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ABSTRACT

Short equatorially trapped Rossby waves are usually thought to be trapped and dissipated near the region of
creation because of their relatively slow group speeds and because of the relatively low amplitude basic state
within which they reside. Only long Rossby waves, with stronger group speeds, are assumed to move far away
from the forcing area producing remote effects or teleconnections. These restrictions on the regions of influence
of Rossby waves are only valid in a motionless basic state or in a basic state that is constant with longitude. If
the basic state changes in the zonal direction, even short waves have considerable remote effects. Using ray-
tracing techniques and nonlinear numerical models, the impact of a zonally varying basic state on the charac-
teristics of equatorial modes is investigated. .

The original low-latitude energy accumulation zone theory of Webster and Chang is extended to include the
complete family of tropical waves. In equatorial regions, the majority of Rossby waves are longitudinally trapped
in regions where the stretching deformation of the background flow is negative. Most of the Rossby packet will
reach the energy accumulation area from the east. This kind of wave action flux accumulation (i.c., from the
east) is referred to as ‘‘forward accumulation.”” However, some shortwaves of the packet will propagate into
the accumulation region from the west. This reverse propagation into an accumulation zone is refetred to as
“‘backward accumulation.”” Mixed Rossby—gravity waves are also considered. Ray tracing techniques indicate
that the mixed wave is less likely to be longitudinally trapped. However, if the wave is trapped, the energy
accumulation area is generally located in the same place as that of Rossby wave and that the energy is accu-
mulated through backward processes. A nonlinear global spectral model is used to check the WKB approxi-
mations used in the ray tracing.

The results of this study suggest that the ubiquity of the longwave approximation for equatorial modes should
be questioned. As the basic state modifies the scale of the mode such that initially very long modes may evolve
to shorter scales during propagation through the longitudinally varying flow (and vice versa for initially short
modes), the approximation appears questionable in any region where the magnitude of the basic state is similar
to the group speeds of the mode, the basic state changes sign, and the basic state possesses a significant stretching
deformation. With the longwave approximation, not only does the mixed Rossby—gravity wave disappear but
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the dispersive Rossby modes are rendered effectively nondispersive. Furthermore, the accumutation property of

equatorial waves is also eliminated.

1. Introduction

There is substantial evidence to suggest that tropical
and extratropical wave interactions occur through the up-
per-atmospheric equatorial westerly duct. The basic idea
stems from the theoretical considerations of Charney
(1969), who showed that extratropical waves would en-
counter critical surfaces unless the winds equatorward of
a wave source were westerly, or, at least, weak easterly.
Noting the strong correlation between equatorial variance
and westerly winds (later quantified by Arkin and Web-
ster 1985), Webster and Holton (1982) used simple the-
ory and a numerical model to show that a midlatitude
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steady-state disturbance in a zonally varying basic state
could propagate latitudinally into the Tropics or even into
the adjacent hemisphere only through the upper-tropo-
spheric tropical westerly ducts in the eastern Pacific and
the Atlantic Oceans. Zhang and Webster (1992 ) extended
the analysis for transient forcing and found similar results.
A full description of the horizontal and vertical structure
of extratropical waves impinging on the westerly duct
region has been given by the observational study of To-
mas and Webster (1994). In the upper troposphere in the
strong westerlies of the duct, they find that the theoretical
descriptions of Webster and Holton (1982) and Zhang
and Webster (1992) appear to hold quite well. However,
lower in the troposphere, where the easterlies dome up-
ward from the surface, the structure of the impinging
wave changes and lags behind the upper mode.

