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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
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results, together with some speculations relating to the
application of the concepts developed in the paper.

2. Stretch structure of the tropical atmosphere

Both shearing and stretching deformation fields of
considerable magnitude exist in the tropical atmo-
sphere. Figure 3 shows a comparison of the 200 mb i,
field along the equator, 30°N and 30°S for January.
The longitudinal stretch in the winter hemisphere
(dashed) is largest by a factor of 2. Howeyver, the stretch
at the equator (solid) is of the same magnitude as that
in the Southern Hemisphere (dash-dotted). We note,
for future reference, that along the equator there exist
large regions of negative longitudinal stretch (shaded)
to the east of the major westerly maxima. -

Generally, in absolute terms du/dy > du/dx. How-
ever, when the shear and stretch are compared relative
to the normalized longitudinal and latitudinal scales
of the mode, X and Y, the inequality reverses; i.e., di/
98X > du/dY because the longitudinal scale of the equa-
torially trapped mode is nearly an order of magnitude
greater than the latitude scale (e.g., see Gill, 1982;
Webster, 1983). Furthermore, the longitudinal stretch
is in the direction of the zonal propagation of the
trapped equatorial waves. Thus, although smaller in
absolute magnitude than the latitude shear, we should
explore, initially, the possible impact of the equatorial

longitudinal stretch of the zonal flow on the behavior -

of the equatorially trapped waves. In the numerical
studies described in sections 4-7, we will consider wave
propagation in flow with full shearing and stretching
deformation fields.

Figure 4 shows a longitude-time section of # and
the PKE for a 15-year period. Mean seasonal values
were used. The most notable features are the distinct
regions of easterlies and westerlies that dominate the
eastern and western hemisphere, respectively. The ex-
tremes of the Southern Oscillation, indicating El Nifio
and La Nifia, are shown along the ordinate as x and
y. During El Nifio times the westerlies are weak in the

‘ \
LONGITUDINAL STRETCH \
s - BOREAL WINTER K
-10 y v

180 aow o 90E 180

FI1G. 3. Comparison of the longitudinal stretch of the mean zonal
flow during the boreal winter at 30°N (dashed) 30°S (dash-dot) and
the equator (solid). Units are m s™'/1000 km. Regions of negative
longitudinal stretch along the equator are shaded.
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FIG. 4. Time-longitude section of the 200 mb mean zonal velocity
component and the PKE along the equator over a 15-year period.
El Nifio and La Nifia periods are labeled along the abscissa as x and
y (after Arkin and Webster, 1985).

Pacific Ocean with relatively small values of the
PKE. On the other hand, the Atlantic region possesses
much stronger values of westerlies and transient kinetic
energy. However, during La Nifia the situation reverses.
The PKE are the largest over the central and eastern
Pacific Ocean and accompany very strong westerly
winds. Only moderate westerly winds exist over the
Atlantic Ocean.

3. Identification of wave energy accumulation regions:
Simple analytic solutions of equatorially trapped
wave motion in a basic state with longitudinal
stretch

Matsuno (1966) pointed out a fundamental differ-
ence between tropical and extratropical modes: the
highly divergent structure of equatorial modes and the
nondivergent structure of extratropical modes (see also,
Lindzen, 1967; Webster, 1983 and, recently, Hendon,
1986). Thus, a natural starting point for the WKBIJ
examination of modes in complex basic flows near the

" equator would be with a model that reflects the diver-

gent structure such as a free-surface (and, thus diver-
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gent) barotropic model. However, at a later time we
will wish to compare our results with purely barotropic
interpretations of tropical flow (e.g., as emphasized by
Simmons, 1982; Branstator, 1983, 1985). We will,
therefore, develop both barotropic and divergent baro-
tropic model structures simulitaneously to facilitate later
comparisons.

Traditionally, theoretical studies of both barotropic
and divergent barotropic modes have been made rel-
ative to basic states at rest, in solid rotation or with
very simple latitudinal shear. But, with the consider-
ation of more realistic and complex basic flows that
include, say, both shearing and stretching deformation,
analytic tractability is rapidly lost. Thus, if we seek
analytic solutions at all, we must be satisfied with either
an extremely simple, and probably unrealistic, basic
state or the approximations inherent in the WKBJ ap-
proach. ’

The WKBJ approximation is well known. With the
scheme, it is assumed that the multidimensional coef-
ficients of the inseparable system are locally constant
assuring local separation. In the initial instance, one
assumes that the time scales of the basic flow (here the
slowly evolving Walker Circulations of Fig. 1) are very
long as compared to the time scales of the transient
modes under consideration. Thus i may be considered

-time independent relative to the time scales of the
transients. Further, it is assumed that the spatial scale
of the horizontal stretch of the basic field is large com-
pared to the spatial scale of the transients. That is, we
can also assume locally that # is spatially constant,
again, relative to the spatial scale of the transients.

We should also be cognizant of the potential prob-
lems associated with the use of the WKBJ approach at
low latitudes. As the equatorial transients possess very
large longitudinal scales, it is conceivable that the
WKBJ scale separation approximations may be over-
taxed. However, with the appropriate caveats, we can
at least anticipate some aspects of the behavior of
equatorial modes in a variable basic flow and use this
knowledge to develop a more complete model.

a. Fundamental structures of barotropic and divergent-
barotropic modes

We consider a flow #(x), where x represents the east-
ward direction, and we make the assumption that there
is sufficiently large spatial separation between the scale
variation of the horizontal stretch and the scale of the
transient mode. That is, we are assuming that the
change of # is gradual over the scale of a wavelength.
The local Doppler shifted frequency w, can be written
as (e.g., Lighthill, 1978; Gill, 1982):

wg = ik + w,

(D
where k is the zonal wavenumber and w, the modal
frequency in a frame of reference where u = 0 locally.

A free surface fluid analogue to an atmosphere on
an equatorial S-plane, assuming locally that 7 is a con-
stant, can be written as
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U+ i, — By + gh, =0 )
v, + i, + Byu+ gh,=0 3)
h + Ho(u, + vy) + th, =0 4)

where H, is the mean depth of the fluid and 4, ¥ and
v are the perturbation height and velocity components.
We note from (4) that this general form allows for di-
vergence depending upon the scale of Hj.

If we now assume that # is locally constant relative
to the scales of the perturbation, we can assume solu-
tions of the form

u, v, ghlx, y, 1) = 4, ¥, h(y) expi(kx — wat). (5)

With (5) and (2)-(4) we can obtain an equation in
¥(y) after the elimination of # and A. This is

C (wa— P, Bk
vyy+{ 2 Kte-m ¢
(6)

where ¢ = VgH,. We note that (6) takes on very dif-
ferent characteristics depending on the magnitude of
c. If ¢ is very large, corresponding to a very deep system,
then the system is purely barotropic and, from (4),
nondivergent. In this case, (6) becomes an isotropic
wave equation,

nyy + {‘—kz + ;;E_I'c—a—k]f) =0, @)
which possesses solutions of the form,
b(y)ae®, 3
or using (5)
" v(Y)a expi(kx + Iy — wyt), ©)
i
wg = tk — kZ—B.;].(? . (10)

These modes possess wave forms in both x and y and
possess nonzero group speeds:

_ BUP -k
Csx =u- (kZ + 12)2) (11)
28kl
C; =(k—zl‘3+—l-2—)'§. (12)

Clearly, the purely barotropic Rossby wave possesses
a structure that is characteristic of any #-plane on the
globe. That is, the nondivergent Rossby wave at the
equator is no different than an extratropical Rossby
wave except for a larger 8. Furthermore, the modes are
not, in general, trapped about the equator. For trapping
to occur, Cg(y) in (12) must be zero which can only
occur if / = 0. Thus, from (12),

ng(1=0)=a+% (13)



810

with the group speed being a monotonic function of
k. We should note, though, that even this mode is
common to all B8-planes irrespective of latitude!

