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ABSTRACT

In the warm pool region of the Pacific Ocean, the strongest and most intense convective heating
in the global atmosphere occurs. The form of the heating is episodic, lasting for periods of days with scales
of order 2-3000 km genecrating a spectrum of waves. The modes that are excited range from the mixed
Rossby-gravity wave to the equatorially trapped Rossby and Kelvin waves. However, these transicnt
modes are produced in a complex basic state which includes both horizontal and vertical shear and
horizontal stretching deformation. To determine how they extend their influence from the warm pool
region to other, more remote areas of the globe, we are required to reconsider the basic theory of equatorial
waves in basic states of different signs, latitudinal shear and longitudinal stretching deformation. It is
shown that the waves are extremely sensitive to each of these factors. Depending on the sign of the basic
state, the waves "swell” poleward differentially. In particular, the tuming latitudes of modes in the
equatorial westerlies is about twice that for the equatorial easterlies; 15° compared to 30°40° for observed
values of the basic flow. The longitudinal stretching deformation causes regions of energy accumulation
within the equatorial westerlies. Modes reach the accumulation zone in different directions depending on
their scale. The short-scale end of the excited wave packet, which has initial weak easterly group speeds
and stronger castward Doppler-shifted group speeds, approaches the westerlies from the west. Through the
modifications that the wave must undergo from conservation principals, the Doppler-shifted group speed
approaches zero in the region of negative stretching deformation. The long-wave end of the packet, with
westward group speeds, approaches the westerlies from the east where, for the same conservation reasons,
the Doppler-shifted group speed also approaches zero. In the equatorial westerlies, the accumulated wave
energy "swell” to higher latitudes as the tuming latitudes of the modes modify in the westerly wind regime.
In this manner, corridors through which energy passes from the convective regions of the tropics to higher
latitudes are created.

1. Introduction

The warm pool regions of the tropical oceans contain the most vigorous
convection on the globe. The largest warm pool exists between the western Pacific
Ocean and the eastern Indian Ocean, spanning the Indonesian Archipelago. If sea surface
temperatures greater than 28°C are used as a criterion, the West Pacific-East Indian
Ocean warm pool covers about one eighth of the surface area of the globe. Within the
heart of the warm pool, annual precipitation exceeds 4 m. The convection associated
with the precipitation appears to be highly organized with space and time scales of
greater than 2-3000 km and of the order of a week or greater, respectively (Nakazawa,
1988, Lau et al, 1988). Observations and models suggest that the intense and impulsive
convection may promote the excitation of transient modes. Other studies (e.g., Lau and
Chan, 1985) suggest that these transients exert considerable influence on the extratropics
and that the midlatitude response is often phase locked irrespective of the phase of the
equatorial forcing.
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Despite the evidence of the existence of strong forcing in the warm pool regions
and the observations of energy radiating away from the energy source both along the
equator and into the mid latitudes, there exists a relative ignorance of how the influence
is transmitted globally. Part of the problem is that the forcing takes place in an extremely
complicated basic or background state. The basic flow, forced by the slowly varying
heating associated with the sea surface temperature (SST) field contains both horizontal
and vertical shear and horizontal stretching deformation (Webster and Chang, 1988).
Figure 1a provides a schematic diagram of the near-equatorial background flow in the
longitude-height plane at extremes of the Southern Oscillation (Webster, 1987). Figure
1b shows the character of the boreal winter upper tropospheric flow. Elementary theory
of equatorial modes is not applicable to such complicated basic states. Thus, to
understand wave transmission in complicated basic states, it is necessary to examine
existing theory.
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FIG.1. Schematic diagram of the zonal circulations along the equator for La Nina (upper panel) and El
Nino (lower panel). Clouds represent regions of maximum mean convection. Stippled regions indicate sea
surface temperatures warmer than 28'C. Waves represent genesis regions of equatorial transients. (after
Webster, 1983)