Other studies using simplifying assumptions of zonal
symmetry in their basic states (e.g., Webster 1981,
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1982; Hoskins and Karoly 1981; Lim and Chang 1983;
Zhang and Webster 1989; Lau and Peng 1992) consid-
ered the reverse problem and concluded that only in a
westerly basic state can a tropical disturbance signifi-
cantly influence the midlatitudes. Perhaps the most im-
portant result from these studies (especially Zhang and
Webster 1989, 1992) is that the variability in the me-
ridional shear of the basic state induces a longitudinal
structure to the degree of equatorial trapping of a mode.
The same mode may be rigidly trapped in regions of
equatorial easterlies but only weakly trapped in regions
of westerlies. In the region of the westerly duct, for
example, an equatorially trapped mode may extend to
very high latitudes. The transient influence of the ex-
tratropics by tropical phenomena was investigated by
Webster and Chang (1988) and Chang and Webster
(1990) (hereafter, WC and CW, respectively). These
two studies form the basis for the present investigation.

Zonally varying flow, such as that observed along
the equator, also affects the longitudinal characteristics
of a mode. The propagation of planetary waves through
flow that opposes the local group velocity of a wave
packet had been considered by Farrell and Watterson
(1985). They found that wave reversals and amplitude
and scale variations occurred with extratropical Rossby
waves. However, they did not find regions of energy
accumulation in the form found by WC and CW. Ac-
cumulation, as distinct from trajectory reversal, can oc-
cur only in flows where the basic state possesses zeros
(WC). Thus, at low latitudes where distinct reversals
of the zonal flow do occur, planetary waves may be
expected to accumulate (WC and CW).

Both WC and CW showed that long tropical Rossby
waves excited in the western Pacific and Indonesian
convective zones can be longitudinally trapped on the
east side of the upper-atmospheric westerly ducts. Such
regions, where the stretching deformation of the basic
flow is negative were called longitudinal energy accu-
mulation zones. These zones also act as source regions
of equatorial waves to higher latitudes. The latter em-
anation is in keeping with the behavior of equatorially
trapped modes in a westerly wind basic state. Zhang
and Webster (1989) showed that in westerly winds of
15-20 m s ™', typical of the westerly duct, the e-fold-
ing distance about the equator for equatorial Rossby
waves is a factor of three or four greater than in the
strong equatorial easterlies. Equatorially trapped modes
may spread out to beyond 40° of latitude even for small
equivalent depths.

Webster and Chang (1988) considered only long
Rossby and Kelvin waves. Figure 1 shows the disper-
sion curves of tropical waves in the low frequency ob-
tained for an equatorial 8 plane with an equivalent
depth of 500 m (e.g., Matsuno 1966). An interpretation
of the dispersion curves is that if the forcing has a pe-
riod shorter than 5—6 days (see right-hand ordinate),
then only mixed Rossby—gravity waves (MR-G) and
Kelvin waves can be excited. For lower frequency forc-
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FiG. 1. Dispersion curves of equatorially trapped modes (e.g., Mat-
suno 1966; Gill 1982) as a function of zonal wavenumber (ka) and
frequency (day™'), where k is the wavenumber in the longitudinal
direction and a is the planetary radius. The curves relate to the Kelvin
mode (K: n = —1) (Webster 1972), the mixed Rossby-gravity mode
(MR-G: n = 0), and the Rossby waves (R: n = 1). Equivalent depth
is 500 m. The gravity modes are not shown.

ing (e.g., 10-day period), at least four different waves
can be excited in a linear system: a Kelvin wave, an
MR-G wave, and a pair of Rossby modes; one long
(small ka) and one short (large ka). For the Rossby
wave, the latitudinal scale or expansion increases with
increasing nodal number n (see, e.g., Lim and Chang
1983; Zhang and Webster 1989).

The spatial structure of an n = 1 Rossby wave and
Kelvin wave are symmetrical about the equator. On the
other hand, the structure of an MR-G wave, equivalent
to an n = 0 mode, is antisymmetric about the equator.
For symmetric forcing functions, such as that used in
WC and CW, only symmetric modes are excited.

The omission of shortwave forcing in WC was con-
sistent with the prevailing theory that short Rossby
wave will be trapped and dissipated near the forcing
area and that only a long Rossby wave can propagate
sufficiently far to produce a significant remote effect
(e.g., Philander 1990). However, this assumption is
valid only in a motionless basic state. In a nonzero basic
flow or one with longitudinal variations, the following
two effects have to be considered.