On the other hand, for smaller values of ¢, so that
in (4) the system is more strongly divergent, the entire
modal structure changes with distinct equatorial char-
acteristics with forms that are horizontally anisotropic.
Setting #* = ¢;"/%y where ¢; = 8%/c? changes (6) to the
form »

. (w/ — k) Bk c .
+ P e 2 el
o [[ c? (@i — ak)] g " ]” 0
(14)
which has solutions of the form [with (5)]
v = Ae™""/2H (n)e"** v (15)

where H,(n) are Hermite polynomials and # is a lati-
tudinal nodal number. With the allowance for diver-
gence, the waves now take on a character that is unique
to the equatorial 8-plane. The solutions to (14) are
equatorially trapped and thus possess a horizontal
group velocity which has a strong zonal component
along the equator. For the two principal low-frequency
modes we will consider, the equatorial Rossby wave
and the Kelvin wave, we can write the dispersion re-
lationships from (4) (e.g., Gill, 1982) as

wyg = tk — Bk/{k* + B2n + 1)/c} (16)
wg = uk + Ck, (17)

respectively. Using (1), (16) and (17), we can obtain
expressions for the local Doppler shifted phase and
group speeds:

Coa =t + w,/k = @ — B/{k* + B(2n + 1)/c} (18)
Coa = ii — {8k + B2n + 1)/c) — 2k7B}/
(k* + B2n + /c)* (19)
for the Rossby wave, and
Cua=u+c (20)
Cu=u+tc 20

for the Kelvin wave. In (18)-(21) because of the absence
of meridional components, we have omitted the com-
ponent designation of the phase and group speeds.

It is clear from (20) and (21) that the Kelvin wave
is nondispersive for all scales of motion. That is, energy
associated with the wave will move eastward from a
source at a constant group speed which is identical to
the phase speed. On the other hand, (18) and (19) in-
dicate that the equatorially trapped Rossby wave is only
approximately nondispersive for very large longitudinal
scales of motion, i.e., for large scales relative to a sta-
tionary basic state, wave energy will move westward
away from a source with a local group speed that is
similar to the Rossby phase speed. However, as k in-
creases, it can be seen that, although C, < 0 for all
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FiG. 5. Relationship between the vertical wavelength (L,, km)
and the equivalent depth (H,, m).

scales, Cg becomes >0. Relative phase and group speeds
for a number of modes are shown in Fig. 6 and dis-
cussed in detail in section 3b.

Equations (18)-(21) also indicate that the phase and
group speeds are functions of the fluid depth Hy. As
shown for equatorial waves by Matsuno (1966), Lind-
zen (1967) and Longuet-Higgins (1968), the depth Hj
can be interpreted as the equivalent depth of one ver-
tical mode of the real atmosphere and thus to a vertical
length scale.* Lindzen (1967) showed that for an iso-
thermal atmosphere of temperature T;, without vertical
shear, the relationship between a vertical wavelength
L, and the equivalent depth H is

L, = 2x/{¥/(ThHo) — 1/(4hH}'"*  (22)

where h; = RTy/g, ' = C,/C,and v = (I' — 1)/T". The
relationship between L. and the depth H, is plotted in

" Fig. 5. Clearly, for half wavelengths or wavelengths that

are confined within the troposphere, we can establish
a meteorologically significant range for H, of <2000
m (see Holton, 1976; Webster and Holton, 1982;
Webster, 1983).°

b. Local phase and group speeds relative to the observed
winds at low latitudes

Plots of the local phase and group speeds of the free-
surface barotropic equatorially trapped Rossby wave,
as a function of equivalent depth, for nodal numbers
n = 1 and 3 are shown in Fig. 6a, b for longitudinal

4 Formally, H, appears as the principal component of separation
coefficient in the separation of the vertical and horizontal parts of
the linear primitive equations written for an atmosphere either at
rest or in solid rotation. However, separability is lost if there is vertical
shear. A complete development is given in Holton (1976).

5 In the analytic development of this section and in the numerical
results shown in section 7 the results refer mainly to a rather deep
equivalent depth of Hy = 2000 m. The choice of Hy is in order to
facilitate a comparison of the results with those of WH. However,
the results will be shown to be rather robust over a much wider range
of H, as indicated in Figs. 8a, 9c and 25.
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FIG. 6. Plots of the local phase (dashed lines) and group speeds
(solid) for modes #» = 1 (a) and # = 3 (b) as a function of equivalent
depth Hj (m) for longitudinal wavenumbers k = 1, 2, - -+ , 7, 10.
The shaded bars enclose the limits of the observed wind fields shown
in Fig. 4.

wave numbers k = 1-7 and k = 10. Generally, C, in-
creases as H, but decreases rapidly as k. The nondis-
persive nature of the large-scale Rossby waves can be
seen by comparing the phase and group speeds. The
character of C, follows C, for small k but decreases
rapidly for k > 5. For k = 10, the group speed is weak
and westerly. The same characteristics are apparent for
n = 3, but both phase and group speeds are reduced
by a substantial factor and the dependency on Hj is
diminished.

Figure 7 summarizes the group speed structure as a
function of k for the family of Rossby waves n = 1, 2,
« » +, 5 with Hy = 2000 m. The diagram shows a clear
demarcation between the westward group speeds for
large longitudinal scales and eastward for smaller scales.
As n increases, the longitudinal scale at which the group
speed changes sign decreases.

The shaded horizontal bars in Fig. 6a, b represent
the limits of the observed mean equatorial westerlies
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(cf. Fig. 4) with which we can compare the local values
of C, and C, for the Rossby wave. Similar comparisons,
but with easterlies of similar values (see Fig. 4) can be
made for the Kelvin wave using expressions (20) and
(21). The following conclusions can be reached:

(i) Except for very small equivalent depths (say Hy
< 100 m or eqivalently, L, < 10 km), the local Kelvin
wave always moves eastward relative to a realistic basic
state. Thus, for the inviscid Kelvin wave, both C,; and
C,q are always positive, except for very small Hy.

(ii) The local Rossby wave Doppler phase and group
speeds possess zero relative to the observed wind over
a wide spectrum of scales. For n» = 1 the gravest modes

- possess zeros for reasonable values of H,. The slower

values of C,, corresponding to the small H,, create local
zeros within the observed wind envelope. The scale
range for which C,, = 0 increases substantially for all
H, as we increase n.

Inferences (i) and (ii) refer to the local Doppler
shifted group and phase speeds, i.c., they are true for
a particular value of # for a mode of a particular scale
k. However, we cannot, as yet, determine where the
zeroes in Cgz and C,y are because in the system we
consider, k cannot remain constant, for a particular

. wave, within a basic flow #(x) that is time invariant.

The variation of k for a particular mode propagating
through a longitudinally varying basic flow arises be-
cause i is a spatial function only. This implies that the
coeflicients of (2)-(4) are only spatial functions so that
the Doppler-shifted frequency of a wave along a ray
path must be constant. From (1) for a westward prop-
agating Rossby wave, this is accomplished by k varying
inversely with #,(x) along the ray path. Thus, in regions
where # decreases (i.e., #, < 0), the value of k must
increase and the longitudinal wave length decrease. On

k
30

GROUP VELOCITY

FI1G. 7. The group velocity of equatorially trapped Rossby waves
forn=1,2, -+ ,5and H = 2000 m. The line perpendicular to
the abscissa at k = 6 demarks the C, = 0 point for the n = 3 mode.
Regions of negative and positive group speed are noted. The points
A and B are referred to in the text.
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the other hand, where #, > 0, k decreases and the scale
increases. From (16) w, changes along the ray due to
its functional dependence on k so that the two terms
on the right-hand side of (1) conspire to produce a
constant w,. From Lighthill (1978), it can be shown
- using (16) (see Appendix) that the governing equation
for the change of k following a ray of equatorially
trapped mode in a time-invariant basic flow is

dk_6k+(ﬁ+a_w_,)gl_c=_kdu

da ot ok | ax dx

which substantiates the physical argument presented
here.

A useful interpretation of Fig. 7 can be made using
(23). Consider, say, the n = 3 mode. The vertical line
at k = 6 shows the scale at which the group speed is
zero. However, a kK = 4 mode (A) has a westward group
speed, whereas the k = 8 mode (B) possesses an east-
ward group speed. From (23) we can see thata k = 4
mode will move towards smaller scales and thus less
westward group speeds if the stretch of the basic field
is negative. On the other hand, a smaller mode moving
into a region of positive stretch will grow to longer
scale and develop a less eastward group speed. Thus,
between Fig. 7 and Eq. (23) it is apparent that the group
speed of an equatorially trapped mode, regardless of
the initial scale of the mode, will depend upon the sign
of the stretch of basic flow. Indeed, the sign of the group
speed may so change along a ray to create local zeros
in the group velocity.

