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ABSTRACT

Atmospheric equatorial perturbations generated by extratropical transient forcing are simulated numericaily
in a linear model. Impacts of mean zonal wind on such lateral forcing processes are emphasized. The extratropical
forcing source is stationary and localized, with its amplitude varying with time. This forcing configuration
simulates atmospheric events that may intrude into the tropics from the extratropics, such as the cold surges
during the Asian winter monsoons and the deep midocean troughs. For forcing of large time scales (>4 day),
the equatorial responses are completely dominated by the Rossby mode component. When the forcing time
scale is one day or smaller, the major components in the equatorial perturbations are the Rossby, westward
mixed Rossby-gravity, and Kelvin modes. The amplitudes of these modes are discriminatingly modulated by
the mean zonal wind. Whereas both the Rossby and mixed Rossby-gravity modes exhibit larger amplitudes in
mean westerlies than in mean easterlies, the latter is more sensitive to the mean zonal wind. The Kelvin mode,
on the other hand, is stronger in mean easterlies than in mean westerlies. Therefore, the horizontal structures,
as well as the amplitudes of the laterally forced equatorial perturbations, substantially depend upon the position
of the extratropical forcing source relative to the tropical mean zonal wind, which varies in both latitude and
longitude (especially in the upper troposphere). This study suggests that, in the presence of strong influences
originated from higher latitudes, the observed spatial and temporal variability of equatorial perturbations in the
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atmosphere can be attributed to those of the tropical mean zonal wind.

1. Introduction

Observational evidence of tropical motions being
influenced by midlatitude activities has been reported
in numerous studies. Variations in tropical convection
are found to be related to extratropical activities such
as the cold surges from east Asia during the winter
monsoon (e.g., Chang et al. 1979; Chang and Lau 1980;
Williams 1981; Chang and Lum 1985), the intensifi-
cation of the Asian jet stream (Lau and Chan 1983;
Liebmann 1987), and the development of midlatitude
troughs (Lau and Phillips 1986) and wave disturbances
(Lyons 1991). Extratropical influences on the tropics
are also suggested by the mobile teleconnection patterns
of 500-mb heights (Blackmon et al. 1984a,b) and the
correlations of tropical outgoing longwave radiation
with midlatitude heights (Liebmann and Hartmann
1984) and winds (Weickmann et al. 1985). The most
direct evidence that equatorial waves can be forced by
extratropical motions has been obtained by Zanvil and
Yanai (1980), Yanai and Lu (1983), and Lu (1987)
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from observations and by Randel (1992) from oper-
ational analyses of the European Centre for Medium-
Range Weather Forecasts (ECMWF). They observed
the equatorial Rossby, the westward-propagating mixed
Rossby-gravity, and the Kelvin waves and documented
strong associations of these waves with equatorward
fluxes of midlatitude disturbance energy and momen-
tum and with the meridional convergence of the energy
fluxes within the tropics. In particular, Lu (1987) found
that the significant kinetic energy of the equatorial
waves cannot be produced from the local mean kinetic
energy through barotropic processes. In contrast, some
of the waves observed in the same study are more di-
rectly related to the equatorward wave energy fluxes

. from midlatitudes and their meridional convergence

in the tropics than to the local tropical cumulus con-
vection. The connection between the mixed Rossby—
gravity wave and tropical deep convection is also found
to be weak in ECMWF analyses (Randel 1992).

The relationship between extratropical influences
and tropical responses appears to exist over a wide
range of background mean winds and wave spectra.
Figure 1 shows the observed climatological mean zonal
wind field at 200 mb for the boreal winter and summer.
A strong variation in the mean zonal wind along the
equator is apparent in both seasons. This uneven dis-
tribution of the mean zonal wind exhibits different
characteristics in different seasons. Influences of the
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FI1G. 1. Observed 200-mb mean zonal wind in (a) December, Jan-
uary, and February and (b) June, July, and August based on a 17-
year NMC dataset. The stippled areas denote easterlies. The contour
interval is 10 m s™'. (After Yang and Webster 1990.)

atmospheric mean wind on laterally forced equatorial
perturbations have been found to be substantial (e.g.,
Bennett and Young 1971; Grose and Hoskins 1979;
Webster and Holton 1982; Wilson and Mak 1984).
Many questions related to the impacts of mean wind
on lateral forcing processes, however, remain obscure.