(i) The wave will be advected by the zonal flow: an
effect very important in the extratropics where the rel-
ative speed of the basic flow compared to the modal
group speed is very high.
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(i1) If the basic flow contains longitudinal stretching
deformation, the wavenumber of the mode will be
modified. For dispersive waves, like Rossby and MR-
G waves, group velocities will also be modified by the
stretching deformation field. This effect is especially
important in regions where the magnitude of the basic
flow and the group velocities of the local modes are
nearly equal. Thus, near the equator the impact of zonal
variations in the background winds may have a very
significant impact on the structure of waves.

Chang and Webster (1990) considered the nonlinear
aspects of accumulation. Their integrations, showed
that there was both eastward and westward propagation
away from the source region. They speculated that the
eastward propagation was from the short part of the

packet. However, this speculation was not analyzed rig- -

orously nor was it attributed to the excitation and prop-
agation of MR-Gs. Liebmann and Hendon (1990) an-
alyzed ECMWF data and showed that MR-G waves are
important components of tropical synoptic-scale dis-
turbances. From a theoretical perspective, it may be
expected that asymmetric monsoon heating or the in-
cursion of extratropical disturbances into the tropical
upper atmosphere westerly duct may force antisym-
metric disturbances of considerable magnitude. Thus,
one of the major purposes of this study is to extend the
WC arguments by investigating the propagation of
MR-G waves in a zonally varying basic flow.

Overall, four types of tropical waves will be inves-
tigated. The first two types are the same as those in
WC: long tropical Rossby waves having an initial west-
ward group velocity and Kelvin waves that have an
opposite group velocity. The third wave set is short
tropical Rossby waves having an initial eastward group
velocity. The fourth wave type is the MR-G wave. The
Rossby waves listed above are referred to as ‘‘long”’
and ‘‘short’’ Rossby waves, respectively. However, a
word of caution is needed. Here the ‘‘long’’ or ‘‘short”’
refers only to the initial wavelength of the mode. The
mean flow stretching deformation field may modify the
wavelength dramatically so that an initially long wave
may become short, and vice versa (WC).

Figure 1 indicates that in the low-frequency domain
only short MR-G waves exist and that their character-
istics can be expected to be similar to an asymmetric
Rossby mode of similar scale. As the study is restricted
to low-frequency forcing, only short MR-G waves will
be included in this study. Subsequent developments
will support the omission of the very long MR-G mode.
In the next section the theory for ray tracing in the
equatorial regions is developed. In this paper, we as-
sume that the waves are forced in some undescribed
manner and that we look at the characteristics of the
waves away from the region of forcing. The results of
the analyses are given in section 3 and are summmarized
in section 4.
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Finally, it should be reiterated that it is the view ex-
pressed in this series of papers (i.e., WC, CW, and the
present paper) that tropical —extratropical interaction,
and the reverse, is a two-step procedure. First, a wave
will propagate from an excitation region into the ac-
cumulation zone. Second, from this location, usually in
the region of the equatorial westerlies, the mode will
expand (emanate) to higher latitudes. In this paper,
however, we extend earlier studies and concentrate on
the accumulation processes of a variety of equatorial
waves. The earlier papers (WC; CW; Zhang and Web-
ster 1989, 1992) have discussed emanation at length.
The reverse problem, the propagation of extratropical
waves toward the equator in an inhomogeneous flow,
was originally discussed by Webster and Holton
(1982) and more recently by Tomas and Webster
(1994).

2. Ray tracing in the equatorial regions
a. Theory

Ray tracing theory states that in a slowly varying
zonal flow, the angular (or intrinsic) frequency (&) in
a motionless frame and the angular frequency (w) in a
frame moving with the local wind U (Lighthill 1978)
is given by

w=0& + Uk, (1)

where k is the wavenumber in the longitudinal direc-
tion.

