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ABSTRACT

A fully nonlinear model is used to reexamine the impact of a zonally varying basic state on the propagation
characteristics of latitudinally equatorially trapped modes. Linear studies have shown that such modes are
longitudinally trapped in regions of negative stretching deformation of the equatorial time-mean zonal flow
(i.e., where U, < 0) forming “accumulation” regions of wave action flux. Furthermore, the accumulation
regions tend to act as local emanation regions to the extratropics. These physical communications between the
tropics and extratropics are referred to as fast teleconnections due to their rapidity (periods of days to weeks)
compared to the much slower climatological differences in the mean states such as occur between El Niiio and
La Nifia. The latter form of communication between low and high latitudes, which is induced by very low
frequency SST changes, is referred to as a slow teleconnection.

It is generally found that accumulation and emanation regions are present in the nonlinear regime with much
the same character as with the linear model. The similarity exists even when realistic forcing functions are used
with amplitudes and temporal and spatial characteristics that correspond to impulsive convection in the western
Pacific Ocean. A description of the convection is given. A diagnosis of the linear and nonlinear results shows
that, in the tropics, the linear advection by the mean flow plays a dominant role and probably is the reason for
the great similarity of the linear and nonlinear tropical atmosphere. However, there are some differences between
the linear and nonlinear results. Nonlinear waves appear to propagate more rapidly through the maximum
westerlies along the equator and with less difficulty than linear waves. The differences that do occur arise from
the nonlinear changes in the tropical mass field, especially in the accumulation zone. Differences between linear
and nonlinear responses in the midlatitude response to equatorial forcing appear to reflect changes in the tropics.
Nonlinear maxima occur poleward of the region of tropical westerlies but only after accumulation has occurred
along the equator.

The results of the study are used to discuss the problem of why there is considerable similarity between simple
linear models and more sophisticated nonlinear models. Such similarity would probably explain why the NMC
and the NEPRF global models exhibit phase locked responses in the middle latitudes to imposed and impulsive
tropical forcing. The role of fast teleconnections in the longer term general circulation of the atmosphere is
discussed, especially during El Nifio and La Nifia. Whereas an aggregate role for the fast teleconnections in
producing very slowly evolving climate features remains obscure, it does appear that the accumulation-emanation
theory may infer different routings for transient communications between the tropics and higher latitudes and
vice versa depending upon the state of the basic flow.
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1. Introduction

In a previous paper, Webster and Chang (1988,
hereafter referred to as WC) demonstrated that the
anomalous perturbation kinetic energy (PKE) maxima
located in the upper tropospheric westerlies of the
tropical mean flow could be explained, at least in part,
by the control of the longitudinal stretching defor-
mation of the equatorial time-mean zonal flow field
(i.e., U,) along the equator on the propagation char-
acteristics of equatorially trapped modes. The WC hy-
pothesis thus added a second mechanism that could
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explain the anomalous PKE in the nonconvective re-
gions in the tropics. The first by Webster and Holton
(1982), discussed the role of the propagation of extra-
tropical disturbances into the tropics through the west-
erlies that span the upper troposphere between the two
extratropical regions. Webster and Holton referred to
the equatorial westerlies as the “westerly duct.” WC
emphasize that the two theories are not mutually ex-
clusive.

In essence, WC were proposing a two time scale the-
ory of tropical motions. The lower frequency flow is
determined by the large asymmetries, longitudinal and
latitudinal, in the sea surface temperature and the sub-
sequent gradients in heating. Through the longitudinal
component of the forcing, asymmetries in the zonal
wind occur along the equator (e.g., Webster 1972 ) that
are sufficiently strong to produce regions of mean upper
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tropospheric westerlies. Such regions are then suitable
for the propagation of active extratropical transients
into the tropics or through the tropics to the other
hemisphere. (See Webster 1983 for a review of the in-
fluence of middle latitude events on the tropical cir-
culation.)

a. The linear wave accumulation-emanation theory

Regions of anomalous PKE have been identified ob-
servationally by Murakami and Unninayer (1972),
Arkin and Webster (1985), and, more recently, by
Webster and Yang (1989). In the WC theory, waves
with a longitudinal group speed component along the
equator, presumably excited by the convective activity
in the regions of upper tropospheric easterlies (see sec-
tion 2), may possess zeros in their Doppler-shifted
group speed (C,y) in the region of negative stretching
deformation of the equatorial time-mean zonal flow;
i.e., where U, < 0.

The theory that explains the accumulation of energy
for an equatorially trapped mode emerges from rather
simple considerations. Consider a wave of frequency
w propagating through a time invariant basic flow (or,
at least, varying at a much longer frequency than the
transient wave ) that varies only in longitude such that
U = U(x). For such waves, the Doppler-shifted fre-
quency wy (=w — kU) must be invariant along a ray
path. Thus, if U changes along a ray then k, the lon-
gitudinal wavenumber, must change. The rate of
change along a ray will be determined by the mode
and the change of U in space. For an equatorial Rossby
wave, WC show that the rate of change of k along a

aw) dw - —k du

ray is given by
+| U+ —=|— —.
( v ok ) ox dx

dk 9k

dat ot
Thus, if U, < 0, a propagating mode must decrease its
scale (i.e., k larger) to conserve its Doppler-shifted fre-
quency. Conversely, if U, > 0, the scale must increase
(k smaller). As the group speed of Rossby modes is a
strong function of k, the Doppler-shifted group speed
also changes as a function of k. WC show that for the
observed values of U and Uy, the Doppler-shifted group
speed of westward propagating modes (i.e., the longer
Rossby modes) goes to zero to the east of the maximum
westerlies along the equator. Recently, Webster et al.
(1989) have shown that modes with initially eastward
Doppler-shifted group speeds (i.e., the shorter modes)
will also be trapped in the tropical westerly regions.’
This heuristic argument is supported by the consid-
eration of the wave action density of equatorially

(1)

! Websteretal. (1989), have shown that the eastward and westward
propagations are comprised of the long Rossby wave packet, which
propagates westward, and a short scale Rossby wave packet, which
propagates eastward. Both sets of modes will accumulate in the neg-
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FIG. 1. (a) The perturbation zonal wind structure for the n = 1,
k = 5 mode for basic states with mean zonal speeds of 10, 0, and
—10 m s™'. Note that the turning latitude of the mode is significantly
more poleward for the westerly basic state than for the easterly basic
state. From Zhang and Webster (1989). (b) Contours of the turning
latitudes of the #n = 1 mode as a function of longitudinal wavenumber
and the basic zonal wind, U (m s™'). The dashed line indicates the
variation of turning latitude and scale of a mode propagating along
the equator from the easterlies (point 4) to the westerlies (point B).
From Zhang and Webster (1989), and Webster et al. (1989) (see
footnote 1).

trapped modes. For a slowly varying basic state, WC
show that the wave energy density, ¢, changes as

O o B¢ _
o Fox

where ¢ = pgh?/2 if h is the perturbation height of a
shallow fluid. Equation (2) shows that regions of neg-
ative stretching deformation are convergent regions of
wave energy density. If the stretching deformation is
positive, the region is divergent.

