tropics through the westerly duct. When the
westerlies were either weak or nonexistent, such as
during the boreal summer or during El Nifio times,
the extratropical waves were confined to the hemi-
sphere of origin or because their meridional group
speed depends upon the strength of the westerlies,
which weaken dunng these periods, thexr energy dis-
sipates before arriving in the tropics.

A number of studies have considered longitudinal
variation of the time-mean basic state. Specifically,
Simmons (1982), Branstator (1983) and (1985) con-
sidered a so-called “wavy-basic state.” The latter study
was aimed at interpreting the very long general circu-
lation model simulations of Geisler, et al. (1985). While
all studies have been very useful in understanding wave
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behavior in complex basic flows, they are restricted in
their realism within the deep tropics where the diver-
gent component of waves is strong. This is because the
cited studies refer to a purely barotropic system. How-
ever, as we will develop in section 3, the nature of
barotropic modes is very different than that of the di-
vergent equatorially trapped modes. Specifically, the
barotropic mode possesses a two-dimensional group
speed (i.e., longitude and latitude) and is not different,
qualitatively, from a barotropic rotational mode located
anywhere on the globe. On the other hand, with di-
vergence the modes become anisotropic in nature and
emphasize their longitudinal phase and group speed
components. Presumably, a free-surface barotropic
model is a minimum requirement for the study of near-
equatorial transient and stationary modes. The rele-
vance of the WH paper was that it provided, for the
first time, a physical significance to the tropical westerly
regions. It also provided an explanation of why there
may be local concentrations of transient energy along
the equator.

e. Are there other source regions for the low latitude
PKE maxima?

__The colocation of the equatorial westerlies and the
PKE maxima was reexamined by Arkin and Webster
(1985) using a much longer NMC dataset than was
available to Murakami and Unninayer (1977). They
showed conclusively that the PKE within the equatorial
westerlies was at least a factor of 2 or 3 larger than
values within the easterlies, in agreement with the
theoretical results of WH and their interpretations of
the Murakami and Unninayer diagnostics. However,
the study could not speciﬁcally confirm the hypothesis
of WH regarding the origin of the transient energy,
and, at best, could offer only evidence that was not
inconsistent. The dataset was comprised of monthly
mean variables and the fields of PKE were made up
of the sum of variances of time scales less than one
month. Arkin and Webster’s failure emerges from the
impossibility of recomposing the variance structure on
submonthly time scales from their dataset in order to
determine the trans1ent s genesis regions or even their
frequency spectra.

In summary, from an observational point of view,
it is still an open question where the variance maximum
in the equatorial westerlies originates. Certainly, WH
offered one p0551ble explanation, but is it unique? For
example, is it possible that the variances originate, at
least in part, from source regions located w1th1n the
tropics?

- Three criteria for the existence of tropzcal sources for
the PKE maxima

Webster and Holton dismissed the possibility of the
PKE maxima being driven by energy sources at low
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latitudes. Their conclusion was based on the fact that
the major convective regions, presumably source re-
gions, are removed geographically from the equatorial
westerlies. In fact, the westerlies themselves coincide
with convective minima. This colocation can be seen
in Fig. 2 where the mean boreal winter zonal wind field
at 200 mb (upper panel), the mean outgoing longwave
radiation field (middle) and the corresponding PKE
field (bottom) are plotted relative to the same longi-
tudinal axis along the equator. Clearly, the major con-
vection coexists with the weak easterly regime. The
PKE maxima, on the other hand, coincide with the
stronger equatorial westerlies and the convective
minima.

It would seem possible, though, under a certain set
of circumstances, for energy sources within the tropics
to create the PKE maximum, even with the geographic
separation of source and transient energy maximum.
However, these circumstances would require the sat-
isfaction of three criteria relating to the mean state of
the tropical atmosphere and of the equatorial modes
existing within that mean state. Such criteria would be:

1) There must be physical processes that create
transient energy within the tropics.
2) There must be a mechanism for the lateral trans-
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FIG. 2. The relative positions of the mean seasonal wind fields, the
mean convection and the centers of transient action along the equator.
These are represented by the mean zonal wind (iZ, m s, upper panel),
the mean outgoing longwave radiation (OLR, °K, middle panel) and
the perturbation kinetic energy field (PKE, m? s, lower panel). The
fields represent mean boreal winter conditions except for the PKE
field which is the mean field for December, January and February
1976-717. For ease of comparison, the regions of westerlies, of OLR
< 230° and of values of PKE > 40 m? s™2 are shaded.
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mission of energy from the energy source to the region
of the apparent accumulation of energy; i.e., in the
vicinity of the upper tropospheric westerlies.

3) There must be a means of accumulating the
transmitted energy in the regions of equatorial west-
erlies.

g. A hypothesis to satisfy the three criteria

Most certainly, criterion 1 is satisfied in the tropics.
Figure 2 shows distinct regions of convective activity
that are quite capable of exciting families of equatorially
trapped modes over wide frequency and space scales
(e.g., see Lim and Chang, 1983). However, whether or
not these families of modes can account for the nec-
essary energy propagation or for the energy accumu-
lation (i.e., criteria 2 and 3) has yet to be shown. Most
certainly, criterion 3 requires the development of new
concepts.

In order to seek missing mechanisms, if indeed they
do exist, we reemphasize that the existence of consid-
erable longitudinal stretching deformation in the zonal
wind component of the equatorial basic state has been
ignored in most earlier studies of equatorially trapped
mode characteristics. We assume here that longitudinal
stretch possesses some importance and hypothesize that
if equatorially trapped modes are capable of transmit-
ting energy longitudinally from one region to another,
thus satisfying criterion 2, then:

A convergence of the equatorially-trapped modes
group characteristics will occur producing a regional
wave energy accumulation zone in the vicinity of the
equatorial westerlies if the longitudinal stretch is suf-
ficient.

If proved true, we would have provided a mechanism
that would satisfy criterion 3. It is the testing of this
hypothesis and the discussion of its implications that
constitute the major thrust of our study.

In section 2 we will examine briefly the magnitude
of the longitudinal stretch along the equator and the
relative locations of the PKE. In section 3 we will seek
analytic solutions using WKBJ techniques to examine
the impact of longitudinal stretching deformation on
equatorial wave dynamics. The simple analytic tech-
niques emphasize the longitudinal structure of the basic
flow that modes with a longitudinal group speed con-
tend. In its simplicity, it does not consider lateral prop-
agation of modes or implications of a meridionally
varying flow. Section 4 develops a more complete
model where numerical techniques are used to study
the propagation of transient equatorial waves through
a nonlinear basic flow similar to the observed mean
state of the tropical atmosphere. The basic flow in the
numerical model contains both longitudinal and lati-
tudinal stretching and shearing deformation fields
which allow for the testing of its assumptions made in
the previous simple analysis and discussed in subse-
quent sections. Section 8 contains a summary of the