From the foregoing discussion, it is clear that the
zonally varying basic state has two distinct effects on
the equatorial Rossby wave’s phase and group speed.
The first is the advection of the Doppler shifting of the
Rossby wave group and phase speed by the local wind
# such as would occur in a uniform basic state of ar-
bitrary #. The second effect is the more subtle change
of the zonal wavenumber as the wave passes through
the u(x) via (23) with the consequent change in the
phase and group speeds through (18) and (19). Thus,
in the strong stretch flow that exists along the equator
(see section 2), we can expect significant variations in
k, C, and C, of a wave emanating from an equatorial
energy source, i.e., the two effects are not independent.

(23)

c. Significance of the existence of longitudinal group
speed zeros

The existence of zeros in the Doppler shifted group
speed appears to be of critical importance. For a slowly
varying basic state, Whitham (1965) and Bretherton
and Garrett (1968) showed that the wave action density,
¢ = ¢/w,, is conserved following a ray. The ¢ is the
energy density of the wave defined by pgh?/2, i.e.,

Y 0E/0t + NCoab)/0x = 0

or

OE/O1 + CoqdE/dx = —£DC,u/0x. (24)
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For equatorially trapped Rossby waves and Kelvin
waves, w, and C, do not depend explicitly on x and ¢
within the confines of the WKBJ approximations. Thus
(24) may be written, using (19), as

3e/dt + Coude/ox = —edit/dx. (25)

Through (25) the impact of longitudinal stretch on the
wave action density is quite clear. If the longitudinal
stretch is sufficient to modify the Doppler shifted group
speeds to produce zeros [see Fig. 7 and Eq. (23)], then
there must be a region where ¢ will increase due to
energy density convergence along a ray. From (25), we
can predict that the local value of e will wax and wane
relative to the stretch structure of the basic flow. Only
in the region where iz, < 0 can the C,, of the equatorial
Rossby waves possess zeros. Furthermore, given the
possibility of a zero in the group speed, the value of €
can grow exponentially with time in a particular region
which, again for an equatorially trapped Rossby wave,
must be in the negative stretch region. We will refer to
these regions as wave energy accumulation regions.
From (25) we can anticipate that the maximum
convergence of e will occur where the criteria iZ; | max
< 0. With a simple sinusoidal basic state, maximum
wave énergy accumulation will occur in the vicinity of
u = 0 on the eastern side of the westerly maximum.

d. Ray paths in longitudinally varying flow along the
equator

The existence of wave energy accumulation regions
along the equator can be illustrated using ray tracing
techniques. The kinematic wave theory (e.g., Lighthill,
1978; Gill, 1982; Hoskins and Karoly, 1981; Karoly,
1983) gives the path of a ray as

dxjdt = Ceg. (26)

Figure 8 shows the wave characteristics for various
families of waves created at a variety of source points
(A, B,. . ., F)spaced 60° of longitude apart along the
equator within a zonal basic flow with easterlies and
westerlies amplitude of 5 m s™* (iZ, upper panel). Plotted
with the # curves are the local group speeds of the
various modes. The curves on the middle diagram of
each figure represent the local wavenumber of the wave
along the ray path from (23). The actual ray paths are
shown in the lower panel as a function of longitude
and time for a 40-day period. A value of H, = 2000
m has been adopted although plots for modes starting
at point B for H, = 1000, 500 and 100 m are shown
in Fig. 8a for comparative purposes. For H, = 2000 m
the propagation speed of the Kelvin wave is so rapid
that the basic flow hardly affects its characteristics.
Consequently, we have not included the Kelvin wave
in Fig. 8. Figure 8b, ¢ show similar characteristics for
the (3, 2) and the (3,.3) modes, respectively. The plots
for smaller values of Hy in 8a indicate that the local
accumulation phenomena exists over a wide range of
equivalent depth.
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FiG. 8. The wave characteristics of various families of waves created at source points A, B, . . ., F along the equator for (a) the k = 3. n = 1(3, 1)

mode, (b), the (3, 2) mode and (c) the (3, 3) mode. The lower panel is a time-longitude plot of the ray paths. The Doppler shifted group speed relative
to the basic state # is shown in the upper panel. The simple basic state has extremes of 5 m s™'. The center panel shows the local longitudinal wavenumber
along the ray path. The equivalent depth is 2000 m. Characteristics for (3, 1) modes with Hj set at 1000, 500 and 100 m with the source point at B
are shown in (a) as dashed, dotted and crossed lines, respectively.

Following the progress of a mode forced, say, at A
(longitude 60°), we note an initial westward propaga-
tion of the wave. This occurs because, locally, the initial
group speed of the mode and the basic flow are of the
same sign. Given that there has to be a constant fre-
quency constraint along a ray, according to kinematic
wave theory (see section 3b), we see within the easterly
regime that the wavelength is slightly longer than that

" at which it is forced. As the mode propagates westward
through the longitudinal stretch flow the wavelength
starts to decrease rapidly according to (23). With the
change in wavelength, there is a corresponding change
in group speed, as shown in Fig. 7. In turn, as the group
speed decreases, the wavelength must decrease to
maintain a constant frequency and, in this manner, a
zero is approached in Cpy. Waves forced at other regions
in the flow possess very different characteristics. For
example, modes emanating from locations D and E
find themselves in an environment that immediately
places their Doppler shifted group speed near zero.

With the one exception (see section 3e), all modes
in Fig. 8 eventually possess zeros in their Doppler
shifted group speeds; i.e., all modes have wave energy
accumulation regions for the given basic flow along the
equator. The surprising aspect of the simple WKBJ
solutions is that the wave energy accumulation regions
for each family of modes occur in the same longitude
belt, i.e., to the east of the westerly maximum where
the stretch is maximum as indicated in (25). In the
simple flow we consider here, this occurs where i = 0.

Figure 9a, b shows two further examples of wave
characteristics. Figure 9a refers to (6, 1) mode in the

same simple trigonometric basic state. Figure 9b refers
to the (3, 1) mode but forced in a stronger flow with
extremes of £10 m s™'. From Fig. 7 it is apparent that
the initial group speed of the (6, 1) mode will be of
moderate magnitude and towards the west. However,
despite the differences in the modal numbers and their
inherent differences in characteristics, the longitudinal
stretch in the basic flow is such as to modify their be-
havior to form wave energy accumulation regions in
similar longitudinal zones.

Figure 9c shows a case where the equivalent depth
is very shallow (H, = 100 m) with a very strong basic
state. Under these circumstances, the Kelvin wave (K)
is modified significantly by the basic flow as VgH, ~ @
and forms an accumulation region in the strong east-
erlies. We note, though, that the Rossby mode still pos-
sesses an accumulation zorne in the same region.

e. The special untrapped mode

In Figs. 8 and 9, there appears an anomalous mode
originating at point C that does not appear to possess
C,a zeros, is not longitudinally trapped and hence
propagates completely around the equator. Such char-
acteristics can occur only if the group speed of the mode
is sufficiently easterly so that C, ~ i < 0 at the westerly
maximum of the basic flow or sufficiently westerly so
that C; — u# > 0 at the easterly maximum. Noting the
strength of the basic state and the magnitude of the
longitudinal group speeds (Figs. 6 and 7), it is obvious
that only the longer scale equatorially trapped Rossby
waves can satisfy the C, — i < O criteria. For the shorter
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FIG. 9. As in Fig. 8a except for the (6, 1) mode, (b) the (3, 1) mode in a stronger basic state with extremes of =10 m s, and (c) the (3, 1) Rossby

mode (R) and the Kelvin mode (K) in a very strong basic state with extremes of +30 m s~!, The equivalent depth is 100 m.

scale Rossby waves C, < i near the easterly maximum
so that C, — # < 0 within the basic state easterlies.
Only the transient Kelvin wave can pass through the
" strong ecasterlies.