Equatorial dynamics has a relatively short history in the atmospheric sciences. It
was not until the late 1960’s that a series of observational and theoretical studies
provided a new basis for understanding the elementary physics of the large-scale tropical
atmospheric circulation. Foremost in these studies was Matsuno (1966) which provided
new and enlightening perspectives. It showed that classes of very large-scale modes
existed which possessed a mix of divergent and rotational characteristics that were
trapped about the equator. Matsuno’s study, which used a P plane formulation in a
quiescent fluid, showed that there were a number of mode families that were equatorially
trapped. These were the Rossby wave, the eastward and westward propagating mixed
Rossby-gravity and gravity modes and the Kelvin mode. Later, Longuet-Higgins (1968)
was able to show that Matsuno s solutions were asymptotics of general spherical modes
as the parameter (4922a%/gh) becomes large. The dispersion curves for modes with h=300
m are shown in Fig. 2.
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FIG.2.Dispersion curves of equatorially trapped modes for an h=300 m fluid. (Zhang and Webster, 1989).

A number of studies considered the properties of equatorial modes in simple
non-zero basic states. As the complexity of the states increased so did the applicability of
the theory to the solution of practical physical problems. Using zonally symmetric basic
states (i.e., U=U(y)), Webster (1972, 1973) and Gill (1980) suggested that the mean
structure of the tropics could be thought of as the response of equatorially trapped modes
to stationary forcing produced by the latent heat release associated with the mode itself
and the sea-surface temperature distribution. Opsteegh and Van den Dool (1980),
Hoskins and Karoly (1981), Webster (1981, 1982), among others, have speculated that
anomalous forcing along the equator within simple U(y) flows produce propagating
wave trains. Thence, the theory continues, the global climate is perturbed during periods
of anomalous forcing such as El Nino. Figure 3 shows the boreal winter and summer
anomalous atmospheric responses relative to anomalous equatorial heating akin to the
difference between latent heating during warm events and more normal times in the
Pacific Ocean.

Geonatential DJF 250mb  Geopotential JIA 250 mb

FIG.3. The 250 mb geopotential response of a zonally symmetric boreal winter (right panel) and summer
(left panel) zonal wind distribution to a steady heat source placed in the central Pacific Ocean. (Webster,
1982).

Whereas the steady state models predict many features of the observed
anomalous behavior, including maximum perturbation of the winter hemisphere, it has
become apparent that the physical basis of the system is too simplistic. In other words,
the steady state theory suffers from a number of problems. First, if the forcing moves in
location, the pattern must also move. Observations show that warm events differ
markedly in form and intensity. Both observations and numerical modeling show that the
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global influence pattern is more robust and is relatively invariant in its’ position to the
shape and magnitude of the forcing function. Also, a steady state model ignores the
transient nature of the atmosphere. The mean annual heating is comprised of a series of
strong impulsive events. Thus, unless the state model can somehow mimic the aggregate
of these transients, one can expect differences between the steady state solutions and the
mean atmospheric response. Finally, the excitation of the Rossby wave train from within
the easterlies, which the steady state models predict, requires either that the forcing
extends to the westerlies or that nonlinear effects are important (Sardeshmukh and
Hoskins, 1988).

Besides impacting the circulation of the higher latitudes, equatorial forcing also
produces a considerable perturbation to the mean flow at low latitudes, at least in its’
aggregate effect. The combination of forced equatorially trapped Rossby and Kelvin
modes produces regions of perturbation easterlies and westerlies along the equator. The
perturbations are sufficiently strong to produce regions of net westerlies in the tropical
upper troposphere which are apparent for most of the year over the eastern Pacific and
Atlantic Oceans. Thus, in reality, the basic flow, at least as far as the transients are
concerned, has a strong three-dimensionality such that U=U(x,y,z).

2. Magnitude, scale and duration of episodic convective heating in the tropical
regions: the case for strong episodic forcing.