Zhang and Webster (1989) have shown that the
character of an equatorially trapped mode changes
rapidly as a function of the sign of the basic state. Figure
l1a (from Zhang and Webster 1989, Fig. 6) illustrates
this property of equatorially trapped Rossby waves by
showing the perturbation zonal wind structure for the

(2)

ative stretching deformation region for the observed parameter range.
They refer to the upper-tropospheric westerly regions as a “wave
attractor region” and the two directions of propagation as “for-
ward-" and “backward-accumulation.”
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n=1,k=5mode for U= 10,0 and —10 m s~! basic
wind profiles. Fig. 1b shows the results of a series of
computations over a range of k similar to those that
produced Fig. la contours of the turning latitude of
equatorially trapped Rossby waves with » = 1 as a
function of the basic zonal wind and longitudinal
wavenumber. The dashed line A-B shows the change
in the turning latitude as a mode moves from the east-
erlies to the westerlies. Zhang and Webster showed that
the variation in turning latitude was caused by the
change in the ambient potential vorticity gradient. In
the regions of easterlies, the effective 8-effect decreases;
in the westerlies, the effective 8-effect is enhanced.
Thus, the local Rossby restoring force, and hence the
degree of equatorial trapping, becomes a strong func-
tion of the sign of the zonal wind. Therefore, within
the confines of a rather simple system, Zhang and
Webster suggested that the WC mode emanation could
be interpreted as a “‘swelling” of the equatorially
trapped mode as it moves from one environment to
another. Such behavior appears to be consistent with
the phase locked teleconnection patterns noted obser-
vationally by Lau and Phillips (1986 ) in the 40-60 day
period band. »

In summary, the locations of energy accumulation
regions and emanation of energy of transient modes
to higher latitudes appear to be determined entirely by
the structure of the mean flow at low latitudes, irre-
spective of the location of the forcing along the equator.

b. Linearity versus nonlinearity

Webster and Chang used analytic and linear nu-
merical methods to reach their conclusions regarding
the importance of longitudinal variations in the low
latitude basic winds. Although the results from the
study appeared to be consistent with those of O’Lenic
etal. (1985), Samel (1987), Frederiksen and Webster
(1988) and Gelaro (1989),2 all of whom reported on
a series of experiments using global spectral models,
the numerical model used by WC was linear. This
agreement between two very different model types, one
a linear free surface barotropic model and the other a
fully nonlinear general circulation model, would in-
dicate that the processes occurring in the real tropical
atmosphere appear to be ostensibly linear. However,
to test this hypothesis and determine how robust the
linear results are and how nonlinear interactions may
modify the results, we must rerun the experiments
conducted by WC with a fully nonlinear model and
carefully compare and diagnose the results from the
two models.

There have been a number of previous studies that
have compared linear and nonlinear results, although

2 Gelaro studied the influence of perturbations in the tropical
western Pacific Ocean on the middle latitudes using the NEPRF gen-
eral circulation model.
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most of these were based on either a motionless or a
uniform basic state (e.g., Boyd 1980, 1983; Gill and
Phillips 1986; Hendon 1986; Van Tuyl 1986, 1987;
Sardeshmukh and Hoskins 1988, among others). Only
a few studies (e.g., Simmons 1982; Simmons et al.
1983; Branstator 1985) compared linear and nonlinear
results within nonuniform climatological mean states.
However, we are unaware of diagnostic studies that
attempt to illustrate how nonlinear interactions modify
linear results.

In the current study we will compare linear and
nonlinear results of the WC free surface barotropic
model and use them to isolate the important mecha-
nisms that determine tropical wave longitudinal
trapping and emanation, and, specifically how the
nonlinear interactions modify the linear results, if at
all. A principal aim of the study is to determine why
the tropical atmosphere appears to retain many aspects
of the linear system.

¢. Forcing fields

In a nonlinear regime, the magnitude of the forcing
function becomes very important. In the original
Webster and Chang study, the main emphasis was on
the location, scale, and duration of the convective forc-
ing function, and because it was a linear study, the
magnitude of the forcing was essentially arbitrary. In
section 2, we go to some effort to determine an appro-
priate magnitude for the impulsive transient forcing
that appears to possess maximum amplitude in the
western Pacific and eastern Indian ocean regions.
Clearly, we will have to differentiate between long-term
average forcing and the higher frequency aggregates of
this forcing.

In section 3, a diagnostic scheme is developed to
facilitate the comparison of linear and nonlinear results.
The emphasis is on deriving a set of equations that
spell out the physical mechanisms of the difference be-
tween the linear and nonlinear effects. In the fourth
section, the nonlinear results and their dependency on
the equivalent depth of the fluid are discussed. Section
5 shows how the nonlinear response evolves over a
period of time and in section 6,the physical mecha-
nisms responsible for the linecar and nonlinear fields
are studied in detail. The discussion is drawn together
in the last section.

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
(e.g., Arkin and Meisner 1987). Figures 2a and 2b show
the boreal summer (upper right-hand panel ) and winter
(upper left-hand panel) OLR distributions in the
equatorial strip. Concentrating on values of OLR < 240



15 NOVEMBER 1990

OLR FOR DJF

. LATITUDE

HAI-RU CHANG AND PETER J. WEBSTER

LATITUDE

OLR FOR JJA

-40 22y /\J\j\

-60 0 60 120 180 240 300
LONGITUDE

30°N 1

i A i " A n

-
)2

e —
e ——
\ Frso> -
!
. 1

9

R

ANMUAL

Ty T * T v \ v a T
103°E 120° 138 130°* 189°¢ 190° 163w 130° 13%° 120° 108 s0°

FIG. 2. (a) The boreal winter (DJF), (b) summer (JJA) satellite sensed out-going longwave radiation (OLR; units: W m ) plotted as a
function of longitude and latitude. Fields are averaged using data from 1974-85. (¢) The mean annual precipitation estimated from island
measurements by Taylor (1973). (units: mm.) Note the similarity of the annual OLR distribution over the Pacific region (Figs. 2a, b) to

the rainfall distribution where the 250 W m™ corresponds roughly with the 1500 mm rainfall contour.