It is an interesting exercise to calculate what scale

of Rossby waves, starting off at an arbitrary location
along the equator, will just pass, untrapped, through a
westerly maximum of arbitrary amplitude. For sim-
plicity we assume that the basic state, #, is given as a
simple trigonmetric function along the equator with a
maximum westerly magnitude i located at x = 0. Us-
ing (19), we seek the maximum value of & (i.e., ko) for
which Cy = 0 at x = 0. That is, from (19) we have

= 02 2
+ o (2;—*— 1) _ ﬂ(2nc+ 1) 0. @7

The ky is sought as it is this mode that will possess that

" slowest westward group speed that will just pass through
the westerly maximum; i.e., so that C, — # <0 at x
= 0. All modes for which k < k, will pass through i,
as C, — #ip < 0 (see Fig. 7). Equations (23) and (26)
combine to give

dk _  ki/ox)

28
Ix Co (28)
Using the limiting value ko, for a given n, and i, from
(27) as an initial condition, we can use (28), together
with (19), to obtain values of k at all x for specific basic

states defined by the value of the westerly maximum,

iy, and for various values of #.
Figure 10 plots the k loci for various #, and n = 3
as a function of longitude. The intercept of the i, curves

and the ordinate occurs at k = k. The it curve defines
the locus for all waves along the equator which will
change their wavenumbers, in moving through the 4,
basic state, to ko by the time they reach x = 0. For i,
= 5ms~!, for example, ky = 3.7. Following the 5 = 5
curve, we can see that all waves with k < 2.2 originating
at x, will be untrapped. However, all k > 2.2 will be
trapped as by the time they will have propagated west-
ward and reach x = 0 their wavelength will have de-
creased beyond the critical value such that k > k.
Similarly, waves originating at x,, will be untrapped
by the ity = 5 basic flow if k < 3, but trapped if k > 3.

2 X

Fi1G. 10. The loci of k as a function of longitude for various trig-
onometric basic states with maximum westerly amplitude #%. Inter-
cept of the i, curves with the ordinate defines the maximum longi-
tudinal wavenumber [k, obtained from a maximized (27)] that can
just propagate through the westerly maximum. Intercepts with the
il = 5 m s™! curve at longitudes x; and x, show the scale of those
waves that would just pass through a westerly maximum of 5 m s™!
if they were to originate from x, and x,, respectively.
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. Perspective

In the previous discussion, we have obtained the
characteristics of the equatorially trapped Rossby and
Kelvin waves by using wave action conservation theory
and ray tracing. These techniques, of course, are subject
to considerable theoretical constraints. However, we
have, at this stage, a strong suggestion of a physically
reasonable mechanism of concentrating energy in a
specific region of the tropical atmosphere; i.e., we may
have found a property of the tropical atmosphere that
satisfies criterion 3 discussed in the Introduction.

In fairness, it must be stated that the physical con-
straints inherent in our WKBJ approximations are se-
vere. Yet, by considering a free-surface barotropic
model, and thus retaining divergence structure, we are
fairly certain that we are at least considering the ap-
propriate physical modes; i.e., we have considered
equatorially trapped modes that would not be apparent
in a purely barotropic system. However, in the next
section we will develop a model that is less dependent
on limiting assumptions in order to test the robustness
of the WKBJ results. Furthermore, the development
of a more complete model will allow us to study link-
ages between the tropical accumulation regions and
the circulation at higher latitudes.

4. The numerical model

To overcome the very obvious scale separation prob-
lems that exist with the WKBJ approximations, we
will now develop a numerical model that can handle
wave propagation through an inhomogeneous basic
flow without scale separation approximations. The
model we use is the free surface barotropic model of
WH. Although numerical eigenvalue-eigenfunction
techniques could be employed to find the solutions to
the steady linear problem, we prefer to utilize a nu-
merical initial value technique in order to study the
evolution of the'equatorial response to a transient
equatorial forcing function within very complicated
basic flows.

a. Model structure

Following WH, the momentum and continuity
equations may be written in Mercator coordinates as

u, — fo+ Ku) = —gmH, — au, (29)
v, + fu+ I(v) = —gmH, — av, 30)
H,+ I(H) = M, (31)
where the I are the nonlinear operators
(1) = m(uu, + vu,), (32)
I(v) = m(uv, + vv)), (33)
I(H) = m{(uH), + (vH),} — Hom,.  (34)

The m is the Mercator map factor sech(¢) where ¢
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represents latitude; H represents the depth of the fluid
that can be resolved into a mean depth Hy and a de-
viation about the mean A(x, y, ¢) such that

H = Ho(y) + h(x, y, ). (35)

The M(x, y, t) is a specified mass source-sink function
which will be used to develop a specific basic flow; it
also acts as the transient energy source; ¥ and v rep-
resent the eastward and northward components of ve-
locity, and mechanical dissipation is given by a Ray-
leigh friction with a rate coefficient a. A value repre-
sentative of a 10-day dissipative time scale is chosen.

Equations (29)-(35) represent the full nonlinear
model. A companion linear system can be created
about an arbitrary nonlinear two-dimensional basic
state i, D and h where the dependent variables have
been decomposed as .

u(x, y, ) = ux, y) + u'(x, y, 1) (36)
o(x, y, 1) = 0(x, y) + 0'(x, y, 8) (37
h(x, y, t) = h(x, y) + B'(x, , ©). (38)

Correspondingly, the I-functions may be linearized to
the form

I'(u) = mfiiuy + Wi, + ouy + '} (39)
I'(v) = m{u'D, + 'y + W)y + 0T} (40)

I'(H) = m{(iih'), + B(h'), + Ho(utls + v')}
— mfHo' + h'D). (41)

Thus, both linear and nonlinear versions of the model
exist. In this initial instance, we will consider linear
perturbations, using the model (29)-(31) with defini-
tions of the I-functions given by (39)-(41) about the
nonlinear basic state created by the fully nonlinear
model (29)—(31), using the I-functions (32)-(34).

b. Method of solution

Both the linear and nonlinear versions of the model
use the method of solution described in great detail by
WH. A semispectral representation is employed. The
variables are expanded in sines and cosines while a
grid-point representation is used in latitude. The non-
linear terms (the I-functions (32)~(34)] or the non-
homogeneous linear terms that emerge from the lin-
earization of the /-functions (i.e., the I’-functions) are
evaluated using the transform method of Orzag (1970).
This technique uses an exact grid representation of the
Fourier coefficient recomposition. On this grid the I-
and I'-functions are computed efficiently and exactly
in grid space. These terms are then expanded in lon-
gitudinal eigenfunctions. Using the semi-implicit time
differencing scheme of Holton (1976) and a staggered
space-difference scheme in latitude, sets of linear si-
multaneous equations evolve that are readily solved
by matrix inversion. Thus, the method of solution is
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identical for either the nonlinear or linear sets described
above.

¢. Generation of the nonlinear basic states

It is necessary to generate basic states that are similar
in character to the observed flow. This is accomplished
by dividing the flow into zonally symmetric and asym-
metric components. In (35) we can write

Ho(y) = Hoo + Hy(y) (42)

where Hy is a mean constant depth of the fluid. The
H(y) is related to the zonally averaged mean zonal
wind u,(y) geostrophically; u,(y) is given by

u(y) = L — M cos{x(y) — yo)/Na} (43)

where L, M and N are specified constants and & is the
planetary radius.

In our simple atmosphere, processes that would
normally maintain the basic zonally symmetric flow,
such as a very slowly varying radiational heating gra-
dient, cannot be included. Thus, in order to maintain
the symmetric “climate” of the model, we assume that
the zonal wind relaxes back towards the basic state.
This relaxation is accomplished by using a Rayleigh
friction formulation with a damping rate b; (29) would
then take the form

w,— fo+ lu) = —gmH, —ou+ Abii  (44)

where A is a Dirac delta function, defined such that
the relaxation function is zero except for the zonally
symmetric part of the flow.

To introduce a longitudinal variation into the basic
flow, we specify a particular form to the mass source-
sink system M in'(31). The form we choose matches
the stationary Kelvin wavelike structure which is con-
sistent with both the observations and theory for quasi-
stationary flow at low latitudes as defined by Webster
(1972) and Gill (1980); i.e., we let

M = Myx,y) + M'(x, , 1) (45)

where M, is the mass source-sink function that gen-
erates the equatorial basic shear and M’ is the transient
forcing function to be defined later. The form A, is
given as

(46)

where « is a specified constant and y, so chosen to
provide a 1000 km e-folding scale about the equator.