Outgoing longwave radiation (OLR) has been used as a surrogate for
precipitation for a number of years (Arkin and Meisner, 1987). Figures 4a and b show
the boreal summer (upper panel) and winter (lower) OLR distributions in the equatorial
strip. Concentrating on values of OLR < 240 W.m2, we note that there are three major
minima: over equatorial Africa and the central Americas and, the largest, over the
eastern Indian Ocean and western Pacific Ocean which spans Indonesia. All three centers
show an annual cycle with a migration towards the summer hemisphere. At all times of
the year, a large minima remains in the western Pacific Ocean. By extension (Arkin and
Meisner, 1987), we can infer that intensive precipitation occurs at all times of the year.
Heating functions derived from such precipitation distributions have been used to drive
steady state circulation models in an attempt to model the mean tropical circulation (e.g.,
Webster, 19721, 1981, 1982, Opsteegh and van den Dool, 1980, Hoskins and Karoly,
1981). To a large degree, these models were able to simulate and explain the strong
three-dimensional character of the mean tropical flow such as that shown in Figs. 1 and
3.

Assessing the magnitude of the western Pacific Ocean precipitation with
accuracy is rather difficult. Figure 5 provides an estimate of the Pacific Ocean annual
precipitation using island data (Taylor, 1972). The analysis shows a broad region of
precipitation in the western Pacific Ocean of order of 4-5 m and an elongated maximum
north of the equator. The first feature appears to be associated with the warm pool region
of the western Pacific Ocean (i.e., surface temperature > 28°C) and the second with the
ITCZ. Whereas it is very difficult to determine absolutely if the magnitudes of Taylor’s
analysis is representative away from the islands, the satellite estimates of Motell and
Weare (1987) indicate that, at least, the patterns of precipitation are reasonable. The task
is to determine the heating associated with this precipitation, with the transient

1. Actually, in Webster (1972) brightness data was used to infer convective cloudiness and, thence,
precipitation and latent heating. Visible brightness data alone, however, provides an ambiguous estimate of
precipitation as both stratus layers and desert areas are also bright. Thus, a certain degree of subjectivness
was used.
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components of the mean heating and the scale of the divergence associated with them.
Measures of the associated divergence are necessary as these are used to drive the free
surface barotropic model.
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FIG.4. The mean outgoing longwave radiation obscrved from satellite for (a), the boreal summer and (b),
the boreal winter. Units W.m2,

FIG.S. Estimate of the mean annual precipitation in the Pacific Ocean using occan island rainfall data.
(Taylor, 1972).

a. Mean heating rates in the warm pool regions.

Using an estimate of 3.5 m as the annual precipitation over the western Pacific
Ocean from Fig. 5, the equivalent heating rate per unit mass of air can be calculated to be
about 2°C day!. An estimate of the average divergence associated with the heating can
be calculated by assuming a rough balance between diabatic heating and the ensuing
adiabatic ascent (e.g. Webster, 1983). For a simple vertical structure extending through
the entire tropical troposphere with a maximum in the middle troposphere, the resulting
low level convergence associated with the 2°C day!; heating is 0.6 x 106 s-1.

We can check this estimate with divergences obtained from the European Centre
for Medium Range Weather Forecasting/World Meteorological Organization
(ECMWF/WMO) Global Analysis Data Sets. The data sets consist of six physical
variables at seven standard pressure levels listed twice per day (12 and 00 Z) on a 2.5 x
2.5° latitude-longitude grid. Figure 6 shows the annual average (upper panel) and a series
of 2-month averages (lower panels) of the horizontal divergence at 850 mb (left column)
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and 200 mb (right column), respectively, along the equator between 90°E and 150°W for
1980. At 850 mb, the region between 140°E and 180°E shows persistent convergence
(shaded) of magnitudes of -1 to -2 x 106 s'l. The region of convergence spans the
maritime continent of Indonesia and the western Pacific Ocean warm pool. During the
boreal summer, substantial convergence exists in the Indian Ocean. Very strong upper
level divergence (shaded) is apparent over the Indonesian West Pacific region at all
times of the year. Clearly, from Figure 6, it is obvious that there is strong heating in the
mean between about 140°E and 180°E. However, it does not show the spatial and
temporal scales of the higher frequency organized divergence which aggregates to
provide the mean divergence fields.
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FIG.6. The horizontal divergence at 850 mb (left column) and 200 mb (right column). The annual average
is shown in the two top panels. Bi-monthly averages are shown in the lower panels. Units 106 s!.(Chang
and Webster, 1989).
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b. Low frequency variations in the heating rates in the warm pool regions.