W m % we note that there are three major minima:
over equatorial Africa, over the central Americas and,
the largest, over the eastern Indian Ocean and western
Pacific Ocean that spans Indonesia. All three centers
show an annual cycle with a migration towards the
summer hemisphere. At all times of the year, a large
minimum remains in the western Pacific Ocean. By
extension ( Arkin and Meisner 1987), we can infer that
intensive precipitation occurs throughout the year.
Heating functions derived from such precipitation dis-
tributions have been used to drive steady state circu-
lation models in an attempt to model the mean tropical
circulation (e.g., Webster 1972, 1981, 1982; Opsteegh
and van den Dool 1980; Hoskins and Karoly 1981).

3 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 es-
timate of precipitation as both stratus layers and desert areas are also
bright. Thus, a certain degree of subjectiveness was required.

To a large degree, these models were able to simulate
and explain the strong three-dimensional character of
the mean tropical flow.

Accurately assessing the magnitude of the western
Pacific Ocean precipitation is rather difficult. Figure
2¢ presents an estimate of the Pacific Ocean annual
precipitation using island data (Taylor 1973). The
analysis shows a broad region of precipitation in the
western Pacific Ocean of order of 3-5 m and an elon-
gated maximum north of the equator. The first feature
appears to be associated with the warm pool region of
the western Pacific Ocean (i.e., sea surface temperature
>28°C) and the second with the Intertropical Con-
vergence Zone (ITCZ). Whereas it is very difficult to
determine absolutely if the magnitudes of Taylor’s
analysis are representative away from the islands, the
satellite estimates of Motell and Weare ( 1987) indicate
that the patterns of precipitation are reasonable, at least.
The task is to determine the heating associated with
this precipitation, the transient components of the
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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.

a. Mean heating rates in the warm pool regions

Using an estimate of 3-4 m as the annual precipi-
tation over the western Pacific Ocean from Fig. 2, the
equivalent heating rate per unit mass of air can be cal-
culated to be about 2°C day ™. An estimate of the av-
erage divergence associated with the heating can be
calculated by assuming a rough balance between dia-
batic heating and the ensuing adiabatic ascent (e.g.,
Webster 1983). For a simple vertical structure extend-
ing through the entire tropical troposphere with a
maximum in the middle troposphere, the resulting low
level convergence associated with the 2°C day ™! heat-
ingis 0.6 X 10%s™.

We can check this estimate with divergences ob-
tained from the European Centre for Medium Range
Weather Forecasting/World Meteorological Organi-
zation (ECMWF /WMO) global analysis datasets. The
datasets consist of six physical variables at seven stan-
dard pressure levels listed twice per day (12 and 00Z)
on a 2.5° X 2.5° latitude-longitude grid. Figures 3a
and 3b show the annual average (upper panel) and a
series of bimonthly averages (lower panels) of the hor-
izontal divergence at 850 mb and 200 mb, respectively,

along the equator between 90°E and 150°W for the -

year 1980.

At 850 mb (Fig. 3a), the region between 140°E and
180°E shows persistent convergence of magnitudes of
—1to —2 X 10~%s~!. The region of convergence spans
the maritime continent of Indonesia extending from
the warm waters of the eastern Indian Ocean to the
western Pacific Ocean warm pool. During the boreal
summer, substantial convergence exists in the Indian
Ocean. Very strong upper level divergence is apparent
over the Indonesian west Pacific region at all times of
the year. Clearly, between Figs. 3a and 3b, it is obvious
that there is strong heating in the mean between about
140°E and 180°E. However, Fig. 3 does not show the
spatial and temporal scales of the higher frequency or-
ganized divergence that aggregates to provide the mean
divergence fields.

b. Low frequency variations in the heating rates in the
warm pool regions

Figures 4a—d show longitude time sections along the
equator of daily values of the divergence (units 107¢
s~ ) between 90°E and 150°W. Each panel shows two-

- month segments. Regions of convergence are shaded.
By comparing these sections with Fig. 3, we can see
that the moderate values of net convergence are re-
placed with large amplitude, low frequency features.
Indeed, values often exceed —5 X 107 s™! for periods
of days and on scales of order 3000-5000 km. That is,
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the annual divergence pattern over the warm pool re-
gions is made up of a series of strong episodic events.
Such events have been referred to as “super clusters”
by Nakazawa (1988) and Lau et al. (1989). Figure 4
indicates that the “super clusters” are associated with
convergence with magnitudes of an order of magnitude
greater than the annual mean. Thus, the heating rates
assocliated with the episodic events range from 10° to
20°C day ™! and have typical periods of days and lon-
gitude scales of 3000-5000 km.

c¢. Formulation of a realistic transient tropical heating
Jfunction

We utilize a free surface barotropic model (see
Webster and Chang 1988 and section 3 of this paper).
In such a system, an equivalent divergence function
acts as a mass source-sink function. With the diver-
gence fields displayed in Fig. 4 in mind, we define an
appropriate transient forcing function as

m(x, y, t) = EJ(x, y)7(¢t) (3)
where E is the mass source-sink amplitude and J and
T are the spatial and temporal functions. The magni-
tude of E depends on the equivalent depth. For a 2000
m equivalent depth, the value of E is set at 5 X 1073

ms™h
_ 2
J(x,y)= eXp(— ‘_).c_.z_ﬂ) exp(_. ly 4)@) @)

and

7(t) = (£*/24°%) exp(—t/A) (5)
where A is set at 2 days.

Figure 5a shows the variation of the amplitude func-
tion with respect to time [i.e., 7(¢)]. The left-hand or-
dinate scale shows the mass source term while the right-
hand scale shows the equivalent divergence associated
with the episodic forcing. The equivalent divergence is
calculated from (3) and the linear model of WC. The
lower curve in Fig. 5a shows the amplitude function
used in WC linear calculations. Figure 5b plots the
assumed horizontal distribution function J(x, y) in
the western Pacific region.