If the group velocity of a wave! is followed, the
modification of the position and zonal wavenumber of
the wave are given by the expressions”:

dx — O
Z_U+5—k- 2)
dk U
@ e (3)

Here 04/ 0k is the intrinsic group velocity, or, simply,
the group velocity. Equation (3) describes how the
wavenumber is modified by the mean flow stretching
deformation field of the background flow. Equations
(2) and (3) can be solved numerically using a Lorenz
N-cycle scheme.

1) NONDISPERSIVE WAVES

For the nondispersive Kelvin wave, the dispersion
relationship is :

! Reference to the group velocity of wavenumber & refers to the
group velocity of a wave packet that included waves from k — Ak to
k + Ak

2 The basic development of (2) and (3) follows Lighthill (1978)
and WC. The application to equatorially trapped modes is described
in the appendix to WC.
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w=k(U+ c). 4)
The relationship is displayed in Fig. 1. The zonal group
velocity component is given by
00 _

ak —C, (5)

where ¢ = (gH)""? and H is the equivalent depth of the
system. That is, if ¢ is a constant then C,;, is independent
of scale. From (4) the position of the Kelvin wave may
be written as

Cox =

gy

dt C.
In a steady background flow, the kinetic theory of
waves insists that w must be a constant along a ray
(Lighthill 1978). Isopleths of w are a function of U and
ka. The curves, then, must be a series of displaced
straight lines, consistent with the nondispersive nature
of the mode. As ¢ > U in the tropical atmosphere, ad-
herence to the constraint of constancy of w along a ray
will cause only minor variations in k. As ¢ > 0, trap-
ping of a Kelvin mode would occur only where U
~ —c or in extremely strong easterlies. Thus, trapping
of the Kelvin wave in the atmosphere is improbable.’

(6)

2) DISPERSIVE WAVES

For the dispersive Rossby wave, & can be expressed
as

Bk
T K+ 2n + D)Blc] N

(e.g., Gill 1982), where 8 = df/dy, fis the Coriolis
parameter, and »n is the latitudinal mode number. For
the MR-G wave, & can be expressed as

. 1_ 1 _,B_ 1/2
w—c[2 <4+ck2) ]

The dispersion curves for the Rossby and MR-G waves
are shown in Fig. 1.

For dispersive waves, the functional dependency of
group speed on wavenumber k is very important. Equa-
tion (3) shows that the wavenumber k, as well as group
velocities, will be modified as the waves move through
the variable basic flow. Thus (2) and (3) must be
solved simultaneously to examine the impacts of U and
O0U/0x on the structure of Rossby and MR-G waves.

Figure 2a shows the longitudinal group velocity of
Rossby waves as a function of zonal wavenumber and

o =

(8)

? In discussing the Kelvin wave, it has been assumed that the equiv-
alent depth of the mode remains constant. In the tropical ocean this
need not be the case. For example, along the equator in the Pacific
Ocean the thermocline shoals to the east from a depth of 200 m in
the western Pacific Ocean to the surface in the eastern Pacific.
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equivalent depth with n = 1. The demarkation between
eastward and westward group speeds occurs at abourt &
= 6/a for an equivalent depth of 500 m. The demar-
kation occurs at slightly longer scales for greater equiv-
alent depths but considerable shorter scales for smaller
equivalent depths. Generally, for long Rossby waves
the group velocity is westward, while eastward for
short Rossby waves. Furthermore, the eastward group
velocity is usually very small with a maximum occur-
ring near k = 9/a. The westward group velocity in-
creases as a monotonic function of wavelength except
when the equivalent depth is very small and where the
group velocity is a strong function of equivalent depth.
As the group velocity of Rossby waves can be either
eastward or westward, and the wavelength of the mode
may change along a trajectory, the rays of Rossby
modes may be very complicated.

Figure 2b shows the group velocity of MR-G waves
as a function of zonal wavenumber and equivalent
depth. The group velocity is always eastward and is a
monotonic function of wavelength except at very small
equivalent depths. In the high wavenumber regime, the
scale dependence of the wave is very weak and the
group velocity is very small. The magnitude of the
group velocity of MR-G waves is usually larger than
that of Rossby wave for the same wavenumber. Thus,
as the group velocity of the mode will usually be
greater than the background zonal velocity component,
it may be expected that the MR-G waves are less likely
to be zonally trapped by a zonally varying basic flow
than the Rossby wave.