According to Zanvil and Yanai (1980), Yanai and
Lu (1983), and Lu (1987), the observed equatorial
waves that are related to midlatitude disturbances seem
to have zonal wavenumbers and periods that vary with
time. Some of these waves possess strong signals in one
certain year but may be undetectable in another. Tem-
poral variations of equatorial waves on shorter time
scales (one to several months) were also found (Randel
1992). Furthermore, geographical preference for the
equatorial waves have been suggested from both ob-
servational data (Lu 1987) and ECMWF analyses
(Randel 1992). Reasons for these temporal and spatial
variabilities of the equatorial waves are not clear. Ob-
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servations have shown that the midlatitude influences
on the tropics can be more evident at certain longitudes
(Liebmann and Hartmann 1984; Liebmann 1987).
While variations in midlatitude motions may play key
roles, the equatorial wave responses to lateral forcing
can be modulated by the mean zonal wind that varies
spatially as well as temporally on seasonal time scales
as shown in Fig. 1. The nature of such modulation is
unknown. Particularly, Lim and Chang (1981) showed
that, in the zero mean wind, equatorial perturbations
forced by isolated extratropical transient sources consist
of different equatorial wave components. It is unknown
whether the amplitudes and propagation properties of
these waves are equally affected by a nonzero mean
zonal wind.

The impacts of mean zonal wind on equatorial per-
turbations can be substantiated through both the
Doppler and non-Doppler effects. It has been shown
that, in addition to the dominant Doppler-shift effect,
which changes the relative frequency of a free wave,
the non-Doppler effect of mean zonal wind can modify
the intrinsic frequencies or phase speeds of midlatitude
oscillations (Lindzen 1968; White 1977; Bannon 1989)
and both the intrinsic frequencies and meridional
structures of the equatorial waves (Zhang and Webster
1989). The non-Doppler effect on the lateral forcing
processes, however, has not been explicitly addressed.

Finally, along the equator, perturbation kinetic en-
ergy (PKE) maxima have been observed in the mean
westerly regions of the upper troposphere (Arkin and
Webster 1985; Lu 1987; etc.), despite the fact that the
strongest tropical convective activities always occur in
the equatorial mean easterly regions. Two theories have
been proposed for this incongruity. The maximum
PKE in the equatorial mean westerly region can result
from an energy accumulation of zonally propagating
equatorial Rossby waves in a longitudinally varying
mean zonal flow (Webster and Chang 1988; Chang
and Webster 1991 ). The other possible reason is that
lateral excitations of equatorial perturbations depend
on tropical mean wind. Webster and Holton (1982)
demonstrated that midlatitude steady-state forcing can
induce significant equatorial responses only in the
equatorial mean westerly region, or the “westerly duct.”
It is not clear whether similar conclusions can be drawn
for extratropical transient forcing,.

These uncertainties are addressed in this paper and
its succeeding companion study (Zhang 1992), where
a simple linear model is used to examine the impacts
of barotropic mean zonal wind on equatorial pertur-
bations excited by extratropical transient forcing. The
particular focuses in these two studies are characteristic
changes in individual laterally forced equatorial normal
modes as results of variations in the tropical mean zonal
wind. The model is two-dimensional in latitude and
longitude. Several concerns need to be addressed to
justify the applicability of such a single-layer model to
lateral forcing processes in a nonzero mean zonal wind.
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The vertical shear of the tropical mean wind has
been shown to have considerable effects on the prop-
erties of the equatorial perturbations (e.g., Lindzen
1970). It presumably also influences the lateral forcing
processes. In order to reduce the complexity of the
problem and concentrate on the impacts of horizontal
configurations of the mean zonal wind, we assume, as
in the studies of vertical shear, that the impacts of ver-
tical shear and horizontal variations of the mean zonal
wind can be investigated separately. Thus, by using a
two-dimensional barotropic mean zonal wind, variable
separation is possible and a single-layer linear model
can be derived for the horizontal structures of three-
dimensional perturbations. Similar single-layer models
have been used in studies of atmospheric responses to
forcing in the tropics (e.g., Lim and Chang 1983;
Philips and Gill 1987), as well as in the extratropics
(Bennett and Young 1971).