3. Decomposition of the steady state, linear and dif-
ference fields

The model used in the study is identical to that used
by Webster and Holton (1982) and Webster and Chang
{1988). The model is a free surface barotropic equa-
torial channel model with boundaries at 60°N and
60°S. The numerical schemes are semi-implicit in time
and semispectral in space. The governing equations
are
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FIG. 3. Longitude sections of the 850 mb (left column) and the 200 mb (right column) divergence plotted around the equator for the
year 1980. Top diagram shows the annual divergence distribution. The lower panels show the mean two-monthly values. Units: 1076 s™!,

8U oH fluid, M is the mass source or sink distribution that
ot _f V+I(U)=-¢ ax U =0Us) (6)  gorces the system, « the coefficient of the Rayleigh

damping, U, a zonally symmetric climate state, and 6,
Vv + U+ I(V) = oH (7) 2 Dirac delta function that is zero for all components

ot g ay avs of the basic state except for the zonally symmetric state

and U,. Here I(U), I(V'), and I( H) are the nonlinear terms:
oH oU

—(—9—+1(H) (8) I(U) = Ua_+ V@ (%)

in which U and V represent longitudinal and latitudinal IV)=U v Ty av (10)

velocity components, H represents the depth of the Ix ay



2630

and .

0 9
I(H)=— (UH) + — (VH). (11)
ox ay
The map scale factors have been omitted from (6)-
(11) for simplicity. However, they are included in
Webster and Holton’s (1982) formulation.

850 mb HORIZONTAL DIVERGENCE

ALONG EQUATOR

January - August 1980

120E
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To produce an initial mean steady state with a lon-
gitudinal and latitudinal structure, system (6)-(8) is
integrated with a steady forcing [i.e., a time invariant
form of M in (3)] in the same manner as in WC until
a steady state response is reached. The functional form
of M in (8) is identical to (46) of Webster and Chang
(1988). Figure 6 shows the mean wind and height field

FiG. 4. 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 bimonthly lower tropospheric divergence fields shown
in the left column of Fig. 3. Shaded areas denote convergence. Heavier shading indicates convergence >2
X 1076 s~! and the heaviest shading >4 X 107® s™'. Note the prolonged periods of convergence occurring

along broad regions along the equator.
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FIG. 5. (a) The time evolution of the forcing function defined in
(1). The right-hand side refers to the equivalent divergence (units:
1078 s7"). (b) The spatial distribution of the forcing is normalized
to a value of 5.

distributions so produced, which correspond to the
“strong westerly” case of WC (their Fig. 12a). The
points A, B, C and D in Fig. 6 are the centers of the
transient forcing used in WC.
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In order to illustrate the nonlinear effect more
clearly, we rearrange the governing equations in the
following manner. First, we separate the total responses
as

Ulx,y, 1) = Udx, ) + un(x, y, 1)
V(x,y,8)=Vix, )+ uu(x, p, t)
H(x,y, 1) = Hd(x,y) + ho(x, y, 1)

M(x,y, t)=M(x,y)+ myx,y,t) (12)

where the subscripts s and # indicate the steady state
basic flow and the nonlinear response.

In order to differentiate between the linear and non-
linear responses, we define the following difference
fields as

Ug = U, — Uy
Vg=0U,— U
hd=h,,—h1 (13)

where the subscripts / and d denote the linear fields
and the difference between the nonlinear and linear
fields, respectively.?

Substituting (12) and (13) into (6)-(11) allows the
equations to be broken into four sets representing the
steady background fields and the nonlinear, linear, and
difference fields, respectively. The background fields
must be governed by the following set:

U, oU; dH,
ax Vs dy /Vste x

+ a(Us — 60Up) = 0

Us
(14)
4 The linear set of equations has the same form as that in WC and

are not repeated here for brevity. Interested readers can refer to section
4 of WC.

605 [y

0 6oL 1201

180 120W B80W 0

FIG. 6. The basic fields used in the study. Vector arrows denote the wind field. The longest
vector is 30 m s~!. The contours represent the height field (units: m). The shaded areas show the
location of the easterly winds, B shows the location of the forcing shown in Fig, 5.
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av; av;

-5 9 S = 1
U, 6x+VS 3 +fU, + 3 =0 (15)
and
—[(Hoo+H)U]+ [(Hoo+H)V]~
(16)

in which Hyo represents the domain-averaged depth of
the fluid. Equations ( 14)-( 16) are solved numerically
as described by WC. For a given M, the set is integrated
in time until a steady state solution is obtained. Figure
6 shows the basic field used in the study, which was
produced by integrating the sets of (14) to (16) until
convergence occurred. The shaded areas denote the
easterly regimes. The letters signify the locations of
forcing used in the WC study.

The linear, nonlinear, and difference field governing
equations may be obtained by setting i = /, n, and d,
respectively in the following set:

By
i)u'+X+Lu, ﬁ),+g%——0 (17)
Byt sn+ePico (8
” iteg,
and
on;
— + Z;+ Lh; = mi(x, y, 1) (19)

ot

where m;(x, y, t) = 0 if i = d, and the operators are
defined as

Lui(x, y) =—~(Usu,)+ (V w)  (20)
i)
Lvi(x,y) = g;(Usvi) + 5 (Vi) (21
and
du;
Lhi = H()o( au + ((99;)/) ( su:) + (Hsvi)
A | *VB
(22)

Here X;, Y; and Z, are the nonlinear operators that are
zero for i = /. They are defined as

ou, ou,,
i = Up— + U, 2
Xi=u p v 3 (23)
av av, -
i= Un n+ n_n’ 24
Yi=u o v % (24)
-and
(h Un) + (h V). (25)
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In the following sections, we will force the nonlinear
and linear models with the episodic forcing described
in section 2. These two systems will be analyzed and
the robustness of the WC accumulation-emanation
theory, that is, the degree to which the theory tran-
scends nonlinearity, will be tested.

4. Nonlinearity and equivalent depth dependencies

Figure 7 shows longitude time sections along the
equator of the zonal velocity perturbation for two dif-
ferent equivalent depths, 2000 m and 500 m. The 2000
m depth is the same as that chosen by WC. In each
case, the linear, nonlinear, and difference fields, as given
by (17)-(25), are shown. The motion was forced by
the function displayed in Fig. 5 and functions (4) and
(5) at location B in Fig. 6.