The shaded region in Figs. 2a and 2b indicate the
range of equivalent depths for the equatorial atmo-
sphere. For example, choosing H = 500 m is equivalent
to choosing a vertical scale of 17 km or a mode with a
depth on the same scale as the tropical troposphere
(WC). Such modes are generally equatorially trapped.
However, WC considered the accumulation process
over a wide range of H-values. For example, with H
= 2000 km, accumulation occurred even though the
modes were less equatorially trapped.

Figure 2c shows a plot of the group velocity as a
function of wavenumber, ka, for a family of Rossby
waves (n = 1, 3) and an MR-G wave with the equiv-
alent depth set at 500 m. The group velocity for either
the mixed mode or the long Rossby wave is very large
for large scales (i.e., small ka). As the scale decreases
the sign of the Rossby group speed changes and the
group speed of the mixed mode asymptotes to the char-
acteristics of the small Rossby waves. The scale k, at
which the longitudinal group speed of the Rossby mode
changes sign is given by (see Gill 1982)

ky = [ﬂ(Zn + 1)]”2’

c

(9)

which follows from (2).
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FiG. 2. (a) The longitudinal group velocity component (C,.: m s™') as a function of zonal wavenumber (ka) and equivalent depth (m)

for the n = 1 Rossby mode. Shaded region denotes range of equivalent depth for tropospheric equatorial modes. (b) The longitudinal
group velocity component (C,.: m s~') as a function of zonal wavenumber (ka) and equivalent depth (m) for the n = 0 MR-G mode.
Shaded region denotes range of equivalent depth for tropospheric equatorial modes. (c) The longitudinal group speed (C,,: m s™') of the

MR-G mode (z = 0) and the Rossby modes (R: n = 1, 2, 3) as a function of longitudinal wavenumber (ka) for an equivalent depth of

500 m.

b. Basic states and forcing functions

Two basic states are used. Both are derived from the
Climate Diagnostic Data Base mean dataset of the Na-
tional Meteorological Center. The first mean state in-
cludes only longitudinal wavenumbers 0 and 1 (i.e., ka
= 0, 1) obtained from the 1978-1985 composite De-
cember 200-mb zonal wind along the equator. By in-
cluding only the gravest modes, it is assured that the
spatial scales of the basic state and disturbances are
well separated, thus satisfying the basic assumption of
ray-tracing theory. The second basic state consists of
the long-term mean 1978—1985 December 200-mb
zonal wind field but without spatial filtering. The field
represents a fairly good facsimile of the mean upper-
tropospheric wind along the equator. With this second
background field, scale separation cannot be assured
and there will be some violation of the basic-scale sep-
aration assumption required for ray tracing. However,
experiments with this complex basic state will test how
far the ray-tracing assumptions can be taxed and allow
an assessment of the importance of the small-scale local
features of the observed basic flow.

Figure 3a shows the distribution of the simplified
basic zonal flow (solid line) and its stretching defor-
mation field (dashed line) along the equator. The west-
erly maximum (13 m s™") occurs at 80°W while the
easterly maximum (—9 m s ') is located near 100°E.
Between 100°E and 80°W, the stretching deformation
field is positive. From (3), a Rossby wave traveling in
this zone will increase its wavelength and its group
speed. Outside of the zone where the stretching defor-
mation field is negative, a Rossby wave will decrease
its wavelength and increase its eastward group speed
during translation.

The unfiltered 1978-1985 composite December
200-mb zonal wind field is shown in Fig. 3b. Be-
tween 180° and 15°E, the mean flow is westerly. Else-
where the flow is easterly. Within the westerly re-
gime there are two major peaks over the eastern
Pacific Ocean and central Atlantic Ocean. The
stretching deformation field is now more complicated
than the truncated field as the region of negative
stretching deformation is split by a positive stretch-
ing deformation region.






