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ABSTRACT

A nonlinear model based on the shallow water equations is used to study cross-equatorial propagation
of forced waves in the presence of a longitudinally varying time-mean basic-state zonal wind field. It is
found that global-scale planetary waves are unable to propagate past a critical latitude where the mean
zonal wind speed vanishes. However, if the longitudinally-asymmetric basic state includes a “duct” in which
the zonal winds are westerly, waves of zonal scale less than the zonal scale of the westerly duct may
propagate from one hemlsphere to the other even though the zonally-symmemc mean zonal wind remains
casterly in the equatorial region. The amplitude of the response in one hemisphere to forcing in the
opposite hemisphere increases strongly with the magnitude of the westerlies in the equatorial duct. The
existence and annual variations of a westerly duct region in the upper troposphere in the eastern Pacific
appear to account for some features of the low-frequency variability in the Northern Hemisphere.

1. Introduction

In his classic paper on tropical scale analysis,
Charney (1963) suggested that outside of convec-
tively disturbed regions, tropical perturbations could
pot originate in situ but must be forced either by
oouplmg to midlatitude systems or to convectively
active tropical systems. On the basis of a rather
idealized linear wave analysis Mak (1969) argued
that tropical systems are predominantly driven by
midlatitude systems. However, Charney (1969) and
Bennett and Young (1971) showed that if a realistic
latitudinally-dependent mean zonal wind is included,
linear wave calculations suggest that only planetary-
scale Rossby waves with easterly phase speeds
greater than the maximum easterly mean zonal wind
speed in the tropics can propagate meridionally
through the tropics. Such modes, argued Charney,
would possess insufficient energy to be of signifi-
cance. Synoptic-scale disturbances, with their char-
acteristically small zonal phase speeds, would prop-
agate equatorward only as far as the critical latitude
along which the mean zonal wind speed matched the
zonal phase speed of the waves.

" The behavior of Rossby-mode disturbances prop-
agatmg meridionally toward a critical line has been
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discussed by Dickinson (1970), Geisler and Dickin-
son (1974), Beland (1976), Warn and Warn (1978),
Tung (1979) and others. It still remains a matter of
controversy whether Rossby waves are primarily ab-
sorbed or reflected at a critical line. But in either
case both linear and nonlinear calculations indicate
that the critical line is a barrier to meridional prop-
agation so that the tropics should be relatively free
of midlatitude influence, and the midlatitudes of each
hemisphere should behave essentially independently.

The reciprocal problem, the influence of tropical
disturbances on the circulation of the midlatitudes,
has also received considerable attention. For exam-
ple, Webster (1972) was able. to show that large-
scale slowly varying motions in the zonal mean
casterlies of the tropical atmosphere primarily con-
sist of equatorially trapped modes. Such modes do
not possess a meridional component to their group
velocity and their influence is confined to the latitude
band of their forcing. Only in speclal circumstances
when the forcing lies partially in the weak subtrop-
ical zonally-symmetric westerlies can a significant
response at higher latitudes occur. Depending upon
the characteristics of the higher-latitude zonal flow
this response may be substantial (Webster, 1981,
1982; Hoskins and Karoly, 1981). ~

If the arguments presented above apply to the real
atmosphere, tropical motions must be considered to
develop in situ and would thus be independent of
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large-scale extratropical disturbances. Furthermore,
the independence of the two midlatitude zones in-
ferred from the above studies would suggest that the
equator is a natural boundary for midlatitude nu-
merical weather prediction models.

However, there appears to exist considerable ob-
servational evidence of dynamic links between the
midlatitude regions and the tropics and, possibly,
between the extratropical regions of the two hemi-
spheres. For example, Radok and Grant (1957)
found a relationship between events in the upper tro-
pospheric westerlies in the Australian sector and
events to the north of the equator during the North-
ern Hemisphere winter. Tucker (1965) found evi-
dence of strong cross-equatorial zonally-averaged
momentum fluxes in a long data series from a number
of tropical stations. Furthermore his analysis indi-
cated substantial longitudinal variation in the time-
averaged zonal wind structure; generally, the upper
troposphere of the Western Hemisphere was char-
acterized by weak westerly winds while the Eastern
Hemisphere was dominated by strong easterlies.
These results have been substantiated by Newell et
al. (1972).