M, = « exp{—y*/y} - cos(sx)

d. Generation of transient forcing functions

By a suitable definition of M’ in (46), it is possible
to impose forcing of arbitrary form, scale and ampli-
tude anywhere on the sphere. In our study, transient
forcing functions of the form

M' = EJ(x, y) 7(1) (47)

where E is an amplitude function (=5 X 107%) and the
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spatial and temporal functions, «(x, y) and 7(#), are
defined as

J(x) = exp(—|x — xo|/2) exp(=|y = yol*/4)  (48)
(1) = (£3/(26%)) exp(—1/6). (49)

The spatial function follows the form of WH and the
temporal function the “fast” form of Lim and Chang
(1983). Figure 11 shows «(x) (upper panel) and 7(7)
(lower panel) where the constants xp, Jp and é are de-
fined to place the forcing functions at an arbitrary lo-
cation (X, Jo) and provide a 2-day e-folding time scale.

5. The nonlinear basic states

In all integrations, a spherical domain confined be-
tween +60° of latitude was chosen. Three basic states
were used: namely, a state at rest and two nonlinear
balanced basic states which contain both stretching and
shearing deformation. These are meant to match the
extremes of the observed horizontal variation shown
in Fig. 4. The three states will be referred to as the Z
(basic state at rest), the WW (“‘weak” westerly) and the
SW (“strong™ westerly) basic fields, respectively.

To generate the WW and SW basic states, the fully
nonlinear model (29)—(31) and (32)~(34), together with
the forcing function definitions (45)-(46), was inte-
grated for 100 days with the Hy, of (42) set at 2000 m
for consistency with the analytic results and the ex-

AMPLITUDE

o T80, 350.

LONGITUDE

AMPLITUBE

0.2

0.

0
0. u, 8. 12. 16. 20.
BAY

FI1G. 11. The spatial [J(x), upper diagram] and temporal [r(¢), lower
diagram] forms of the forcing function of (48) and (49).
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periments of WH. As the forcing functions are constant
with time, the model reaches an equilibrium rather
rapidly. Rayleigh friction with a 20-day e-folding decay
rate was used. Figure 12 shows the resultant equilib-
rium velocity fields in vector format with the height
field (dashed lines) superimposed. The heavy solid line
encloses the regions of easterlies. Although simpler than
the field shown in Fig. 2, the simulated basic fields
possess the elements and magnitudes of the observed
fields, including both shearing and stretching defor-
mation. Purposely, the fields are quite similar to those
generated by WH.

Prior to forcing the three basic fields, their barotropic
stability was tested. In all cases, the fields satisfied the
positive (8 — i,,) criterion. Furthermore, more exotic
hydrodynamical instabilities that may be associated
with the shear and stretch combinations were tested

FiG. 12. Longitude-latitude plot of the velocity vectors and height
fields of the nonlinear basic fields of (a), the strong westerly (SW),
(b), the weak westerly states (WW), and (c) the zonal wind speed
profile along the equator for the WW and SW states indicating the
locations of the initial forcing.
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implicitly by WH. They found that the response within
the WW and SW basic states depended solely on the
location of their extratropical wave sources. Clearly,
this result suggests that the dispersion of waves is
through a hydrodynamically stable basic state. A hy-
drodynamically unstable basic state would be unstable
to any perturbation, irrespective of location. We will
show further tests of the stability of the basic fields in
section 8c.

6. The numerical experiments

The Z, WW and SW basic fields act as the initial
conditions for the linear numerical experiments. Using
a basic state #(x, ), ¥(x, ¥) and A(x, y), defined in (21),
and calculated by the nonlinear model (see Fig. 12),
the linear model [(29)-(31) with (39)-(41)] was inte-
grated for 25-day periods relative to the perturbation
functions (47)—(49) located at a number of longitudes.
Relative to the coordinates of Fig. 12, the forcing func-
tions were located along the equator at longitudes 80°,
170°, 260° and 350° which have been denoted by the
letters A, B, C and D for easy recognition. The black
dots on Fig. 12 indicate the central locations of the
function (48). Figure 12¢ shows the amplitude of the
basic flow along the equator for both the WW and SW
states and also indicates the positions of the forcing for
each of the experiments.

7. Results of the numerical experiments

a. Perturbation of the zero basic state (Z)

Figure 13 shows a longitude-time section along the
equator of the perturbation zonal velocity component
(u') for the 25-day period of the experiment. The cor-
responding nonlinear basic zonal wind field along the
equator (in this case zero) is shown along the top of
each section. The location of the forcing, given by the
expressions (48) and (49), is indicated by the arrow
along the abscissa.

The response within the zero basic state is extremely
simple. After the initial forcing (placed at 170°, position
B) diminishes, the predominant mode appears as a
westward propagating Rossby wave. The mode merely
propagates westward and undergoes a steady dissipa-
tion in time. Clearly, the form of the response is in-
dependent of the location of the forcing.

b. Perturbations of the weak westerly basic state (WW)

Longitude-time sections of the perturbation fields
generated by forcing located at 170° (B) and 260° (C)
of longitude are shown in Fig. 14a, b. An arrow iden-
tifies the central location of the initial forcing defined
by (48) and (49). Initially, the response of the two cases
are very different to one another. At this stage, strong
perturbations exist in the vicinity of the forcing. As the
forcing function diminishes (see Fig. 11), westward
propagation occurs, although in a slightly more com-
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FI1G. 13. Longitude-time section of the perturbation velocity com-
ponent for the first 25 days along the equator of the experiment with
a basic state at rest. The upper panel shows the mean zonal wind
component of the basic state along the equator. The location of the
initial forcing is indicated by B.

plicated manner than with the Z basic state. In the
region of the weak equatorial westerlies, there is a
slower westward propagation. We can examine this be-
havior in the vicinity of the westerlies more clearly by
constructing longitude-time plots (Fig. 15a, b) of 4"
-which is proportional to the wave energy density, ¢, of
(26). After a period of time, the wave energy flux on
the eastern side of the equatorial westerly maximum
is about 30%-50% higher than elsewhere along the
equator,

Figure 16 shows the perturbation height and velocity
fields as a function of longitude-latitude after 25 days
of integration. Very large scale perturbations can be
seen in midlatitudes which are in addition to the rel-
atively large zonal velocity component near the equa-
torial westerlies. This latter point is illustrated with a
similar plot shown in Fig. 17 of the perturbation relative
vorticity ({). Relatively strong centers of { exist on either
side of the equator in the vicinity and to the east of
the equatorial westerly maximum. These solutions are
consistent with the simpler WKBJ calculations where
we found that weak longitudinal stretch of similar
magnitude was sufficient to create a wave energy sat-
uration region.

The westerlies appear to be the emanation region
for relatively weak wave trains propagating into the
Northern and Southern Hemispheres. We will discuss
-and test this observation in section 7d.

¢. Perturbation of the strong westerly basic state (SW)

Figure 18a—d shows a longitude-time section of u’
along the equator for a 25-day period for the four lo-
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cations of forcing (A-D) indicated in Fig. 12 within
the SW basic staté. Once again, early in the integration
the perturbation flow field is large only near the location
of forcing. However, with time, the perturbation moves
and concentrates to the region east of the westerly
maximum. All cases show a maximum response in the
region between 200° and 250° after a period of time.
Figures 19a-d show the same longitude-time sections
but for 4”. The maxima in the regions of negative lon-
gitudinal stretch indicates a distinctive regional accu-
mulation of wave energy. Accompanying the accu-
mulation is a shortening of the longitudinal scale and
a lengthening of the period of modes. Both features
are consistent with the simple analysis presented earlier
in section 3.