Figures 7a-d show longitude time sections along the equator of divergence (units
10 5! between 90°E and 150°W. Each panel shows two month segments. Regions of
convergence are shaded. By comparing these sections with Figure 6, we can see that the
moderate values of net convergence are replaced with large, low frequency periods of
divergence. Indeed, values often exceed -5 x 10 s1 for periods of days and scales of
order 3-5000 km. That is, the annual divergence pattern over the warm pool regions is
comprised of a series of strong episodic events. Such events have been referred to as
"super clusters" by Nakazawa (1988) and Lau et al. (1989). We show here that the "super
clusters" are associated with convergence on an order of magnitude greater than the
annual mean. Thus, the heating rates associated with the episodic events range from 10°
to 20°C.day"! and have typical periods of days and longitude scales of 3-5000 km.
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FIG.7. Time-longitude sections of the 850 mb divergence fields plotted between 90°E and 150°W. The
sections show the substructure of the first four mean bi-monthly lower tropospheric divergence fields
shown in the left column of Fig. 3. Shaded arcas denotc convergence. Heavier shading indicates
convergence > 2 x 107 s! and the heaviest shading > 4 x 10! s!. Notc the prolonged periods of
convergence occurring along broad regions along the equator.
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c. Formulation of a realistic transient tropical heating function.

If a free surface barotropic model (see Webster and Chang, 1988) is used to
model the tropical atmosphere, a divergence function acts as a mass source-sink
function. This is equivalent to heating in a baroclinic model. With the divergence fields
displayed in Fig. 7 in mind, we define an appropriate transient forcing function as:

m(x,y,t) = E J(x,y) ©(t) (M
where E is the mass source sink amplitude function J and 1 are the spatial and temporal
functions

J J(x,y) = exp(-[x-xl / 2) . exp(-ly-y,l? / 4) 2)
an

U(t) = (3 / 28%) exp(-1/d) (3)

Figure 8a shows the variation of the amplitude function with respect to time (i.e).
The right hand scale shows the equivalent divergence and heating rates associated with
the episodic forcing. Figure 8b plots the horizontal distribution function J(x,y). With an
appropriate equivalent heating function defined, we are ready to study the basic modes in
more realistic basic flows.
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FIG.8. (a) The time evolution of the forcing function defined in (1). Units: 10! s'l. (b) The spatial
distribution of the forcing is normalized to a valuc of 5.

3. New concepts of equatorial waves: consideration of more realistic basic flows.

a. Influence of the sign of the basic state and latitudinal shear on the structure of
equatorial transients.

On a rotating sphere, the longitudinal phase and group speed of a rotational wave
are determined by the scale of the mode, the rate of rotation, and the basic state within
which the mode resides. That is, the distribution of the mode is determined by the local
ambient potential vorticity gradient (Zhang and Webster, 1989: Z&W) inherent in the
basic state. In the tropics, the result is a longitudinal cell (often referred to as the Walker
Circulation) which produces variations of the zonal velocity along the equator (Webster,
1983). These regional westerlies may then be further enhanced by the equatorward
transport of westerly momentum through the "westerly duct” by extratropical eddies
(Webster and Holton, 1982).
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Figure 9 shows the observed 200 mb zonal velocity component for the boreal
winter. Note that along the equator, distinct regions of easterly and westerly winds exist,
ranging roughly from -15 m.s’! to 20 m.s’l. The eastern hemisphere is characterized by
very strong latitudinal shear and easterlies along the equator. The western hemisphere,
on the other hand, possesses much weaker shear and, in general, also produces westerlies
along the equator. For the boreal summer, easterlies extend around most of the equator.
However, the longitudinal structure of the first derivative of the zonal wind component
(U,) remains much the same.
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FIG.9. The mean 200 mb zonal wind ficld. Shaded areas denote casterlics. The lines EE and WE show
typical shears through the eastern and western hemispheres. The dashed line refers to the turning latitude
of a k=3, n=1 Rossby wave. (Zhang and Webster, 1989).