Using such a single-layer model, however, leads to
another concern. The prevailing extratropical motions
generally have much larger vertical scales than the
tropical perturbations. This difference in the vertical
scales cannot be explicitly assessed in the single-layer
model. Therefore, forcing sources prescribed in the
model must be viewed as the projections of extratrop-
ical activities onto the same vertical modes associated

with the equatorial perturbations that are thereby gen- -

erated. Assumptions, then, need to be made that such
projections of extratropical activities are substantial so
their influences on the equatorial region is nontrivial
and that the impacts of mean zonal wind do not crit-
ically depend on the exact vertical structure of the lat-
eral forcing sources. Under these assumptions, the
simple model is applicable for the purpose of the cur-
rent study. Investigation of direct interactions between
extratropical and tropical waves, which needs models
that are nonlinear and vertically stratified, is beyond
the scope of this study.

The advantages of using a simple model will become
clear later in this study. Namely, by comparisons with
normal-mode decompositions for the zero mean zonal
wind, responses of individual equatorial modes can be
identified even in the cases of nonzero mean zonal wind
where normal-mode decompositions are physically in-
appropriate. Furthermore, when idealized configura-
tions of mean zonal wind and lateral forcing are used
in the simple model, their effects can be easily isolated
from others.

Different forms of mean zonal wind applied in this
study include constant zonal wind of different direc-
tions, meridional sheared zonal wind with equatorial
westerlies and easterlies, and zonal wind that varies in
both latitude and longitude. The horizontally nonun-
iform mean zonal winds are selected to simulate the
atmospheric mean zonal wind in the upper troposphere
as displayed in Fig. 1. The implications of the results
from this study, however, are not limited to the upper
troposphere. The extratropical forcing source is sta-
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tionary and localized, with its amplitude varying with
time. Such transient forcing sources simulate special
events in the extratropics or midlatitude that may affect
tropical motions. Examples of such special events in-
clude the midocean troughs intruding into the tropics
(Lu 1987) and the cold surges during the Asian winter
monsoons (Lim and Chang 1981). Another class of
lateral forcing source is a normal mode with a given
zonal wavenumber and period that simulates extra-
tropical or midlatitude propagating waves (Bennett and
Young 1971; Wilson and Mak 1984; Itoch and Ghil
1988). Impacts of mean zonal wind on equatorial per-
turbations forced by extratropical propagating normal
modes are examined separately by Zhang (1992). ‘

Descriptions for the model are given in details in
section 2, and for the mean zonal wind and extratrop-
ical forcing source in section 3. Model results with the
same extratropical forcing source but different forms
of mean zonal wind are presented in section 4. In sec-
tion 5, dependence of the model results upon the forc-
ing time scale, equivalent depth, and meridional shear
and non-Doppler effect of the mean zonal wind are
discussed. A summary and some concluding remarks
are provided in section 6.

2. Model description

The model is derived from the primitive equations
in the pressure coordinates on an equatorial 3 plane.
The general procedure of model derivation is adapted
from Kasahara and Silva Dias (1986) where a linear
system was derived on a sphere with a mean zonal
wind that varies vertically. In our study, the mean zonal
wind is assumed to be vertically independent. First, we
assume that the zonal, meridional, and vertical winds,
the geopotentials, and the temperature can be expressed
in terms of the perturbations superimposed upon a
thermally stratified, time-independent basic state. The
basic state consists of the standard atmospheric vertical
profiles of mean geopotential, ¢o(p), and temperature,
To(p), and geostrophically balanced barotropic mean
zonal wind, U(x, y), and mean geopotential, ¢(x, »),
that vary in both longitude and latitude. The mean
meridional and vertical winds are assumed to be zero
so that the impacts of mean zonal wind can be isolated,
and the horizontal gradient of the mean temperature
is zero because of the thermal wind relationship with
the barotropic mean wind. Thus, the dependent vari-
ables are

u(x, y,p,t)y = v'(x,y,p, 1) + U(x,y) (la)
v(x,y,p, 1) =0'(x,y,p,1), (1b)
wo(x,y,p,t) = (X, y,p,1), (Ic)