More recent studies suggest significant regionality
in the latitudinal interaction. The detailed mean
monthly analyses of Sadler (1975) indicate large-
scale systems with interhemispheric structure with
considerable variability from month to month over
the eastern Pacific Ocean. In a study using the Eole
balloon data from the upper troposphere of the
Southern Hemisphere, Webster and Curtin (1975)
indicated a tendency for large-scale slowly propa-
gating middle-latitude troughs to develop severe
southeast to northwest horizontal tilts especially in
the Pacific Ocean region, implying substantial mo-
mentum fluxes out of the tropics. Using NMC data,
Murakami and Unninayar (1977) compiled sets of
. statistics for the upper troposphere including the
distribution of perturbation kinetic energy (i.e., the
kinetic energy of motions of time scales less than the
averaging period; in this case, one month). Sample
distributions for January and February 1971 are
shown in Fig. 1. Three regions of perturbation kinetic
energy maximum are apparent in each diagram. Two
regions appear associated with the middle-latitude
transient disturbances in each hemisphere while the
third exists in a restricted region of the tropics in the
eastern Pacific Ocean. A weaker band appears to
exist over the tropical Atlantic Ocean. For compar-
ison, the zero line of the mean Northern Hemisphere
200 mb zonal velocity field for the December, Jan-
uary and February period (from Newell et al., 1972)
is superimposed on Fig. 1. It is clear that the equa-
torial perturbation kinetic energy maxima occur in
the regions of time-mean zonal westerlies. It is in-
“teresting to test the constancy of the longitudinal
variation of the zonal wind field throughout the year.
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F1G. 1. The 200 mb perturbation kinetic energy distribution
(m? s72) for January and February 1971. The stippled area en-
closed in the heavy dashed lines denotes the regions of mean east-
erly winds. Data obtained from Murakami and Unninayer (1977)
and Newell et al. (1972).

Fig. 2 shows the annual variation of the monthly
mean zonal winds for three meridians; 150°E, 180°
and 150°W, adapted from the analyses of Sadler
(1975). The first represents the variation in the vi-
cinity of Asia and exhibits strong easterlies through-
out the year. However, in the eastern Pacific Ocean
westerlies prevail all year and are in excess of 10 m
s~! from September to April.

The zones of perturbation kinetic energy could
result from disturbances developing in situ or from
meridionally propagating transient disturbances gen-
erated at higher latitudes. It should be remarked that
the latter hypothesis is inconsistent with the propa-
gation theory of Charney (1969). Despite the distinct
longitudinal structure in the time-mean zonal veloc-
ity component, the zonally averaged zonal wind is
easterly at low latitudes. However Fig. 1 shows a
distinct correlation between positive time-mean zonal
winds and the concentration of perturbation energy.
Thus, it is intriguing to speculate that the zones of
time-mean westerlies in the equatorial upper tropo-
sphere form “ducts” which allow transient waves to
propagate between extratropical and tropical re-
gions. Thus a primary purpose of this paper is to
investigate whether the relaxation of the zonal sym-
metry constraint in the assumed basic state flow al-
lows the possibility of regional propagation by pro-
viding critical lines which are functions of longitude
as well as latitude. We will show that the incorpo-
ration of a more realistic longitudinally dependent
basic state allows the tropical region to be regarded
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FIG. 2. Annual variation of the mean monthly 200 mb zonal
wind distribution along the meridians 100°E, 180° and 150°W
adapted from Sadler (1975). The three sections typify the Asian
monsoon region, the central Pacific and the eastern Pacific Oceans.
Heavy solid and dashed lines indicate 16 positions of the mean
troughs and ridges, respectively. Units are m s~ and easterlies are
shaded.

as fairly porous, in a regional sense, to incident mid-
latitude disturbances.

2. The model

Because we wish to consider basic-state zonal flow
fields which are func‘gions of both latitude and lon-
gitude it is not possible to obtain analytic solutions
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" even for the /inearized response to a specified forcing.

An exception is the special case in which the longi-
tudinal scale of the forcing is much less than the
scale of the longitudinal variation in the basic state.
In that case WKB techniques may be employed for
the linear problem. In general, however, a numerical
solution is required. Although numerical eigenvalue-
eigenfunction techniques could be employed to find
solutions to the steady linearized problem, we prefer
to utilize a nonlinear initial value technique in order
to study the evolution of the response to a “switched
on” forcing, and in order to examine the modification
to the basic state due to interaction with the forced
disturbance.

In order to generate a realistic longitudinally-de-
pendent basic state in the equatorial zone it is es-
sential to include a stationary Kelvin wave compo-
nent (Webster, 1972). The simplest possible physical
model which satisfies this requirement is a barotropic
fiuid with a free surface (the so-called shallow water
equations).?

In the present study the domain of integration is
a Mercator projection spanning latitudes £60°. In
Mercator coordinates the momentum equatlons and
continuity equation are

— fo+ Ku) = ~gmH, — au (1) .
v, + fu + I(v) = —gmH, — av (2)
H, +IH) = M (3)
where the nonlinear terms may be written as
() = m(uu, + vu,), (4)
I(v) = m(uv, + vv,), (5)
ICH) = m{(uH), + (vH),] — Hom,,  (6)

where m is the Mercator map factor, and m = sec¢,
where ¢ represents latitude. H represents the depth
of the fluid and may be resolved into a zonal mean
depth H, and a deviation from that mean h(x, y, 1)

such ‘that
H = Hy(p) + h(x, p, 1). (7)

M(x, y, t) is a specified mass source-sink which will
be used to drive the flow. 4 and v represent the east-
ward and northward components of velocity and
mechanical dissipation is parameterized by Rayleigh
friction with a rate coefficient o.