The horizontal plots of ‘the velocity fields and the
relative vorticity are shown in Figs. 20a-d and 21a-d,
respectively. Similar in some respects to the response
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FIG. 14. As in Fig. 13 but with the weak westerly basic state (WW).
Forcing is located at B, within the equatorial westerlies, (upper panel)
and at C, near # = 0 (lower panel).
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FIG. 15. As in Fig. 13 but for A" field in the WW basic state.
Forcing is located at B (upper panel) and C (lower panel). The quantity
h" is proportional to the wave energy density.

with the WW basic state, the perturbations fields show
clear evidence of local perturbations along the equator.
Although the details of each experiment are different,
we can see, with reference to Fig. 12, that the scale of
the motion in the region of accumulation is relatively
small. The perturbation scale change along the equator
is also apparent from the longitude-time sections (i.e.,
Figs. 18 and 19).

Finally, it is worth pointing out once again that the
region of energy accumulation to the east of the equa-
torial westerly maximum appears to be the emanation
region for extratropical wave trains.

d. Localized wave train emanation regions

Local emanation regions of wave trains from the
equatorial regions to the extratropics were noted for
both WW and SW exponents. To substantiate their

PETER J. WEBSTER AND HAI-RU CHANG
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FIG. 16. Longitude-latitude section of the perturbation velocity and
height field after 25 days of integration for the WW basic state. The &
= 0 isopleth from Fig. 12 is shown to demark the easterlies and west-
erlies. Note the maximum perturbation in the vicinity of the mean
equatorial westerlies. The central location of the forcing (equator, 170°
longitude) is indicated by a black dot and the letter B.

existence, we plot time-longitude sections of #’ along
30°N for the four SW cases in Fig. 22a—~d. The lettering
A, B, C and D refer to the longitude where the initial
forcing was applied at the equator as shown in Fig. 12c.

The details of the four sections are quite different,
although there are a number of very important com-
mon features. The perturbation develops a substantial
magnitude only after 10 days or so. From Fig. 11, we
note this is 5 days affer the equatorial forcing function
reaches its maximum value so that the response struc-
ture follows the time at which the amplitude in the
accumulation region along the equator reaches a max-
imum. But, most importantly, this sequence of events
takes place in the same longitude belt (between 180°
and 270°) in each case. That is, the amplification at
30°N after day 10 is taking place immediately poleward
of the equatorial accumulation region identified earlier.
Together, the timing and location of the response at
30°N adds credence to the concept of a localized low

F1G. 17. As in Fig. 16 but for the perturbation relative
vorticity field within the WW basic field.
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Fig. 13 except for the A2

field produced by forcing at A, B, C and D for the strong westerly

basic state (SW).

ion as in

FiG. 19. Longitude-time sect

FIG. 18. Longitude-time section as in Fig. 13 except for the u’

field produced by forcing located at A, B, C and D as indicated in
Fig. 12a along the equator for the strong westerly basic state (SW).
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latitude wave train emanation region. A series of lon-
gitude-latitude plots through the period of integration
show clearly the same sequence and timing of the mid-
dle latitude response as in Fig. 22, although symmet-
rically about the equator. This sequence is not shown
for reasons of brevity. The change in the form of the
response from the region of forcing to the region of
accumulation, where it becomes a laterally propagating
mode is puzzling. We address this point in section 8b.

8. Summary, speculations and extensions
a. Motivation

The initial impetus for the study stems from a need
to reexamine the mechanisms that produce the tran-
sient variance maxima in the vicinity of the equatorial
westerlies in the upper troposphere of the Pacific and
Atlantic oceans. Earlier, WH have shown that it was
possible to produce the regional PKE maxima by
propagation of waves from the extratropics through
the equatorial westerlies via the “westerly duct.” Al-
though the physical foundation of the WH study still
appears sound, it left open the possibility that there
were other, additional, energy sources that may be re-
sponsible for the regional energy accumulation.

It had been noted by WH and Arkin and Webster
(1985) that the PKE maxima did not coincide spatially
with the convective maxima along the equator. In fact,
Fig. 2, which summarizes Arkin and Webster’s results,
shows that they are completely out-of-phase in longi-
tude. Thus the transient energy sources, if they were
to exist within the equatorial regions, had to be remote
sources. For this to occur, there are three criteria that
must be satisfied: 1) that there are transient energy
sources within the tropics; 2) that the ability exists for
the efficient transfer of the energy from one region of
the tropics to another; and that there are mechanisms
which allow the energy to be accumulated in the regions
of the westerlies.

Mechanisms necessary to satisfy the first two criteria
are identified readily. Organized regional convective
activity acts as the energy source and the equatorial--
trapped modes possess phase and group characteristics
that allow for an efficient transfer of energy along the
equator. However, the search for a miechanism to satisfy
the third criterion is more elusive. To account for the
regional longitudinal energy trapping, it was hypoth-
esized that the longitudinal stretching deformation of
the basic flow of the tropics so alters the characteristics
of the equatorially trapped modes that their Doppler
shifted group speed becomes locally zero, producing a
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FiG. 22. Time-longitude of perturbation zonal velocity component
plots along 30°N for the SW basic state. The letters above the four
panels indicate the location of the forcing along the equator as shown
in Fig. 12a.
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local convergence of energy to the east of the equatorial
westerlies.

b. Testing of the hypothesis

The hypothesis based on an assumption of the im-
portance of mode characteristic modification by the
longitudinal stretch of the basic flow was tested using
two surrogate fluid systems. The first was the rather
restrictive analytic system. The second was a numerical
model of a free surface barotropic system containing
a basic state which contained both shearing and
stretching deformation. Both systems were capable of
possessing divergent barotropic modes.

1) THE ANALYTIC RESULTS

To help define an appropriate analysis system with
which to test the hypothesis, the difference between
barotropic and divergent barotropic modes at low lat-
itudes was discussed. Barotropic modes possessed both
zonal and meridional group and phase speeds. On the
other hand, equatorial divergent modes were charac-
terized by an absence of meridional components and
possessed only zonal group and phase speeds; i.e., they
were equatorially trapped. Noting the divergent nature
of equatorial transients, the equatorially-trapped modes
were emphasized.

Within approximations that allow analytic tracta-
bility (specifically that the basic flow is time indepen-
dent and locally constant), it was shown that for realistic
values of longitudinal stretch zeros exist in the local
Doppler shifted group speed of the equatorially trapped
Rossby waves. Given that the basic state considered
was time-independent, such that the modal Doppler-
shifted frequency is constrained to remain constant
along a ray, it was shown that in regions of negative
stretch (i.e., di/dx < 0) that the scale of the modes
must shorten, whereas in regions of positive stretch
(i.e., 917/dx > 0) the longitudinal scale must lengthen.
The consequences of this scale change is to alter the
group characteristics of the mode (see Fig. 7) and pro-
duce a convergence of wave energy density in regions
of negative stretch and a divergence in regions of pos-
itive stretch. In the simple trigonmetric basic state used
in the analytic calculations, a maximum energy ac-
cumulation occurs where

ou
a < Olmax-

That is, the maximum accumulation occurs on the
eastern side of the westerly maximum.

Figure 23 summarizes schematically the propagation
through a basic flow u(x) of three equatorially trapped
modes forced near A, B and C whose group speeds are
in the same range as the observed zonal wind along
the equator. It was noted in Fig. 6a, b that this similarity
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FI1G. 23. Schematic diagram representing the results of the WKBJ
analysis for equatorially trapped Rossby waves moving through a
basic state with longitudinal stretch as shown in the upper panel.
Wave sources are located at A, B and C along the equator. Second
panel shows the variation of the wavenumber along the three rays
as given by (23). The third panel shows the variation of the Doppler-
shifted group speed along the ray according to (19). A and C are
longitudinally trapped whereas B, the exceptional mode which always
possess a Cpy < 0, is free to propagate around the equator. The bottom
panel shows the wave energy density variation along the rays from
(24). Regions of energy depletion and accumulation along the equator
are indicated.

of # and C, occurs for realistic scales and equivalent
depths. The schematic is divided into four panels rep-
resenting, respectively, the zonal wind along the equa-
tor (upper panel), the longitudinal wavenumber along
aray [second panel, k from (23)], the longitudinal group
speed along a ray [third panel, C, from (19)] and the
wave energy density [bottom panel, ¢ from (25)] along
aray. The # distribution, as shown, possesses negative
stretch between 180° and 360° and positive stretch
between 0° and 180°. The schematic shows two modes,
A and C, whose initial location and scales allow lon-
gitudinal trapping where # = 0 which, in this case is
where

ou

=<0 | max
occurs. The schematic also shows the exceptional mode
B discussed in detail in section 3c. Such a mode must
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possess a group speed such that Cpy < 0 at all points
around the equator which, for a given basic state, occurs
only for the largest scales of motion along the equator.