Figure 10 shows the perturbation zonal velocity component of the n=2, k=3
equatorial Rossby wave on an equatorial B plane for constant basic states of U=+10, 0
and -10 m.s’! (Z&W). Note that in the westerly regime, the mode extends considerably
more poleward. Z&W show that the impact of the variation of the basic state increases
with increasing k and n. Figure 11 depicts contours of the turning latitudes of the modes
as functions of k and n for U=+10 and -10 m.s’l. Clearly, when the basic flow is
westerly, the equatorial trapped mode encroaches extensively into higher latitudes as k
and n increase. In Section 3(e), we will see that this encroachment or swelling property
of the equatorially trapped mode is rather important, especially in regions where the
stretching deformation is substantial. There, the scale of the transients must change.
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zonal velocity of the n=2, k=3 Rossby mode for  Rossby modes as a function of U as a function of k
background basic states of U= -10, 0, and 10 m.s"1. for n=1.
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Figure 12 shows the zonal velocity structure of the equatorial Rossby wave in the
shear flows EE (shear flow with equatorial easterlies) and EW (equatorial westerlies)
from Fig. 8. Very little difference exists between the two cases and each is less
equatorially trapped than in a basic state at rest. Z&W use potential vorticity arguments
to show that the structure variation in different basic states is consistent with the
variation restoring force associated with the ambient potential vorticity latitudinal
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FIG.12. The perturbation zonal velocity component of the equatorial Rossby wave in shear flows EE and
EW of Fig. 9. From Zhang and Webster (1989).

b. Extratropical influences on the tropics.

Most studies have concentrated on the horizontal variation of the low frequency
basic flow, i.e., U=U(x,y). Using a barotropic model, Karoly (1983) showed that the ray
paths of equatorial modes were greatly affected by the horizontal variability of the basic
state. However, being a barotropic model, Karoly could not consider equatorially trapped
modes as such modes do not exist in a barotropic fluid (see Webster and Chang, 1989:
W&C). With a free surface barotropic model, and, thus, a divergent system, Webster and
Holton (1982) were able to show that regions of westerlies, which they termed the
“westerly duct”, acted as wave guides or conduits across the equator between the
westerlies of the extratropics of each hemisphere. Thus, in general, the equatorial regions
may be thought of as being much more "porous”; to extratropical influence than initially
thought, for example, by Charney (1969) and Mak (1969). In addition, Webster and
Holton found evidence that the extratropical forcing also produced trapped modes about
the equator, although they could not explain the result. Figure 13 shows the response of
the Webster-Holton model to forcing located at different longitudes in the extratropics.
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qu.l3. Responses of a U(x,y) basic state to forcing located at different regions in the extratropics. Shaded
region denotes easterlies. From Webster and Holion (1982).
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c. Equatorial transient wave energy accumulation:

The low frequency standing waves along the equator which produce the three
dimensional basic state provide a very complicated flow through which equatorially
trapped transients must propagate. Indeed, the study of free and forced modes within a
more realistic basic state has revealed a much richer structure than was previously
thought to exist.