Our numerical model employs a semi-spectral re-

% During final preparation of the manuscript we became aware
of the work of Simmons (1981) who has studied the effect of a
longitudinally asymmemc basic state in a nondivergent barotropic
model. The main emphasis in his work was on the enhancement
of the midlatitude response to equatorial forcing due to zonal
asymmetries in the strength of the subtropical jet. However, he
also noted that cross-equatorial propagation was enhanced when
westerlies spanned the equator in a restricted band of longitudes.
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presentation in which the variables are expanded in
longitudinal eigenfunctions while maintaining a grid
point representation in latitude which allows a fine
latitudinal resolution. Thus, the variables and the
forcing function are expanded in the form

x(x, y, t)

= 2 [x{y, 1) cossx + Xy, 1) sinsx]. (8)

5=0,5

The nonlinear terms are evaluated using the trans-
form method of Orszag (1970): A longitude-latitude
grid lattice is chosen to exactly represent the Fourier
coefficients. On this grid the nonlinear operators are
computed and then Fourier transformed to match
the form of (8). That is

I[x(x, y, )]

= 2 [afy, t) cossx + 4y, t) sinsx].
5=0,8

9)

At each time step the coefficients are thus known
quantities so that substituting from (8) and (9) into
(1)-(3) we obtain a set of linear equations for the
Fourier coefficients

u,, — fv, + gmnh, + oau, = —a,, (10)
U, — fo, — gmnh, + aii, = —d,, (11)
v, + fu, + gmh,, + av, = —b,, (12)
b, + fid, + gmlfsy + ab, = —b, , (13)
hy, + Holmv,, + msi, — vym,] = Ms —¢, (14)
ks, + Ho[mb,, — msu, — dm,) = M, - &, (15)

where a,, b,, ¢, are coefficients of the transforms of
(5)-(7).

Using the semi-implicit time differencing scheme
discussed by Holton (1976) and a staggered space-
difference scheme in latitude, (10)-(15) become sets
of linear algebraic difference equations at each of K
+ 1 latitudinal grid points. The set may be reduced
to two algebraic equations at each grid point to pro-
duce a total of 2(S + 1)(K + 1) sets of simultaneous
linear equations which may be solved by matrix in-
version.

3. The basic state

We assume that the mean zonal wind (i.e., the
zonally symmetric part of the basic-state zonal flow)
is initially symmetric about the equator and in geo-
strophic wind balance with the height field. Thus, in

N ~
Ho(y) = Ho + Hy( p), (16)

where Hy, is a constant mean depth, and H,(y) is
related to the longitudinally averaged mean zonal
wind u,( y) geostrophically.
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In the atmosphere u,( y) is maintained by a num-
ber of processes which are not included in our simple
prototype model. In order to maintain the zonally
symmetric “climate” defined by this basic state we
assume that the zonal wind relaxes back towards the
basic state value by Rayleigh friction damping with
the rate coefficient . Thus, (10) and (11) become

u,, — fv, + gmsh, + a(u, — dup) = —a, (17)
and
123': - fﬁs - nghs + a(ﬁs - ‘SOub) = —ds 3 (18)
where
1, s=0
do = 19
® " lo, s#0 (19)
and u,( y) is specified as
w
u(y) = A— Bcos a (¥ = yo), (20)

where A, B and C are specified constants and a is
the radius of the earth.

The longitudinally varying part of the basic state
is obtained by suitable specification of the source-
sink term. It is convenient first to split M in (3) such
that

M=M,+M,, (21)
where the subscripts b and p indicate the basic and
perturbation components of M. We assume a Kelvin
wave-like form for M, which is consistent with both
observation and theory for quasi-stationary flow at
low latitudes (see Webster, 1972), i.e., we let
M, = B, coss,x exp| “)’2/)?1], (22)
so that if ¥ > v we can use (3) to obtain a scale for
B,. Assuming planetary scales for the basic state (s,
~ 1) we can write
M, ~ B, ~ Hy(du,/dx) ~ H,V/a. (23)
We choose y, to provide a 1000 km e-folding scale
about the equator.

4. Perturbation forcing

A number of experiments were performed to ex-
amine the response due to perturbation forcing. Dis-
turbances are introduced by specifying an appropri-
ate form for M, in (21) such that

= B,f(x) exp[—(y — y0)*/y.}.