In summary, despite the limitation of the WKBJ
approximations, the analysis of the simple system pro-
vided a physical basis for the development of a more
complicated model. In particular, it provided physical
mechanisms, determined a priori, to be tested in the
more complete system.

2) THE NUMERICAL RESULTS

To reduce the uncertainties arising from the scale
constraints of the WKBJ approximations, experiments
were performed using a less restrictive free surface
barotropic model. ‘Here, waves were excited within a
fully nonlinear two-dimensional basic state containing
both shearing and stretching deformation which was
generated using a nonlinear model. Within this system,
too, waves provided energy accumulation in the same
region of the tropics, irrespective of the location of the
forcing. As before, accumulation of energy occurred
where d14/3x < 0. However, the model’s greater degrees
of freedom helped isolate a new property and one that
may be of fundamental importance to the physics of
communication between low and high latitudes. Ex-
perimental results showed that the region of wave en-
ergy accumulation (i.e., the regions of negative stretch)
was also the region of wave train emanation to the
extratropics. These results were reinforced by studying
extratropical time-longitude sections. In other words,
regardless’ of the longitude of the equatorial forcing,
waves emanated from the same tropical region; the re-
gion immediately to the east of the equatorial westerlies,
towards the extratropics. .

One of the puzzling aspects of the numerical model
is the manner in which the apparently trapped modes
in the vicinity of the accumulation point adopt a lat-
erally propagating character. The WKBJ theory (see
section 3) does not help us understand such a mode
transition, but only the mechanism that creates the
accumulation region itself. It is quite possible that the
emanation phenomena is merely a transition of the
character of the modes as they propagate along the
equator from source regions within the easterlies, where
they are severely trapped about the equator and lat-
erally evanescent, to the region of westerlies where the
accumulation regions exists and where the modes can
become latitudinally propagating (Lim and Chang,
1983). With this explanation in mind, it would seem
that there are two criteria which choose where the em-
anation of higher latitudes will occur. The location is
chosen by where the accumulation zone exists along
the equator and by the ability of the modes in the region
to propagate laterally within the environment. If the
accumulation zone were to reside in a different wind
regime (e.g., somewhere in the equatorial easterlies)
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emanation to higher latitudes may not occur or may
be much weaker. A fuller explanation of the emanation
character of the modes may require the more extensive
analysis described in section 8d.

Another interesting feature of the numerical results
portrayed in longitude-time sections is the fairly regular
amplitude growth or pulse about every 10 days that is
superimposed on the general amplitude decay following
excitation in the accumulation zone. A careful exam-
ination of Fig. 18 shows the amplitude increase cor-
responds to the propagation of a large-scale mode
through the accumulation zone from east to west. Pre-
sumably, the propagating wave is the grave untrapped
mode discussed in section 3e.

Throughout the text it has been suggested that the
accumulation phenomena occur over a wide range of
H,. In fact, the WKBIJ analysis showed longitudinal
trapping for an equivalent depth of 100 m. Figure 24
shows that both the accumulation and the emanation
phenomena are also apparent for smaller Hj in the
numerical model. The upper panel shows a “strong
westerly” basic state, derived in the manner described
in section 5, for Hy = 500 m. The lower panel shows
the longitude-latitude distribution of perturbation
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FIG. 24. Latitude-longitude plots of (a) a “strong westerly” basic
state with H = 500 m, and, (b) the perturbation velocity and height
field 25 days after transient forcing at point D in Fig. 12.
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height and velocity at 25 days following a transient
forcing at point D. The response should be compared
with Fig. 20 where many similar features are apparent.

¢. Alternative explanations

It is important and necessary to review and, if pos-
sible, reject other candidate physical mechanisms that
may explain the apparent wave energy accumulation
and emanation phenomena. Particularly, it is necessary
to question whether the regional energy accumulation
may be a result of some form of hydrodynamic insta-
bility.

To investigate an instability hypothesis with full rigor
requires an eigenvalue-eigenvector analysis of the basic
states used in the study. An exhaustive eigenanalysis
of a particular two-dimensional equatorial basic flow
(specifically, the 300 mb climatology of the NCAR
Community Climate Model) has been undertaken by
Branstator (1985). But this analysis is of a purely baro-
tropic system, and thus only of the rotational part of
the climatology, and not the more pertinent divergent
system studied here. The eigenanalysis of a free surface
barotropic system is considerably more difficult than
Branstator’s analysis and beyond the scope of this
study. However, it is possible to list the substantial rea-
sons why we expect that hydrodynamical instability to
be a relatively poor candidate to explain the results of
the numerical model. These are:

(i) The WKBJ analysis of the behavior of the ap-
propriate equatorial modes in a flow with longitudinal
variation has provided an a priori expectation of the
location of the wave energy accumulation regions along
the equator and the characteristics of the waves in this
region which was validated in the numerical experi-
ments. The physical explanations involve only wave
dynamics and not stability arguments.

(ii) In terms of simple shearing barotropic instabil-
ity, the basic fields WW and SW, as described in section
5, are stable. At all locations within the domain, (8
— uy,) > 0.

(iii) The WH integration using the WW and SW
states suggest a robust stability of the WW and SW
basic fields. Webster and Holton show that the response
of the basic fields at low latitudes and the extratropics
were functions only of the location of the extratropical
forcing relative to the two-dimensional basic state. If
the basic states were unstable, the instability would
grow irrespective of the location of the forcing. As one
further test of this stability, the strong westerly basic
state (Fig. 12a) was randomly perturbed at all points.
The maximum amplitude was chosen to be +3 m s™'.
With the perturbed initial state the model was inte-
grated for 50 days. Figure 25 shows perturbation kinetic
energy (PKE), the perturbation available potential en-
ergy (APE) and the total perturbation energy (APE
+ PKE), integrated over the entire model domain. The
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FIG. 25. Evolution of the perturbation kinetic energy (PKE), avail-
able potential energy (APE) and the total energy (APE + PKE)
summed over the entire model domain following a random pertur-
bation (maximum perturbation + m s™') of the strong westerly basic
state of Fig. 12a. '

stability of the strong westerly basic state is demon-
strated by the decay of the response with time.

In summary, it would appear that (i) through (iii)
demonstrate that hydrodynamical instability is not rel-
evant in the explanation of the phenomena discussed
here.

d. Speculations

Results from the two independent models developed
in this study have shown a consistent behavior in pro-
ducing concentrations of PKE in the region equatorial
westerlies that match the observed locations. There are,
however, results from other, independent, studies that
may also be consistent with the concept of wave energy
accumulation regions and wave train emanation zones.
Although these results are reported more fully else-
where, they are described briefly below to indicate that
the concepts developed in the study may be more gen-
eral.

O’Lenic et al. (1985) studied the impact of a poorly
defined tropical data base on global weather prediction
with the NMC global spectral model.

Two major results are of particular relevance here.
First, after a few days, the tropical atmosphere showed
a fairly similar distribution of perturbations within the
tropics irrespective of where it was forced. Second, re-
gardless of the location of the forcing within the tropics,
the response at higher latitudes is very similar; i.e., the
response in the extratropics appears to be phase-locked.
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Quite possibly the propagation of difference anomalies
out of the tropics is following a routing decreed by the
wave-energy accumulation region—-emanation mech-
anism.

In another study, Geisler et al., (1985) investigated
the sensitivity of the response of the NCAR-CCM (the
National Center for Atmospheric Research Commu-
nity Climate Model) to the positioning of a sea surface
temperature anomaly as it was moved progressively
eastward of the dateline. Although the positions of the
perturbations varied over a smaller longitudinal range
than the NMC experiments or the simpler model ex-
periments, described above, they found after 90-day
simulations that the response in midlatitudes was es-
sentially the same irrespective of the position of the
tropical sea surface temperature anomaly. Specifically,
Geisler et al. found that the extratropical response to
all experiments was the geographically fixed PNA (Pa-
cific-North America) pattern described observationally
by Horel and Wallace (1981), and many others. Al-
though the magnitude of the features changed some-
what, the midlatitude response was phase-locked.