In a series of recent studies (Frederiksen and Webster, 1987; Webster and Chang,
1988; W&C; and Zhang and Webster, 1989), the importance of the slowly evolving
background flow (or at least the horizontal part of it, U(x,y)) of the tropical atmosphere
on transient tropical structurers, has been studied at length. W&C showed that an
equatorially trapped Rossby mode propagating along the equator is severly modified by
the longitudinal variation of the basic flow. Specifically, they showed that regions where
U, <0 (note the regions to the east of the equatorial westerlies in Fig. 9), were regions of
energy accumulation. Basically, transient equatorially trapped modes would tend to
accumulate in this region for a number of fundamental reasons. A major deduction of the
W&C study was that, irrespective of where excitation occurred along the equator,
ultimately, forced modes would become trapped in the regions of negative stretching
deformation.

The physical basis for the arguments of W&C are rather simple. The combination
of the strength of the basic flow and the stretching deformation and the group speeds of
equatorially trapped modes allow for the possibility of the Doppler-shifted group speed
C,4 to approach zero. Figure 14 shows the variation of the group and phase speeds as a
function of the equivalent depth. For small k, the velocities are generally easterly. The
shaded region denotes the regime within which group and phase speeds are equal and
opposite the observed westerly winds shown in Figure 9. That is, zero Doppler-shifted
group speeds are possible. Note that for larger values of k, the group speeds are westerly.
Thus, it would seem that for these smaller scale modes, Doppler-shifted group zeros are
not possible. However, it will be shown (see d below) that the equatorial westerlies
provide a wave attractor region such that in the observed parameter range, produce
Doppler-shifted group speed zeros for all scales.
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FIG.14. Variation of the group (solid lincs) and phasc (dashed) speeds for various k. Shaded region
denotes the observed paramcter range of the westerly winds and the vertical scale. From Webster and
Chang (1988).

It turns out, however, that the situation is far more complicated than would seem
by merely considering the Doppler-shifted characteristics of a mode in a variable basic
state. W&C show that along a ray within a flow where U=U(x), the horizontal wave
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number must change in order to conserve the Doppler-shifted frequency wy = (0 - kU)
if the basic flow is time invariant. For a trapped Rossby mode, the rate o‘} change of k
along a ray is given by:

dk/dt = dk/dt + (U + dwy/dk ) dk/dx = -k dU/dx “

Thus, if U, <0, a propagating mode must increase its’ scale (k larger) and, conversely, if
u. > 0 the mode must increase its’ scale (k smaller). Consistent arguments
1atmg to the wave action flux show that:

0e/ot + C,q d/0x = - dU/dx (5)

where € is the wave energy density. Thus, where U, <0, there is a convergence of wave
energy and vice versa. W&C conclude that, for the observed parameter range suggested
in Figure 9, there should be considerable modification of the equatorial wave
characteristics by the longitudinal variation of the basic flow.

W&C did note that if the scale of the initial westward propagating transient was
sufficiently large, it would be possible for the mode to pass through the negative
stretching deformation "trap". Although the mode would suffer under distribution during
its’ passage through the zonally varying flow, it could, nevertheless, be free to continue
its’ westward propagation. However, they concluded that, in the real atmosphere, the
strength of the basic flow is sufficiently strong to trap all but the gravest transient mode.
Chang and Webster (1989) were able to show that the accumulation process was
sufficiently robust to transcend linearity into the non-linear regime.

With the W&C hypothesis of accumulation and Z&W mode sensitivities to the
form of the basic state in mind, it is possible to anticipate the total impact on a mode
propagating through a basic state which possesses substantial stretching deformation
along aray.

d. The concept of the "westerly attractor”.

W&C concentrated on the long wave end of the spectrum where waves possess
westward group and phase speeds. They showed that these long waves, presumably
forced in the convective regions of the eastern Indian and western Pacific oceans (where
U(200 mb) << 0), would propagate into regions where U, < 0. If the frequency of these
modes is greater than that of the variation of the basic state then (1) and (2) indicate that
the mode must decrease its’ longitudinal scale during westward propagation. Figure 15
shows how the Doppler shifted frequency approaches zero in the U, < 0 region for such
modes. Clearly, as k increases with westward propagation into the U, <0 region, C
decreases negatively. Somewhere near where U, <0 is a maximum. W&C show that C q
- 0.