&(x, v, p, 1) = ¢'(x, ¥, p, 1) + $o(p) + B(x, y),
(1d)
T(x,y,p,t)=T'(x,y,p,t) + To(p), (le)
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where
) _
3 = —pyU, (1)
doo Ty
— = —-R—. 1
v ’ (1g)

We notice that the longitudinal variation of the mean
zonal wind violates the continuity equation because
the mean meridional and vertical winds are zero. This,
however, should not hinder efforts to examine impacts
of the mean zonal wind on lateral forcing processes.

The linear momentum, continuity, hydrostatic, and
thermodynamic equations for the perturbations are,
respectively,

o’ ou U 8U d¢'
W -— + o= us
a5 U + u' % v’ ay - Byv' + I F
(2a)
av’ v’ 6¢’
-+ + = Iy,
Py U Byu ay F (2b)
ou' 8 | du
= +—= 2
x Ty T Y (20)
d¢' T
—=~-R—, 2d
» > (2d)
and
T’ T’ Todby Q
— — 4w ———==4F 2
a TVt % ot (20

In (1) and (2), B is the meridional gradient of the
Coriolis parameter; R is the ideal gas constant; C, is
the specific heat at constant pressure; Q is the thermal
heating rate per unit mass; F,, F,, and F, represent the
linear diffusion terms; and 6,(y) is the mean potential
temperature and related to the mean temperature by

R/C,
8, = (p) To.

3
» (3)

We assume that the perturbations and the heating
rate can be expressed in terms of their vertical and
horizontal structures such as

ul(x’ .V,p, t) L ul(-x’ y’ t)
V(x,y,p, )| = 2Z | vilx, y, 1) |Gi(p), (4a)
¢'(X,y,p, t) ¢l(x’ya t)
>and
O(x,y,p, 1) = q(x,y, )q,(p). (4b)

For each vertical mode /, the vertical structure function
G/(p) satisfies the vertical structure equation (Kasahara
1984)
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d{1dG G
——\|+==0, 5
[dp(l‘o dp)] c? (5a)
where
d ¢0 d 1n00
P _
o(p) = D dp (5b)
is a measure of the atmospheric static stability, ¢ = gH,

and H, a separation constant with the unit of length,
is the equivalent height. The equations for the hori-
zontal structures are, with the vertical mode index /
omitted,

du LOU L U d¢
—— —_— —— + —_ = —
o Ua Hox TV dy Byv dx at
(6a)
av d¢
—+U— +—==-
3 + U + Byu ay av, (6b)
op d¢ ,f0u  dv
—+U— —+—|=—y¢ +
&+UM+4M % v¢ +vq, (6¢)

where « and v are coefficients of Rayleigh friction and
Newtonian cooling, and
R 1 d

y=——

1
o D [pI‘ qp(p)]G(p)dp (7

is a projection of the vertical profile of the thermal
heating rate onto the vertical structure function. In
Kasahara and Silva Dias (1986), the variable separa-
tion could not be completed because the mean zonal
wind varies vertically. In this study, with the mean
zonal wind that is vertically independent, the separation
becomes possible.