Geisler et al. noted that the CCM insensitivity to the
longitudinal anomalous heating location was in agree-
ment with the conclusions of Simmons et al. (1983)
who interpreted a persistent extratropical response in
a simpler model as the fastest growing barotropically
unstable mode in midlatitudes. However, we must ask
whether or not we can interpret the results through the
same combination of the wave energy accumulation
regions and wave emanation zones of the tropical at-
mosphere developed in this study. It might be added
that the eigenanalysis of Branstator (1985) suggests that
something beyond the Simmons et al. theory is needed
to explain fully the phase locking of the Geisler et al.
results.

A further phenomena which may be of relevance
here is the character of the middle-latitude response to
the low-latitude 40-60 day mode, first described by
Madden and Julian (1972). Subsequent studies (par-
ticularly, Weikman et al., 1985, Lorenc, 1984) have
refined its definition with careful diagnostic studies.
Over the period of its oscillation, the mode is seen to
be highly convective in the regions of warm sea surface
temperature from the east Indian Ocean to the central
Pacific Ocean. During this time, the convection moves
through the climatological convective maximum (e.g.,
see Fig. 2) in phase with the 40-60 day mode. Lau and
Phillips (1986) have shown, using principal component
analysis, that the propagating convection associated
with the 40-60 day mode possesses a distinct midlat-
itude response. However, irrespective of the phase of
the tropical forcing, Lau and Phillips found that the
response in the midlatitudes was phase locked.

In summary, both the NMC global spectral and the
NCAR CCM models may be showing responses to
perturbations that are consistent with the linear analytic
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model and the free-surface barotropic model presented
in this paper; i.e., the longitudinal basic state of the
equatorial regions may determine where the energy of
the perturbation will propagate and accumulate. The
very similar response at high latitudes to vastly different
equatorial forcing suggests that the energy may emanate
from the same region in the tropics. Furthermore, the
diagnostic study of Lau and Phillips (1986) probably
adds some credence, from an observational perspective,
to the existence of accumulation and emanation con-
cepts.

Finally, in this list of speculations, it is appropriate
to construct a model of equatorial to extratropical tele-
connections suggested by the model results and which
is consistent with the three studies discussed here. Fig-
ure 26 is an attempt at such a construction. It shows
an equatorial teleconnection by the equatorial longi-
tudinally trapped modes between the regions of con-
vection and negative longitudinal stretch (hatched
areas) in the manner suggested in both analytic and
numerical results. From the accumulation region, wave
trains may be seen to emanate to higher latitudes in
the manner of Hoskins and Karoly (1981) and Webster
(1981, 1983). This emanation corresponds to the sec-
ond stage of the mechanism; the equatorial-extratrop-
ical wave-train teleconnection.

There is a special significance to the concept of the
tropical atmosphere possessing energy depletion and
accumulation regions. It allows for a means of com-
munication between remote parts of the tropical at-
mosphere or for an equatorial teleconnectjon; i.e., it
provides a low latitude physical analogy to the tropical-
extratropical Rossby wave-train teleconnection mech-
anism proposed by Hoskins and Karoly (1981) and
Webster (1981). Because there appear distinct ema-
nation regions from the tropics, the latter teleconnec-
tion mechanism also requires modification with the
train origin anchored in the region of equatorial west-
erlies. In other words, the simple wave hypothesis ex-
isting between the anomalous heat source and the ex-
tratropics is replaced by two teleconnection patterns.

e. Extensions and further studies

There are a number of obvious extensions with re-
spect to the modeling. The results presented in this
paper were essentially linear even though relative to
basic states generated by a nonlinear model. It appears
essential that the investigation be extended into the
fully nonlinear regime. Only then can the transition
from the accumulation region along the equator to an
emanation region to the extratropics be examined with
some confidence.

It is important to examine the steady-state limit of
the processes emphasized in this study. Geisler et al.
(1985), for example, were concerned with time-mean
anomalies of 1200-day general circulation model sim-
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FIG. 26. Schematic diagram of the two stage teleconnection mechanism between the
tropics and higher latitudes. The first stage, the equatorial teleconnection, shows wave
energy propagation (PR) by the equatorially trapped modes (broad arrows) into regions
of energy accumulation (AC) (shaded regions). The second stage, the tropical-extra-
tropical wavetrain may be seen emanating to higher latitudes (EM) (broad arrows)

from the equatorial accumulation regions.

ulations that we have attempted to interpret with the
characteristics of transient modes. However, it is prob-
able that there is a steady-state analogue. Time-mean
steady-state equatorially trapped Kelvin waves possess
both zero Doppler shifted phase and group longitudinal
speeds owing to their dispersive nature. Equatorially
trapped Rossby waves, on the other hand, are dispersive
and have a nonzero group speed like their stationary
extratropical counterparts. Consequently we may ex-
pect an anomalous remote response and energy ac-
cumulation influenced by the mean basic state in the
very low frequency domain.

One of the major challenges that remains is the ex-
planation of the mode transition between the region
of easterlies and westerlies along the equator (see section
8b for discussion). To test whether or not the transition
occurs as an evolution of the latitudinal modal structure

of the equatorial modes as the modes propagate from -

an obstensibly easterly regime to the accumulation
point within the westerlies, as might be suggested by
Lim and Chang (1983), we are attempting to decom-
pose the perturbation structure mode by mode. When
this decomposition is achieved, merely following the
individual modes in time will test the hypothesis.
Finally, an obvious extension of the study is to de-
termine critically whether or not the mechanisms dis-
cussed in this paper are a mere hydrodynamical cu-
riosity or possess some practical significance. The pos-
sibility that the energy accumulation-emanation
mechanism may play a role in the atmospheric tele-
connection is very appealing. But is there an application
that may be relevant to extended global weather pre-

diction? For example, can Fig. 10 be interpreted from
a numerical weather prediction perspective? Given the
paucity of data in certain tropical regions, can the con-
cept of longitudinal trapping of some modes but the
free propagation of others define a “region of influence”
for the tropical atmosphere as Charney and Eliassen
(1949) discussed for the long waves of the extratropics?
Furthermore, are there oceanographic analogies to
these concepts? For example, how do the oceanic
equationally trapped modes which appear so critical
in theory of El Nifio, contend with a longitudinally
varying oceanic basic state along the equator?
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APPENDIX
Derivation of Equation (23)

Consider a flow that varies in space in a gradual
manner such that the change over the wavelength of a
mode is very small. Within this medium we can write
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a simple expression between the absolute frequency w,
(the frequency of oscillation occurring at a fixed point
in space) and the relative frequency w, (the frequency
of oscillation at a point moving with velocity v;). Fol-
lowing Lighthill (1978), we can define the absolute fre-
quency w, and the wavenumber k; in terms of a phase
function a(x;, X3, X3, t) such that

G _da

wg = -~ I (A1)

ot s i
Then, the relative frequency w, can be defined as
(A2)

. In general form, a dispersion relationship for the mode
can be written as

W, = Wg — U,'k,'.

wg = wd(kl, k29 k39 X1, X2, x3) (A3)
so that ,
a dwy dk; dwy
AL A s A4
oxot (‘)k, éx,- (9x,- ki ( )
ak 6wd ak 6wd
o ok ox o, (A3)

A dispersion relationship for an equatorially trapped
Rossby wave may be written as (e.g., Gill, 1983):

Bk
[k? + B2n + 1)/c]
so that if the mean flow is defined by #(x), we can

obtain an expression for the absolute frequency from
(A2) as

(A6)

w, = —

B Bk
wy = uk + w, = ik [+ Ban + /el (A7)
Then between (AS) and (A7), we can obtain
ok _  Ow, 8k dii(x)
at+( +6k) -k ot (A8)
If we define
dk ok _  Ow,\ 0k
@ (+%) (A9)

and noting that [ + (dw,/0k)] is the Doppler shifted
group speed Cgz, We obtain (23) between (A8) and (A9);
ie.,

é)w,) ok du 23)

dk ok

—=—+(u+ —=—k—

d ot ( ok dx’
Finally, we note that a very similar development exists
for (25).
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