Three forms of f(x) were chosen to provide partic-
ular isolated mass source-sink distributions over a
wide range of scales. These functions are

(24)
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Fi1G. 3. Distribution of the model-generated basic-state zonal wind field for the “weak easterly” (case A), the “weak westerly”
(case B) and the two strong westerly zones (cases C and C*). The stippled areas denote the easterly wind regime. Units m s™'.

f1(x) = sin(x — xp)
f2Ax) = sin(3x — xo)
' X exp — 3[(x — xo) /7]
f3(x) = sin(6x — x,)
X exp — 6[(x — xo) /7]

(25)

The first function provides a forcing function on the
same scale as the longitudinal variation of the basic
state. The latter two functions provide dipole forcing
functions at scales of the order of the westerly duct
in Fig. 2 [i.e.,, fo(x)] and at scales considerably
smaller [ f3(x)].* Specifically, the principal scales are
longitudinal wavenumbers 1, 3 and 6. The longitu-
dinal phase of the forcing function is set by x, in
(25) and the latitudinal location by y, in (24). y, is
set so as to provide a narrow latitudinal scale of 500
km, which is considerably smaller than the e-folding
longitudinal scale of the basic state.

i

3 The exponential dependence in (25) allows a regional isolation

of the forcing, thus permitting the longitudinal phase of the forcing
to be moved relative to the region of equatorial westerlies.

The latitudinal resolution consisted of 48 grid
points (i.e., K = 48) and the longitudinal resolution
included waves 0-12 (i.e., S = 12). In the trans-
formed grid domain of Orszag (1970) this longitu-
dinal wave structure is perfectly represented by a
grid of 37 points. That is, in solving for the nonlinear
terms a 48 X 37 lattice was used. Test experiments
using S = 6 were undertaken and only small differ-
ences were found to the S = 12 cases. However, we
have retained the S = 12 resolution to minimize the
possibility of spectral blocking.

In all cases presented below the model was ini-
tialized to the zonally symmetric basic state and a
longitudinally-dependent basic state developed by
allowing the basic state forcing (22) to rise from zero
to its steady state in the first five days. After ~30
days an effective equilibrium was reached but inte-
gration was continued to provide a 100-day control
run. During all experimental runs the perturbation
forcing was introduced at day 50 of the control run
with-a 5-day growth rate and the model was inte-
grated for a further 50 days. To determine the effect
of the forcing the corresponding field of the control
run was subtracted from the experiment run to pro-
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vide perturbation fields. In all cases a quasi-steady
state was achieved well before 100 days.

Experiments were carried out with three major
classes of basic state: a zonally symmetric zonal state
with weak easterlies in the equatorial region and
moderate westerlies elsewhere, an equatorial region
possessing a weak westerly wind zone along the
equator and an equatorial region characterized by
a strong westerly wind zone. The basic state zonal
wind fields are shown in Fig. 3. The first case (A)
corresponds to the system studied by Charney (1969).
The latter two (B and C) are approximations ta the
more realistic situations described in Figs. 1 and 2.
The third state (C) was chosen so that (a(y = 0))
< 0. [Here and in the following, angle brackets in-
dicate longitudinal averaging and overbars indicate
time averaging.] That is, mean easterlies were main-
tained at the equator. To consider the effect of re-
laxing the mean easterly constraint thus allowing
{a( y = 0)) > 0, the coefficients of (22) were adjusted
to produce a fourth basic state C*.

Each of the four basic states was utilized to study
the response to the three perturbation forcing func-
tions described in (25). The basic states and the per-
turbation forcing format are summarized schemat-
ically in Fig. 4. The aim of the experiments is to
investigate the influence on the propagation of dis-
turbances of the location and zonal scale of the per-
turbation forcing relative to the longitudinal position
and strength of the equatorial westerly zone. We also
investigate how this influence varies with the depth
of the prototype atmosphere by varying Hy, from
1000 to 10 000 m, with 2000 m taken to be the stan-
dard depth.

5. Results
a. Weak easterly zone (basic state A)

Fig. 5 shows the perturbation response for the
zonally symmetric basic state of Fig. 3a subjected

Weak U(0)<0  Weak U{0)>0 zone Zosmg U(0)>0 zone

- - U(okO
iy SHE SUEN A
& -0F e/ N\ -10 Uto)>0

0° 180° -80° 0° 180° 2Jg0* 0° +180°

~

-180°
fix} %

W e
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X0=090° 180° |x0=o:180°

Yo=0820530°40°  y =20°

FIG. 4. Schematic diagram of the longitudinal location of the
forcing function relative to the extrema of the three classes of the
basic state at the equator. Values of xq and y, refer to forcing
function locations used in the experiments.
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Fi1G. 5. Distribution of the perturbation zonal wind cohlponcnt
(') at 100 days for an s = 1 forcing with ¢ = 0 located at 20°N
(case A, in Table 1). Basic state A from Fig. 4 was used. The solid

heavy lines show the initial # = 0 contour whilst the heavy dashed
lines indicate its final configuration. Contour intervals are 1 ms™'.

to a perturbation source located at 20°N and with
an s = 1 configuration. In Table 1, this is referred
to as case Al (that is, experiment 1 with basic state
A). The form of the basic state is similar to that used
by Charney (1969) and Bennett and Young (1971).
With the forcing in the Northern Hemisphere, the
tropics and Southern Hemisphere remain unper-
turbed. Only near the (&) = 0 line do significant
variations appear. That is, the response is nearly
completely confined to the hemisphere of the forcing
by the (&) = 0 critical line. The small longitudinally-
dependent distortion of the critical line at equilib-
rium appears to be governed by the phase of the
forcing.

b. Weak westerly zone (basic state B)
1) s = 1 FORCING

The experiment described above was repeated but
with the zonally symmetric basic state replaced by
the “weak westerly zone” basic state B of Fig. 3.
With this configuration the perturbation forcing
function is of larger scale than the zone of westerlies.
Because of the scale difference two cases were run:
In the first we set x, = 0 in the definition of f, in
(25) (case B1), while in the second we set x, = 7
(case B2). The «' fields for each case are shown in
Figs. 6 and 7, respectively.