Two different approaches can be adapted for solu-
tions of (2). Considering a rigid lid as the top boundary
condition, one can first define (5) as an eigenvalue
problem and solve G(p) as the eigenfunction and c>
the eigenvalue. For each vertical mode associated with
a particular G(p) and c?, the horizontal structure can
be solved from (6) with the forcing projection on the
vertical mode G(p) (Silva Dias et al. 1983; Kasahara
1984). Without the rigid lid, one can calculate c? as an
eigenvalue from (6) with vg = 0 for the particular forced
mode that has its horizontal structure as the eigenvector
of (6) and the same frequency and wavenumbers as
those of a forcing component. The vertical structure
G(p) of the forced mode can then be obtained from
(5) with the known ¢? (Lindzen 1967). The amplitude
of this forced mode still depends on the vertical forcing
projection on G(p). In the present study, the focus is
on the horizontal structures of laterally forced equa-
torial perturbations in mean zonal wind. Thus, only
(6) is solved. In doing so, values of the vertical forcing
projection v are chosen arbitrarily and those of H (in
¢? = gH) are from Yanai and Lu (1983) where they
were calculated from the observations of equatorially
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trapped waves as eigenvalues based on the linear wave
theory for the zero mean zonal wind (Matsuno 1966).
The justification for this approach is based on the fol-
lowing two assumptions:

(i) The characteristics of the solutions for (6) vary
only gradually with H but do not crucially depend upon
any exact value of H. In fact, as will be discussed in
section 5, changes in the equivalent depth only yield
qualitative modifications in the solutions but do not
alter any conclusion regarding the impacts of the mean
zonal wind.

(ii) The projections of the extratropical forcing
source onto the particular vertical structure associated
with the chosen values of H are profound. Under this
circumstance, in a linear system such as (6) the tem-
poral and horizontal configurations of the forcing
source, g(x, y, t), are much more essential in deter-
mining the characteristics of the solutions than the
forcing amplitude. Since the vertical structure of the
laterally forced equatorial perturbations is not the sub-
ject of this study, the exact vertical forcing profile does
not have to be known.

For computational convenience, (6) is made di-
mensionless with the time and length factors defined
as

T=37V2c7V2, (8a)
and
A =g712c12, (8b)
The equations for the dimensionless variables are
Q+Ua—u+ua—U+v—U— v+—¢=— u
o Cax Yex Yoy Ylax T
(9a)
dv av d¢
—+U—+ypu+—=—
o Ix yu P av, (9b)
¢ o du v
—+U—+—+_—=—v¢+q.
a T Vs Tax Ty =7t (9

If analogies are made between H and the mean depth
of a shallow fluid system and between vq and the mass
source/sink, (6) or (9)is equivalent to a shallow-water
equation system, except for the differences in the con-
tinuity equations, which will be discussed in section 5.
It can be easily shown that the total energy in system
(9) is conserved when the mean zonal wind is constant.
When shear exists in the mean zonal wind, however,
the total energy is no longer conserved and the shear
may result in extra energy sources or sinks. Problems
related to the possible energy sources due to the shear
in the model are also discussed in section 5.

With idealized mean zonal wind U and forcing
source vq, which are described in section 3, (9) can be
solved by normal-mode expansion and integration in
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time with the fourth-order Runge-Kutta scheme (Hal-
tiner and Williams 1980). The method of solution is
described in the Appendix. The time step used is 0.5
h. The truncations for the normal-mode expansions
are set at zonal wavenumber 15 and meridional mode
10. Including higher zonal wavenumbers and meridi-
onal modes in the model does not noticeably alter the
model results. For all calculations, we assume a = vy
= (10 day) ™.

3. Mean zonal wind and extratropical forcing
a. Mean zonal wind

In order to clearly demonstrate impacts of atmo-
spheric mean zonal wind on lateral forcing processes
of equatorial perturbations and to simplify the solution
procedure, three forms of idealized mean zonal winds
are employed. The simplest form is constant zonal wind
with amplitude of 10 ms™', 0, and —10 ms™", re-
spectively. The second type of mean zonal wind varies
only in latitude, given by

U(y) = — A cos[1.57 sin(y)] + B cos?(y), (10)

where A and B are constant coefficients. Three such
sheared mean zonal winds are used in this study, which
are displayed in Fig. 2a. They are distinguished from
each other by their signs at low latitudes and by the
strength of shear. The first one has an equatorial west-
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FiG. 2. Model mean zonal wind with (a) meridional shear and
(b) latitudinal and longitudinal variations. The wind amplitude unit
ism s~ in(a). In (b) the contour interval is S m s, and the equa-
torial mean easterly region is stippled.