There are two principal features evident in Fig. 7.
The first is that there is a great similarity between the
responses of the two fluids of different equivalent
depths. Both show accumulation in the region of neg-
ative stretching deformation (cf., Fig. 6 ), which occurs
at roughly the same time. One of the major differences,
however, is that to the west of the accumulation zone,
the power of the very long waves is greater in the deeper
fluid in both the linear and nonlinear cases. The reason
for the difference is quite simple. Webster and Chang
show that the westward group and phase velocities in-
crease with increasing equivalent depth, especially for
the longest longitudinal mode. They also show that if
the initial group speed of the mode is sufficiently strong
and westward, the mode could pass through the ac-
cumulation zone and continue its equatorial migration.
Clearly, the long waves apparent in the 2000 m fluid
are the longest, most rapidly propagating modes, much
more rapid, in fact, than their equivalent modes in the
shallower fluid. The second feature of note is that the
differences that do occur between the linear and non-
linear responses happen in the regions of maximum
negative stretching deformation; i.e., in the accumu-
lation region itself as shown in the difference fields in
the bottom panels. The upper panels of Fig. 7 also
indicate that the larger-scale nonlinear waves appear
to penetrate through the accumulation zone with less
difficulty than the similar scale linear waves. We will
examine these differences in section 6. Another feature
of Fig. 7 is that there are indications that the wave
propagation is not completely westward; propagations
also move eastward toward the accumulation zone. The
evolution of the nonlinear response is discussed in the
following section.

5. Evolution of the nonlinear response

As geopotential perturbations are inherently small
at low latitudes (see e.g., Webster 1983), the modal
evolution is easier to follow using the divergence field.
Figure 8a shows a series of latitude-longitude sections
of the divergence during the first 19 days of integration
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FIG. 7. Time-longitude plots of the zonal velocity component (units m s~') around the equator of the linear (upper panels), nonlinear
(middle) and the difference fields (bottom) for fluids of equivalent depths of 2000 m (left column) and 500 m (right column).

using the same parameters as were used in the calcu-
lations shown in Fig. 7 for a 500 m equivalent depth
field. In all sections, the shaded region indicates the
easterly background winds of Fig. 6. Following the im-
posed episodic forcing in the central western Pacific, a
rather complicated mode structure appears along the
equator moving both eastward and westward away
from the source. Given the symmetry of the forcing
about the equator, the responses are also symmetric.
Later in the integration, considerable influences occur
at higher latitudes. Comparing the results with those
shown by WC, emanation from the accumulation re-
gion is apparently a common feature of both the linear
and nonlinear regimes and in both deep (not shown)
and shallow fluids.

Figure 8b provides a summary of the characteristics
of the wave packets along the equator as a function of

time. The paths of different wave packets are identified
from a time and longitude cross section of divergence
field along the equator.’ The characteristics of the three
Rossby wave packets as functions of time and longitude
(labeled as Rossby 1, 2, and 3) and the Kelvin wave
(K) are shown. Such extensions occur only for a Rossby
wave in the vicinity of the equatorial westerlies. The
detailed evolution of the response away from the source
region may be described as follows. The heavy double
line shows the characteristic of the nondispersive Kel-
vin mode. In a 500 m equivalent depth fluid, the mode

° The character of the divergence field can be found in the top
panel of Fig. 11, which shows the evolution of term 4 of (22) or Hy,
[(Qu;/dx) + (9vi/dy)].
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propagates at 70 m s~' or 60° of longitude per day.
Two slowly moving packets (Rossby / and 2) move
eastward and westward away from the source region.
These diverging characteristics represent the effect of
the two-way accumulation of Rossby waves described
in section 1 (Webster et al. 1989). The shorter eastward
propagating packet (Rossby 1) reaches the accumu-
lation zone within a few days. On the other hand, the
westward propagating long wave packet (Rossby 2)
takes nearly two weeks to reach the negative stretching
deformation regions, at least those defined by the sim-
ple flow shown in Fig. 6. A third mode (Rossby 3)
becomes apparent (sec Fig. 7) at about day 11. As the
modes approach the equatorial westerlies, their lon-
gitudinal scale changes substantially as they expand
poleward (i.e., swell) as predicted by Zhang and Web-
ster (1989). Thus, irrespective of the sign of the initial
propagation along the equator, the mode appears to
accumulate into the negative stretching deformation
region near the westerly maximum along the equator.

The hatched area in Fig. 8b shows when the mode
packets extend substantially toward higher latitudes.
Entering the region of equatorial westerlies first, Rossby

5
2
s 10
Q
15
20 n B ""’;A
0° 90°E 180° 90°W 0°
Longitude

FIG. 8b. The characteristics of the Rossby 7, Rossby 2 and Rossby
3 modes and the Kelvin mode (K) obtained from Fig. 8a. The
hatching refers to the time when the mode extends substantially into
the extratropics. Note that the extension does not commence until
the mode packet, either through eastward or westward propagation,
enters the region of the equatorial westerlies.
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1 “swells” first towards higher latitudes. As Rossby 2
and 3 take substantially longer to reach the westerlies,
they do not influence higher latitudes until much later.
Figure 8c shows time sections along the two meridians
160°E (upper panel) and 120°W (lower panel) be-
tween 60°N and 60°S of the perturbation zonal velocity
for the first 25 days of integration. The first section,
which passes directly through the forcing, shows a
strong local response trapped closely to the equator.
After the initial excitation, the region is undisturbed
until the return of the successive Kelvin wave packets
around days 7, 14 and so on, and by the low frequency
long waves that have propagated through the accu-
mulation region. Little variability occurs at higher lat-
itudes along this meridian until day 20. The second
section passes directly through the accumulation zone

° In the context of our model we refer to the higher latitudes beyond
the limit of the equatorial easterlies, as indicated in Figure 6a.