- Several comparisons are possible: The phase and
amplitude of the perturbation forcing function in
cases Al and B1 (shown in Figs. 5 and 6) is the
same, thus differences in response must be due to
differing basic states. But the difference between
cases Bl and B2 on the other hand must originate
only from differences in the phase of the perturbation
forcing function relative to the zone of weak equa-
torial westerlies. Despite the common ingredients in
the three cases, the equilibrium states indicate dis-
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TABLE 1. Summary of the experiments.
Source ‘Source
Case Basic state function longitude Latitude Dissipation
identifier Fig. - Fig. 4 [Eq. (25)] X (°N) time (days)
Al 5 A h 0 20 10
B1 6 B h 0 20 10
B2 7 B fi -7 20 10
B3 9 B f3 0 20 10
B4 10 B f2 -7 20 10
B9 11 B 12 /2 45 10
C3 12a, b C 12 0 20 10
C3* 13a, b Cc* 12 0 20 10

tinct differences. In case Bl the zonal velocity field
shows a maximum westerly perturbation of ~6 m
s™! just north of the equator and a smaller easterly
perturbation to the south of the equator. On the other
hand, with x, = 7 (case B2) the —8 m s™' change
in the zonal wind field centered near the equator has
completely eliminated the equatorial westerly zone.
There is little or no effect to the south of the equator.
In fact, the final equilibrium mean zonal flow is very
similar to that shown in Fig. 5. However, we should
note that in all three cases in which s = 1 the South-
ern Hemisphere remains relatively unperturbed. At
most, case Bl shows a moderate perturbation of the
Southern Hemisphere low-latitude region.

The results are summarized in Fig. 8 which shows
the latitudinal structure of the perturbation kinetic
" energy averaged over a 50° longitude strip which
passes through the weak westerly zone of basic state
B. The profiles for cases Al and B2 are almost iden-
tical. Case Bl shows a substantially greater ampli-
tude in the Northern Hemisphere low latitudes and
a profile which is slightly more displaced equator-
ward than either Al or B. However, the overriding
feature of all three curves is the manner in which
rapid decay of amplitude occurs equatorward of the
latitude of the (i) = O line of the basic zonal flow.
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FIG. 6. As in Fig. 5 except for case B; which considers an s
= 1 forcing with ¢ = O but relative to an initial basic state B.
Contour intervals are halved.
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The effect of the westerly wind equatorial “duct”
becomes more pronounced for waves with smaller
zonal scale. Cases B3 and B4 (Figs. 9 and 10) de-
scribe the equilibrium fields at day 100 for the s
= 3 perturbation forcing set at 20°N. The isolated
s = 3 forcing is located at two positions in longitude;
at 0°W in Fig. 9 and 180°W in Fig. 10. Both cases
show propagation of the disturbance into the west-
erlies of the Northern Hemisphere as may be anti-
cipated from Hoskins and Karoly (1981). But only
when the forcing is located in the same longitude
band as the weak equatorial westerlies is there any
propagation towards the equator. This effect may be
seen clearly in the « field of Fig. 9 where substantial
perturbations occur in the equatorial region and
there is even a weak propagation into the subtropics
of the Southern Hemisphere. This is in sharp contrast
to the case B4 where there is effectively no equatorial
propagation at all. Both cases may be qualitatively
understood from a WKB perspective. With strong
easterlies to the south of the forcing (B4) the re-
sponse is constrained to lie poleward of the source.
Thus in Case B4 the only changes which occur equa-
torward of the forcing are small changes in the u
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Fig. 7. As in Fig. 5, except for case B, which considers an s
= 1 forcing but with ¢ = = phase difference to case B. The basic
state B was used. Contour intervals are halved.
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shown as a function of latitude for cases A,, B, and B,. The kinetic
energy was averaged over a 50° longitude strip through the region
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= 0 line. However, in Case B3 the weak westerlies
near the equator allow a greater penetration towards
the equator. Similar s = 3 perturbation experiments
were run for sources located at 30 and 45°N. In both
cases the results were similar to those of the 20°N
source (cases B3, B4). )

Fig. 11 describes one further forced experiment
with the weak westerly basic state. With the s = 3
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F1G. 9. As in Fig. 5 except for case B, which considers an s
= 3 forcing at 20°N and basic state B. Contour intervals are
halved.
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F1G. 10. As in Fig. 5 except for case B, which considers an s

= 3 forcing at 20°N with basic state B but with the forcing moved
in longitude. Contour intervals are halved.

forcing set at 45°N, the longitudinal location was
moved upstream by 7 /2 from the center of the west-
erly region. The response underlines the importance
of the location of the source relative to the equatorial
westerlies. Whereas a strong equatorially-propagat-
ing wave train is developed, the degree of equatorial
influence is restricted by the presence of the basic
easterlies.