W&C, at the time, did not consider the excitation of smaller scale modes which
would initially possess positive group velocities so that C,y > 0. Such modes would
propagate eastwards into regions of increasing westerlies an& where U, > 0! Thus, from
(1), k must decrease as it moves eastward and C, must increase negatlvely so that C 4
also goes to zero for these modes. The approach to zero of the Doppler-shifted group
speed for the small scale case is also shown in Figure 9.

Figure 16 (Chang and Webster, 1989) shows a time-longitude plot along the
equator of the perturbation zonal veloclty component for the linear and nonlinear cases
using a numerical model with an U(x,y) basic state for the linear and nonlinear basic
states. The bottom panel shows the difference fields. Note the similarity of the linear and
nonlinear results. Figure 17 shows a sequence of the longitude-latitude plots of the
divergence field. The Rossby waves are denoted as R; and the Kelvin wave as K. The
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latter mode propagates rapidly eastward with the basic state having little impact on its’
characteristics. Two Rossby wave packets (R, and R, emerge from the region of
excitation but in different directions. Both packets accumulate in the region of the
westerlies. Respectively, they represent the backward and forward accumulation of the
short- and long-wave Rossby packets.

100 C<0

30

&>

Forward Accumulation: (large-scale packet)
Initial Cyq << 0,U, <0,
thus;
k1, trajectory{C — D), and Cpa— 0

GROUP VELOCITY

Backward Accumulation: (small-scale packet)

Initial C,,, >>0,U, >0,
thus;
-50 k |, trajectory(D — C) andCpq — 0

FIG.15. Plot of the group speed as a function of k for various n. As the scale changes subject to the laws
(4) and (5), the group speed changes so that the Doppler group spced approaches a zero in the negative
stretching deformation region. For the parameter range given by the low latitude basic state at low
latitudes, all modes will accumulate at some point along the equator.

FIG.16. Time-longitude plots of the zonal velocity component around the equator of the linear (upper
panels), nonlinear (middle) and the dilference (iclds (bottom) for fluids of equivalent depths of 2000 m
(left column) and 500 m (right column).



FIG.17. Time evolution of the divergence ficld for a 500 m fluid forced at location B in Fig. 6. Plots are
shown at two day intervals for the first 23 days of intcgration. Lincs indicate the characteristics of Rossby
waves (R,, R, and R,) and the Kclvin wave (K). Distinctions between the modes are made in the text.

In summary, for all equatorial Rossby modes, irrespective of their longitudinal
scale, the equatorial westerlies act as a "wave attractor”; or as a general energy
accumulation region. For reference, we refer to those modes that move westward to the
accumulation region as "forward accumulation”. The reverse, the eastward propagation
and modification, we refer to as "backward accumulation”. It turns out that it is very
important to understand the difference in the form of the accumulation, especially when
vertical propagation of the equatorial modes is considered.

e. Extensions (swelling) of equatorially trapped modes into the extratropics: An
interpretation of the influence of tropical transients on higher latitudes:

In their numerical experiments, W&C noticed that, from the region of
accumulation along the equator, and to the east of the equatorial westerlies (see Fig. 9),
disturbances appear to emanate to higher latitudes. Similar results have been obtained
from experiments using considerably more sophisticated models (Frederiksen and
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Webster, 1987, and, Gelaro, personal communication). Although it appears that the
accumulation region is acting as a Rossby wave-train source in the form of Hoskins and
Karoly (1981), it does not appear as a likely explanation simply because the emanation
exists in the linear model results as well as in the nonlinear calculations. Thus, if
nonlinear interactions are not possible, there must be another explanation.