60N

30N

Latitude
o

308

60S

80N

Latitude

Time (day)

F1G. 8c. Latitude time sections along meridians 160°E (upper
panel, section through the forcing region) and 120°W (lower panel,
section through the equatorial westerlies) of the divergence field (units:
1076571y,

FIG. 8a. Time evolution of the nonlinear divergence field (units: 10~ s™') for a fluid with # = 500 m forced at location B in Fig. 6. Plots
are shown at two day intervals for the first 19 days of integration. The sequence shows families of modes moving along the equator and
emanating towards higher latitudes in the vicinity of the equatorial westerlies. The basic field is identical to that shown in Fig. 6 with the
area of easterlies shaded for easier reference. The modal characteristics that make up the sequence are summarized in Fig. 8b. The longest

vector represents 20 m s~' and the contour interval is 3 X 1077 s,
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defined from Fig. 7. Rather rapid perturbation along
the equator occurs that “swells” into the higher lati-
tudes after approximately a week to twelve days. This
earlier extension into the higher latitudes is a manifes-
tation of the eastward propagation of the slow Rossby
wave packet [i.e., the forward accumulation process of
Webster et al. (1989)] discussed above. The important
aspect to be noted here, though, is that the perturbation
of the higher latitudes in the vicinity of the equatorial
westerlies occurs well in advance of the perturbation
at higher latitudes near the longitudes of forcing. The
preferential propagation in the westerlies appears to be
consistent with the theoretical works of Hoskins and
Karoly (1981), Lim and Chang (1983), Zhang and
Webster (1989) and many others. Although the first
two works focus on stationary waves, and all considered
simpler zonally averaged states than considered here,
all studies found greater lateral propagations in westerly
rather than in easterly basic states.

6. Diagnostics of the nonlinear fields

Figure 7 indicated that there was considerable sim-
ilarity between the linear and nonlinear results. The
difference fields, however, though small over most of
the domain were largest in the accumulation zone. De-
spite these differences, the phenomena of accumulation
appeared to extend from the linear to the nonlinear
regime. In order to understand the modifications made
by the nonlinearity of the system, and to understand
why the impact is relatively minor, it is necessary to
consider the individual components of the set
(17)-(19).

Figures 9 and 10 show longitude time sections of the
components of the zonal wind equation ( 17) averaged
over the bands 0° to 10°N and 30°N to 40°N, respec-
tively. The fields shown are the linear advection terms
(Luy,, defined in 20), the Coriolis term (fv,), the zonal
pressure gradient (gdh,/dx), the nonlinear advection
(X;) and the ageostrophic zonal wind component (— fv,
+ godh,/dx). To decipher the important physical pro-
cesses, it is necessary to separate the equatorial strip
into two regions, the accumulation region near 120°W
and the remainder of the domain. Away from the ac-
cumulation zone, the flow is basically geostrophic with
the Coriolis term being balanced by the zonal pressure
gradient. Here, the ageostrophic term only assumes
considerable values periodically with the passage of the
Kelvin wave. Within the accumulation zone, the bal-
ances become much more complicated. The ageo-
strophic and nonlinear terms increase by over two or-
ders of magnitude. At higher latitudes (Fig. 11), the
flow is effectively geostrophic until about day 10, at
which time the ageostrophic and nonlinear terms grow
considerably. Note, though, that these terms grow in
the longitudes of the accumulation zone, which we have
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anticipated from Fig. 8c. Clearly, the rionlinearities and
ageostrophic motions are a result of processes origi-
nating in the accumulation zones of the equatorial
westerlies.

Figures 11 and 12 show the components of the /-
equation (19) averaged between 0°~10°N and 30°N-
40°N in the same time-longitude form as in Figs. 9
and 10. The panels show, respectively, the divergence
term (A in 22), the h-advection term (B in 22) and
the nonlinear terms (Z; in 25). Basically, the structure
is very similar to the momentum equations. The terms
are generally bigger in the accumulation zone than
elsewhere except with the passage of the Kelvin wave
that is highly divergent. The passage may be seen in
the large values of divergence propagating eastward.
The nonlinear terms do not become large at higher
latitudes until a number of days have passed.

Early in the integration, the divergence term, reflect-
ing the forcing function, is dominant. Later in the in-
tegration, the structure of the terms in the continuity
equation is very similar to the momentum equation.
The initial large amplitude of the divergence makes it
difficult to compare the relative significance of the dif-
ferent terms in (19). However, if we set i = d in (22),
the difference fields simplify the comparison simply
because the initial divergence fields have very similar
magnitudes in the linear and nonlinear domains. Fig-
ures 13 and 14 repeat the diagnostics of the height
equation shown in Figs. 11 and 12, except for the dif-
ference fields. From the last panels of Figs. 13 and 14,
it is clear that the nonlinear interactions between the
velocity and mass fields are important in creating the
differences between the linear and nonlinear results at
low latitudes, but of little consequence at higher lati-
tudes. We have also calculated the difference terms
within the zonal momentum equation [i.e., by setting
i = din (17)]. Here the effects of the nonlinear inter-
actions [i.e., X;in (17)] are not so obvious when com-
pared to Fig. 13. Thus, the model results suggest that
the differences between linear and nonlinear fields first
appear in the mass fields. Subsequent differences in the
momentum fields reflect and nonlinear interactions
between the mass and velocity fields.

In summary, there appears to be significant vari-
ability in the magnitude of the terms of the equations
between the accumulation region and the rest of the
domain. However, if we return to the earlier figures
(note, especially, Fig. 7), there appears to be very little
difference between the linear and nonlinear responses,
even when realistic values of forcing were used. That
is, accumulation still occurs in the regions of negative
stretching deformation even though the differences be-
tween the linear and nonlinear fields maximize in this
region. Probably, the reason for the similarity is that
the ageostrophic and nonlinear advection terms tend
to cancel each other. In other words, the difference
fields of Fig. 7 are comprised principally of phase dif-
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FIG. 9. Diagnostics of the nonlinear zonal momentum equation as a function of time and longitude averaged between
the equator and 10°N (units: 1078 s~"). Terms are described in the text.

ferences of linear and nonlinear waves. That is, the
wave energy accumulation mechanism is sufficiently
robust to transcend linearity and nonlinearity for re-
alistic parameter ranges.

7. Conclusions
a. Linear and nonlinear accumulation and emanation

In this study we have studied the response of the
tropical atmosphere to episodic forcing of realistic
magnitude to see if the feature of energy accumulation,
evident in earlier linear studies (WC, Frederiksen and
Webster 1988), was sufficiently robust to exist in the

nonlinear regime. It was the intent of the study to de-
termine the dominant mechanisms that produce the
differences, if any, between the linear and nonlinear
results. To facilitate the study we have systematically
diagnosed the linear and nonlinear forced responses in
a steady mean state that varies both in longitude and
latitude. The basic state, shown in Fig. 6, contains both
shearing and stretching deformations with magnitudes
and forms found in the atmosphere.