Although cases B3, B4 and B9 do indicate the
importance of longitudinal asymmetries in the basic-
state zonal flow, the response in the Southern Hemi-
sphere is certainly too small to account for some of
the observed interhemisphere coupling described ear-
lier. One possible explanation for the small response
is that the rather short damping time assumed (10
days) does not allow disturbances to propagate far
into the Southern Hemisphere.

This hypothesis was tested by an experiment in
which all factors were identical to case B3 (isolated
s = 3 forcing at 20°N directly to the north of the
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FiG. 11. As in Fig. 5 except for case By which considers an s
= 3 forcing located at 45°N moved 7 /2 in longitude westward
with basic state B.
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F1G. 12. (a) As in Fig. 5 except for case C; which considers an
s = 3 forcing located at 20°N with basic state C. (b) The per-
turbation height field (contour interval 5 m).

weak westerlies) except that the dissipation rate has
been halved to 20 days. The perturbation zonal ve-
locity (not shown) was considerably stronger in the
equatorial regions and, furthermore, increased prop-
agation occurred into the subtropics of the Southern
Hemisphere. However, there still appeared to be
rather little response in the midlatitudes of the
-Southern Hemisphere.

!

¢.. Strong westerly zone (basic state C)

The response to an isolated s = 3 forcing with
basic state C is shown in Figs. 12a and 12b. Recall
that states A, B and C are similar in that the zonally-
averaged zonal velocity component is negative in the
equatorial belt. However, in B and C there is a lon-
gitudinally-dependent portion of the basic state. C
differs from B in that a stronger westerly zone has
been produced by a stronger basic state mass source/
sink distribution at the equator.

A comparison of cases B3 (Fig. 9) and C3 (Fig.
12) indicates a substantial difference in response.
Not only are the perturbation effects at low latitudes
considerably larger at the equator in C3, but sub-
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stantial propagation has occurred into the middle
latitudes of the Southern Hemisphere. It should be
pointed out that the scale of the region of equatorial
westerlies in basic states B and C is nearly identical.

The case C3 perturbation height field shown in
Fig. 12b indicates very well the meridional extent of
the anomalous response. The amplitude of the height
perturbations in the Southern Hemisphere is over
50% of that in the Northern Hemisphere midlati-
tudes. Also, the height perturbations in the strong
equatorial westerlies are extremely large and cor-
respond in longitude to the maximum in the equa-
torial westerlies. This probably indicates the gener-
ation of a substantial equatorial mode.

To gain some insight into the importance of the
(i) < 0 constraint at low latitudes a modified basic
state (C*) was established which allowed (%) > 0
at the equator. The maximum in the westerlies at
the equator (18 m s™') is much the same as the 20

~! for state C. The major differences between the
two states is that the region of westerlies in C* is
somewhat broader in longitudinal scale, and the
zonal average of the zonal wind is positive every-
where.

‘The equilibrium response of the state C* to the
isolated s = 3 forcing at 20°N (Fig. 13) is quite
similar to case ‘C3; large amplitude responses are
evident at low latitudes and in the Southern Hemi-
sphere, although the magnitude of the height per-
turbation at the equator is about a factor of four
smaller. We conclude that for s = 3 the scale of the
disturbance is small enough so that the disturbance
can propagate through the equatorial westerly jet
without respect to the existence of a mean zonal (i7)
= 0 critical line. Experiments with perturbation forc-
ing of smaller scale (s = 6) showed results very sim-
ilar to the s = 3 case, and will not be discussed further
here.

6. Interpretations

The results confirm observational indications of
linkages between disturbances in the middle latitudes
of one hemisphere, the adjacent regions near the
equator and the middle latitudes of the other hemi-
sphere. The observations indicate that the zones of
coupling are restricted to corridors of climatological
low-latitude westerlies, and the model results tend
to confirm this.

Returning to the hypotheses posed in the Intro-
duction, we may single out a number of aspects of
the results which require particular discussion and
interpretation. These are:

1) Large-scale disturbances generated in the mid-
dle latitudes of one hemisphere have little effect on
low latitudes when there exists a {ity = 0 line be-
tween the source and the equator. ‘

Experiments using the zonally-symmetric basic
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state A (see Figs. 4 and 5) confirm results of Charney
(1969) and Bennett and Young (1971), that a critical
line for stationary disturbances (i.e., the (&) = 0
line) acts as an effective barrier or separator between
the tropics and middle latitudes. If the mean state
of the atmosphere were represented by a zonally-
symmetric distribution of mean wind characterized
by equatorial easterlies and middle-latitude wester-
lies, then all equatorial disturbances would have to
be generated in situ and in turn, would have little
effect on middle-latitude structures.