An explanation arises quite simply out of the W&C and Z&W results. Rather
than a propagating mode being produced, it appears more likely that the influence at
higher latitudes is being caused by the increase in the turning latitude of the equatorially
trapped modes as they propagate into the equatorial westerlies. As a mode moves along
the equator from regional easterlies to westerlies, the turning latitude will change with
the change as shown in Figure 11. At the same time, at least for the westward
propagating mode, the longitudinal scale will decrease due to the impact of the stretching
deformation. The turning latitude-wavenumber trajectory as the mode moves to the west
from easterlies to westerlies can be seen as the dashed line A-B in Figure 5. A schematic
representation for both forward and backward 1hodes is shown in Figure 18.

e ———)

BACKWARD ACCUMULATION FORWARD ACCUMULATION
FIG.18. Schematic representation of "backward” (left pancl) and "forward" (right panel) accumulation
along the equator. Note, despite the dircction of the initial propagation, the modes accumulate in the
westerlies and "swell” (o higher latitudes. The swelling is due to the increase of the turning latitude of the
Rossby mode as it moves from the background casterlies Lo the westerlies.

f. Extratropical influences on the tropics:

The extensions of the equatorial modes to higher latitudes in the regions of the
upper tropospheric equatorial westerlies has considerable impact on the interaction of
extratropical transients on the tropics. The equatorial westerlies, of course, correspond to
Webster and Holton's "westerly duct”. Rather than extratropical modes merely
propagating through the duct from one hemisphere to the other, as proposed by Webster
and Holton, it is possible for extratropical forcing to produce a trapped equatorial
response. There are two factors which determine the equatorial response to forcing. The
longitudinal location of the forcing determines the proximity of the mode to the duct (see
Webster and Holton). Given that the forcing is meridionally aligned with the duct, the
latitudinal position relative to the turning latitude of an equatorially trapped mode is
important. If the forcing is within the turning latitude (location Y poleward of the dashed
line in Fig. 9), the forcing can project onto the trapped mode and an equatorially trapped
response will be invoked. If the forcing is poleward of the turning latitude (location X,
Fig. 9), a propagating mode (untrapped) will ensue. Figure 13 shows easterly and
westerly basic flows forced by extratropical forcing. With the westerly turning latitudes
that extend well poleward, an odd equatorial trapped mode is produced. In the easterly,
where the turning latitudes are constrained near the equator, there is no equatorially
trapped response.
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FIG.19. Schematic diagram showing the corridors of transmission of energy from the convective regions
of the tropical warm pools to higher latitudes.

4, Conclusions.

It is clear that the basic flow invokes an extremely strong control on the form of
the response to forcing from either tropical or extratropical sources. The control of the
basic flow extends from the in situ response to the remote response and determines, to a
great degree, how influence is manifested, in both directions, between the tropics and
higher latitudes. In other words, to understand the interaction of the basic flow and the
transients, it is necessary to take into account both the longitudinal and latitudinal
variation of the basic flow and its’ divergent characteristics. Finally, it would appear that
much of the interaction can be. understood in terms of the structure of equatorially
trapped modes within varying basic flows and still be within the confines of equatorially
trapped modes.

Within the framework of the theory outlined above, we can summarize the
hypothesis of how transient waves, originating in the convectively active warm pools,
transmit their influence to other regions of the tropics and the higher latitudes. Figure 19
provides a summary of the hypothesis. Waves propagate away from the source region in
both directions along the equator. The large scale end of the wave packet propagates
westward while the short scale end propagates eastward. Both trains accumulate in the
negative stretching deformation region where they assume a greater latitudinal extent
due to the scale modifications occurring in the westerly flow. In this manner, corridors
through which energy passes from the convective zones to higher latitudes are created.

There are still a number of questions that remain unanswered. For example, the
vertical propagation of the modes moving away from the convective source regions
needs to be addressed. Also, we have not explicitly taken into account in our discussion
the characteristics of the mixed Rossby-gravity mode. At larger scales, the mode
possesses a relatively high frequency but asymptotes the lower Rossby wave frequency
range at smaller scales. Zhang and Webster (1989) have shown that the mode is only
moderately affected by the basic state. Thus, it presents the possibility of extending
directly poleward from the point of excitation. Clearly, the role of the mixed
Rossby-gravity mode deserves investigation.
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