A number of general conclusions regarding the re-
sponse of the tropical atmosphere to episodic forcing
can be drawn. These are

(1) The phenomenon of energy accumulation of
transient equatorially trapped modes exists in the non-
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linear domain in a fashion very similar to linear re-
sponse. Regions where the stretching deformation is
positive (i.e., dU/dx > 0) are regions of wave action
flux (wave energy density) divergence. On the other
hand, regions where dU/dx < 0 are regions of wave
action flux convergence. Thus, just as in the linear do-
main, the region of convergence occurs to the east of
the maximum westerly wind relative to forcing at any
location along the equator. In that sense, the distri-
butions appear to match observations quite well. Figure
15 shows a result from the diagnostic study of Webster
and Song (1989). The dashed curve shows the variation
of the local perturbation kinetic energy from a zonal
average (i.e., PKE*) averaged between 5°N and 5°S.
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The solid line shows the distribution of U in the same
latitude band. Both curves represent longterm average
boreal winter mean values. Note the correspondence
between the regions of PKE* > 0 and U, < 0.

(ii) The nonlinear experiments show that wave en-
ergy accumulation appears to occur in the negative
stretching deformation region of the basic flow for both
the eastward propagating shortwave packets and the
westward propagating longwave packets. The results
substantiate, to a large degree, the theoretical results
of Webster et al. (1989). The eastward propagating
wave packet, due to the proximity of the forcing to the
westerlies, reaches the westerlies much earlier than the
westward packet, thus influencing the extratropics
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FiG. 10. Diagnostics of the nonlinear zonal momentum equation as a function of time and longitude averaged between
30°N and 40°N (units: 107% s™'). Terms are described in the text.
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FIG. 11. Diagnostics of the nonlinear height or continuity equation
as a function of time and longitude averaged between the equator
and 10°N (units: 107°s7!), Terms are described in the text.

much earlier where extensive lateral “modal swelling”
occurs, as predicted by Zhang and Webster (1989).
(iii) Both the linear and nonlinear results show a
relative independence to the equivalent depth of the
fluid as indicated by the similarity of the response to
forcing for 2000 m and 500 m fluids. The only differ-
ence is that the accumulation zone in the 500 m fluid
more effectively traps the longer modes than does the
deeper fluid. We have offered a simple explanation for
this phenomenon. As the group and phase speeds of
the Rossby waves increase moderately with the equiv-
alent depth of the fluid (see Fig. 6, WC), the very long-
est waves will approach the negative stretching region
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with a slower westward speed as the equivalent depth
decreases. As explained by WC, only those modes with
a very fast westward translation can escape zeros in
their group speeds. Thus, the slower longer modes in
the shallower fluid are now trapped.

(iv) The maximum differences in the linear and
nonlinear responses for the range of equivalent depth
considered, occurred in the accumulation zone itself.
Most of the differences (see the bottom panels of Fig.
7) appear to be understandable in terms of the phase
differences of linear and nonlinear waves propagating
along the equator. This observation appears to be con-
sistent with Simmons (1982), Simmons et al. (1983),
Branstator (1985) and Hendon (1986). Elsewhere

Nonlinear results
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FIG. 12. Diagnostics of the nonlinear height or continuity equation
as a function of time and longitude averaged 30°N and 40°N (units:
1075 57!}, Terms are described in the text.
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. Difference between
linear and nonlinear results
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FIG. 13. Diagnostics of the height or continuity difference equation
as a function of time and longitude averaged between the equator
and 10°N (units: 107%s™'). Terms are described in the text.

along the equator, there is very little difference in the
response. Given the similarity of the linear and non-
linear results, it is not entirely surprising that many of
the very large scale characteristics of a GCM can be
simulated by much simpler models if the full variation
of the basic state is taken into account (e.g., O’Lenic
et al. 1985; Branstator 1985).

(v) From a careful examination of Figs. 8a and 8c,
it can be seen that nonlinearities only appear in the
extratropics after a number of days and then only di-
rectly poleward of the equatorial accumulation zone.
The inference is that the extratropical nonlinearity
originates in the tropics.
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(vi) The diagnosis of the linear results (see Figs. 7
and 9-14) indicates that linear advective processes in
the tropical regions are very important in the zonal
wind balance owing to the nonuniformity of the basic
wind field. However, linear advection only plays a sec-
ondary role in the extratropics where the forced re-
sponse is nearly in geostrophic balance. For the me-
ridional wind component, the linear advection is also
of secondary importance. In the continuity equation,
the largest term is the perturbation divergence asso-
ciated with the domain averaged height [i.e., Hyo(0u;/
dx) + (dv,/dy)] with the position of maximum am-
plitude shifting with time to the accumulation region.
At this stage, linear height advection becomes an im-
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FIG. 14. Diagnostics of the height or continuity difference equation
as a function of time and longitude averaged between 30°N and
40°N (units: 107%s™!). Terms are described in the text.
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FI1G. 15. Longitudinal variability of the longitudinal stretching de-
formation ( U, : solid line) of the basic flow and the deviation of the
perturbation kinetic energy from the zonal average (PKE*: dashed
line) in the latitude band 5°N-5°S for the boreal winter.

portant factor. Clearly, even in the linear regime, the
impact of a latitudinally and longitudinally varying
basic state will cause large variations in the transient
response, especially in the tropics. Thus, the use of
models with motionless basic states (e.g., Matsuno
1966, or Gill 1980) or with a basic state containing
only latitudinal shear for anything but for the response
of the atmosphere to time independent forcing may
only produce limited results.

(vii) The diagnosis of the nonlinear results (see Figs.
9-14) showed that the nonlinear advections are of the
same order of magnitude as the linear advections. As
with the linear advections, the nonlinear advections
are much more important in the tropics than in the
extratropics. In the nonlinear calculations, the largest
term is the pressure gradient term which is compen-
sated somewhat by the nonlinear advection. Exami-
nation of the mass field shows that, in the tropics, the
nonlinear interaction between the perturbation velocity
and the mass fields is a dominant term, especially early
in the integration. At higher latitudes, the importance
of the nonlinear terms diminish in importance. Thus,
in the model calculations, most of the nonlinear mod-
ifications are created first by nonlinear interactions be-
tween the perturbation mass and velocity fields and
the divergence associated with u,, v, and Hy in the
tropical regions and in the accumulation zones, in par-
ticular.

b. Uncertainties and extensions

The results from this study and also from WC point
towards some particular problems that need attention.
In particular, we are most concerned with the role of
stretching deformations at higher latitudes. Are Rossby
waves affected in a similar fashion by the basic state
as those in higher latitudes? Also, what is the role of
the fast teleconnections in the longer term interannual
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variability of climate? Do the fast teleconnections ag-
gregate to cause longer term climate changes or are
they “passive passengers” along conduits determined
by the slowly modified basic states involved in the in-
terannual variability?