It must be emphasized that it is the existence of
a (i) = 0 line which is most important in the zonally-
symmetric atmosphere and not the latitude of the
forcing or region of response. If the distribution of
zonally symmetric westerlies was such that the
westerlies extended across the equator, then the two-
dimensional group velocity vector of the Rossby
waves excited in middle latitudes would cause con-
siderable perturbation at low latitudes and in the
westerlies of the Southern Hemisphere (see case T3
of Webster, 1973). If the basic state is characterized
by easterlies extending from the equator northward
and including the perturbation source region, the
response at low latitudes will be limited to the equa-

torial plane because only equatonally-trapped modes

would be excited.

2) Large-scale disturbances generated in the mid-
dle latitudes of one hemisphere may have a signif-
icant influence on the equatorial regions and the
higher latitudes of the other hemisphere if in some
longitude zone a westerly wind duct exists in the
equatorial zone.

With basic states B and C a distinct propagation
across the equator was observed in the model results
for modes of planetary wavenumber 3 or greater.
The region of propagation coincided with the equa-
torial westerlies; regions of equatorial easterlies were
unperturbed irrespective of the location of the forc-
ing. These results may be understood in terms of the
theory of propagation of Rossby modes on a sphere
(e.g., Hoskins and Karoly, 1981). Rossby modes ex-
cited in the westerlies will possess ray paths which
branch on great circle paths poleward and equator-
ward from the source. Thus for scales of motion con-
siderably smaller than the basic-state scale (so that
the WKB approximation is valid), motions excited
to the north of the equatorial westerlies will propa-
gate to the equator whereas those excited to the north
of the easterlies will be retarded at the local critical
latitude. In both instances (see Figs. 9 and 10) prop-
agation takes place on the poleward branch, but only
when the raypath of the excited mode passes through
the westerly duct can the disturbance propagate mto
the Southern Hemisphere.

3) The amplitude of the response in the equa-
torial zone and in the opposite hemisphere depends
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F1G. 13. As in Fig. 12 except for case C,;* which considers an
s = 3 forcing located at 20°N. As distinct from case Cs, the basic
state used possessed a zonally symmetric part which was westerly
at the equator. Both cases possessed the same longitudinal part
of the basic zonal wind field.

strongly on the magnitude of the westerlies in the
equatorial duct.

This strong dependence can be understood quite -
simply in terms of the dispersion characteristics of
forced Rossby waves. For the parameters of these
experiments the disturbance excited by the pertur-
bation source can be reasonably well approximated
by nondivergent Rossby modes.* The only exception
is case B6 in which the source is located at the equa-
tor and a substantial divergent equatorial mode is
generated.

The dispersion relation for a barotropic Rossby
wave can be written (e.g., Holton, 1979) as

w/k =i — Bk + I?), (26)

where w is the frequency, § = 2Q/(cos¢a); k and /

* For the equivalent depth Hge = 2000 m, used here, divergence
associated with fluctuations of the free surface height causes only
a small modification in the Rossby wave dispersion relationship.
(Experiments similar to case B3 but with H, varied from 1000 to
10 000 m differed very little from case B3.)
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TABLE 2. Dependence of stationary Rossby-wave group velocity
on the mean zonal wind. L, indicates the meridional e-folding
decay scale for 10-day damping time.

u { Cox Ce, L,
(ms™) (m™) (ms™) (ms™") (km}
5 2.1 X 107 0.5 2.1 1854
10 1.4 X 107® 1.9 5.9 5098
15 1.1 X 107 4.3 10.5 9072
20 9.6 X 1077 7.7 15.8 13651

here considered to be slowly varying in longitude. If
k and u are known, then for stationary modes,

12 = g/ia — k2. (27)

Using (27) we can solve for the components of the
horizontal group velocity -

. = d0/0k = 7~ BU? — K)/(K + 12

o, = 0w/l = 2Bkl/(K* + I?) (28)
As a result for stationary perturbations we find using
(27) that

¢, = 20°k* /B,

= 2kl /B ~ 23’k B2, (30)
where the approximate formula in (30) is valid pro-
vided B8/u > k?, which is the case for scales of interest
here. From (29) and (30) it is clear that for a given
zonal scale k, both components of the group velocity
increase rapidly with #. The zonal scale of the pri-
mary resonant response should be equal to the zonal
scale of the forcing. Thus, for our cases B3, B4, B6
and C3 we set k = 3/a, corresponding to wavenum-
ber 3 at the equator. Table 2 shows the resulting
dependence of group velocity on @ for 8 evaluated
at the equator.

For # = 5 m s~ energy can propagate only 1800
km meridionally away from the source in 10 days
(the e-folding decay time in all experiments except
B3*). However, for # = 15 m s™! energy can pro-
pagate over 9000 km meridionally in 10 days. Thus,
assuming that the wavenumber 3 disturbance excited

- by the source “sees” the local zonal wind in the west-
erly duct as the “mean” wind, it becomes clear why
strong perturbations are excited in the Southern
Hemisphere in the strong westerly case (C3) but not
in the weak westerly case (B3). In the latter case
dissipation simply damps the disturbance out before
it can reach far into the Southern Hemisphere.