1) RELATIVE ROLES OF STRETCHING DEFORMA-
TION IN THE TROPICS AND THE EXTRATROPICS

The model results indicate that advective processes
only play a minor role in the extratropics. However,
this conclusion may be misleading owing to the dis-
tribution of our idealized mean state shown in Fig. 7.
In our mean field, the mean-flow stretching deforma-
tion in the tropics is much stronger than in the mid-
latitudes. Webster and Chang (see their Fig. 3) showed
that the extratropical stretching deformation was at
least as large as the tropical values. The motivation for
the choice of the basic field in this study was the need
to emphasize the tropical flow characteristics as best
as possible and to isolate tropical phenomena. How-
ever, this does not mean that stretching deformation
at higher latitudes is not unimportant. In fact, Farrell
and Watterson (1985) have illustrated that the stretch-
ing deformation was important for extratropical cyclo-
genesis and wave propagation. Thus, to determine the
real importance of advection in the middle latitudes,
an observed mean climate state must be used, or at
least, a basic state that more honestly mimics the ob-
served flow at higher latitudes.

2) THE ROLE OF “FAST TELECONNECTIONS” IN THE
INTERANNUAL VARIABILITY OF CLIMATE

Recently, Sardeshmukh and Hoskins (1988) in-
vestigated the distribution of global rotational flow
forced by a specified divergence source in a steady state
tropics. Their emphasis was on the long-term mean
anomaly flow associated with interannual variability
as distinct from the transient modes discussed in this
study. They found that the basic characteristics of linear
and nonlinear results are the same and that the advec-
tion of vorticity by the divergent component of the
wind is very important in determining the slow tele-
connection patterns between the tropics and the extra-
tropics. To some extent, even with the large difference
in time scales, these two results coincide with the con-
clusions that emerge from sections 5 and 6. We note,
though, that the divergence fields in our model are
prognostic in contrast to the specified values of Sar-
deshmukh and Hoskins.

Many of the earlier studies (e.g., Webster 1981, 1982;
Hoskins and Karoly 1981; Opsteegh and van den Dool
1980) dealt with the steady state response of a zonally
symmetric atmosphere to variations in stationary forc-
ing. The aim was to model the consistent climate state
relative to different imposed boundary conditions. All
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of these studies found, to one degree or another, dra-
matic differences to (say) the displacement of anom-
alous sea surface temperature anomalies or specified
convective heating in the tropics. In the study here, we
have come to two conclusions. The first is that the
basic flow determines almost entirely the regions of
accumulation and emanation and, thus, the corridors
of propagation through which the transients may in-
fluence the higher latitudes. The second is that the lin-
ear and nonlinear results, within a very realistic pa-
rameter range, of both the basic state and the forcing
function are quite similar.

The two principal conclusions of the study allow us
to make specific inferences regarding the zero-order
role of accumulating and emanating transients in the
processes determining the interannual variability of
climate. Clearly, such ducted transients have the po-
tential for some importance in connecting the tropics
and higher latitudes on the time scales of days to weeks.
However, because of their linear nature within realistic
parameter ranges, the fast teleconnections would need
to have little direct influence on the slowly evolving
basic state. The basic state, on the other hand, which
is probably the function of a slowly evolving coupled
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ocean-atmosphere interaction, provides different ducts,
or ports, from which transient equatorial influence may
emerge towards higher latitudes.

Examples of the changes of the basic state as a func-
tion of the time of year and as a function of the sign
of the Southern Oscillation Index (SOI) corresponding
to El Nifio (SOI < 0) and La Niiia (8OI » 0) for the
boreal winter are shown in Fig. 16. The DJF and JJA
sections show a considerable difference in the stretching
deformation along the equator. In DJF, maxima in U,
exist in the east Pacific and the Atlantic oceans. A sec-
ondary maximum exists over the Indian Ocean. De-
pending on the strength of the westerly winds poleward
of the negative U, regions, these regions may also be
emanation regions to higher latitudes for the equatorial
transients. In JJA, we might expect there to be minimal
accumulation and emanation as the stretching defor-
mation regions are particularly weak.

Between January 1982 and January 1983, the basic
wind along the equator changes substantially. During
an El Nifo event the maximum negative stretching
deformation regions and maximum westerlies line over
the Atlantic Ocean. During the La Nifia period the
largest accumulation region (Fig. 16d) lies over the
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FIG. 16. Variation of the mean basic flow (U: m s, solid lines) and the longitudinal stretching deformation
(U,: s, dashed lines) along the equator for (a) the long-term mean boreal winter (DJF), (b) the long-
term mean boreal summer (JJA), (c) the boreal winter of SOI < 0 (i.e., El Nifio), and (d), the boreal
winter of SOI > 0 (i.e., La Nifia). Regions of negative stretching deformation are shaded.
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La Nifa

FIG. 17. Schematic diagram showing the impact of different basic
states shown in Fig. 16 on the locations of the emanations to higher
latitudes. The two panels show basic states similar to La Nifia and
El Nifio situations. The broad arrows indicate regions of transient
accumulation along the equator and transient emanation towards
higher latitudes. The shaded regions refer to the equatorial easterlies
that change substantially in location and intensity, thus varying the
stretching deformation along the equator, between extremes in the
ENSO cycle.

eastern Pacific Ocean. If the equatorial transients are
as sensitive to the basic state as they appear to be from
this study, then we would expect a very significant dif-
ference. between the accumulation and emanation
zones for equatorial transients during these phases of
ENSO. Schematic views of the longitudinal distribution
of the accumulation and emanation zones that may
exist for basic corresponding to opposite phases of the
ENSO phenomena (i.e., for the SOI < 0 and »0) are
presented in Fig. 17. Results from models using these
more realistic mean states will be reported in the near
future (Webster and Chang 1990).
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