7. Concluding remarks

Inter-hemispheric interaction is obviously impor-
tant for time scales ranging from short-range nu-
merical weather prediction to climatic variations. For
numerical weather prediction, knowledge of the in-
teraction is necessary for specifying equatorial
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boundary conditions and also as an aid in deciding
to what degree of sophistication the tropics must be
treated for a forecast of a particular duration. For
climate, it is critical to understand disturbance trans-
mission in a longitudinally-dependent basic state in
order to determine regions of .influence from (e.g.)
sea-surface temperature anomalies located at various
longitudes at low latitudes. It is also important to
understand the role of such anomalies in exciting and
maintaining longitudinal asymmetries in the basic

- state.
are the zonal and meridional wavenumbers and #« is

The results of this study have some interesting im-
plications for numerical weather prediction. If the
strong meridional propagation through the equato-
rial westerly duct seen in the model is characteristic
of the atmosphere, then rapid local contamination
of hemispheric forecasts could occur due to noise
generated in the opposite hemisphere propagating
through a westerly duct. Thus, when local regions
of strong equatorial westerlies exist, the domain of
influence for hemispheric forecasts beyond 2-3 days
must include at least the subtropics of the opposite
hemisphere. Of course the motions in the tropical
region itself would need to be accurately forecast in
order to correctly predict the meridional wave prop-
agation through the duct.

The sensitivity of the model results to the strength
of the equatorial westerlies implies that interhemi-
spheric interaction should have an annual variation
since, as shown in Fig. 2, the magnitude of the
westerlies in the equatorial region of the Eastern
Pacific is strongest (>15 m s™') in the October-May
period. Thus the strongest interhemisphere coupling
in this region should occur in the Northern Hemi-
sphere winter.

Our study also appears to be relevant to under-
standing some aspects of low frequency (interannual)
variability. Webster (1981, 1982) and Hoskins and
Karoly (1981) have shown that the teleconnection
patterns associated with Rossby waves excited by
equatorial diabatic heating anomalies are sensitive
to the basic-state zonal wind field. Thus, the char-
acter of such patterns should depend sensitively on
the location and strength of any equatorial westerly
wind duct. To a large extent the climatological mean
state of the tropical atmosphere depends on the trop-
ical sea-surface temperature distribution. Thus, dur-
ing El Nifio periods interhemispheric interactions
due to meridional wave propagation should be
strongly affected. Similarly, wave trains excited in
midlatitudes (e.g., by topographic forcing) may be
reflected at a tropical critical line or propagate into
the opposite hemisp ﬁuere depending on the zonal wind
distribution in the kropics [The occurrence of such
reflection requires ‘hat the critical line dynamics be
nonlinear. A linear|critical line would absorb rather
than reflect.]

The equatorial westerly duct may also account for
some of the low-frerquency variability seen at higher

f
[
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latitudes. Lau (1981) has shown using a long time
series generated by the GFDL spectral general cir-
culation model that there exist a few “centers of low
frequency action” in the Northern Hemisphere. As
the boundary forcing in the model had only an annual
cycle, Lau interpreted the interannual variability in
the model as resulting from natural randomness of
the system.

One of Lau’s centers of low frequency variability
is in the Eastern North Pacific Ocean in agreement
with observations. Most workers have interpreted
this variability in the atmosphere as resulting from
meridional propagation of wave modes excited by
equatorial sea-surface temperature anomalies
(Webster, 1981b), although this mechanism seems
to contribute only ~30-40% of the total observed
variance. However, it should be noted that this region
of strong interannual variability lies poleward and
eastward of the equatorial westerly duct. Conse-
quently, Lau’s centers of low-frequency variability
may be coupled in some manner to low-frequency
or transient features of the opposite hemisphere

" whose influence waxes and wanes with the seasonal
variability of the equatorial westerly duct.

Although many aspects of the problem remain
unexplored, we can state with some confidence that
the interhemispheric response depends primarily on
the strength of the local westerlies at the equator
rather than whether the zonally-averaged zonal
wind component at low latitudes is negative or pos-
itive. This probably means that except for planetary-
scale modes, we must reconsider the concept of a
critical latitude and substitute the concept of a lon-
gitudinally varying critical line. The problem is in
some ways analogous to the vertical wave propaga-
tion problem. Just as in that case, where the vertical
group velocity must be considered in conjunction
with the zonal group velocity, it would appear that
here we must consider the meridional group velocity
component.

Finally it should be noted that the inferences we
have drawn concerning cross-equatorial propagation
in the real atmosphere require consideration of the
full atmospheric spectrum of transient wave phase
speeds. Our discussion has implicitly assumed that
the waves are zonally stationary (¢ = 0). However,
the arguments given should hold equally well if we
consider the critical line 7 — ¢ = 0 where the Doppler-
shifted phase speed vanishes.
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