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ABSTRACT-The response of the tropical atmosphere to 
steady forcing for all four seasons is computed using a 
simple two-layer linear primitive-equation model allowing 
an arbitrary basic flow with two-dimensional shear. The 
character of each seasonal response is studied, and two 
distinct forms of behavior are found. Near the Equator, 
the forcing excites a slowly varying Kelvin wave of the 
time scale of months while, in midlatitudes, the atmo- 
sphere responds via the Rossby mode. Both regimes are 
separated by the critical latitudes existing on the poleward 
limits of the easterly channel of the basic flow. The long- 
wave scale response of the equatorial motions noted by 
Krishnamurti are shown to be the results of the natural 
filtering of the slowly varying Kelvin wave. The temporal 
variation of this zonal circulation is discussed. 

The analysis is extended to infer the behavior and loca- 
tion of transient disturbances in the upper tropical tropo- 

1. INTRODUCTION 

The tropical atmosphere is seen to possess a near- 
complete gamut of spatial and temporal variation, with 
a range that encompasses the short lived small-scale in- 
dividual cumulus cloud and variations of the annual 
cycle itself. Within these limits lie the short-period cloud 
clusters and transient disturbances and hurricaines that, 
together with the steady response of the tropical atmos- 
phere to stationary heating and orography, constitute the 
various average seasonal circulations, each differing 
because of the position of the Sun and the relative location 
of the continents and oceans. 

In  recent studies [Webster 1972, 1973 (hereafter re- 
ferred to as W1 and W2)], the dynamics of low latitude 
large-scale motions of time scales of the order of months 
have been theoretically investigated. Both studies use 
observed mean zonal winds to define a basic state for a 
simple linear and spherical two-layer primitive equation 
model, which was driven by realistic heating and orog- 
raphy functions distributed through the Tropics (local 
forcing). In  the second study, the effect of forcing from 
higher latitudes (remote forcing) was included. It was 
concluded that the latent heating was responsible for 
most of the response near the Equator, but orography and 
remote effects became more important in the subtropics. 
The seasonal response of the December, January, and 
February (DJF) and June, July, and August (JJA) basic 
fields were calculated; and the results were compared with 
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sphere for time scales much less than seasonal. Also shown 
is that the zonal mean flow plus the standing eddies are 
locally barotropically unstable, providing preferred geo- 
graphical locations for the development and maintenance of 
transient disturbances. Such locations are shown to vary 
seasonally. 

Variations of the tropical atmosphere of time scales 
much greater than seasonal also are investigated. It is 
shown that the correlations of Walker may be thought of 
as long-term variations in the seasonal standing eddies, 
which themselves provide a mode of communication 
throughout the tropical atmosphere. Also suggested is that 
the Walker circulation of the tropical Pacific Ocean may 
be thought of as the slowly varying filtered Kelvin wave 
response, within the easterly channel of the basic flow, 
weighted toward the long-wave heating distribution of 
low latitides. 

observed low-latitude fields (Kidson 1968, Kidson et al. 
1969, Krishnamurti 1971b) and with the results of more 
elaborate and complicated general circulation models 
(Manabe et al. 1970). Generally, the simple model was 
able to simulate a t  least the gross features of the low- 
latitude circulation, and the differences found in sub- 
tropical jatitudes (Wl) were minimized by including the 
effects of remote forcing (W2). 

An interesting observation of the results of the studies 
is the manner in which the perturbation velocity response 
(i.e., the velocity field after subtraction of the zonal 
velocity) becomes progressively more zonal with decreas- 
ing latitude. This may be seen in figure 8 where the 
ratios between the computed 250-mb zonal and meridional 
perturbation velocity components for each season are 
plotted as a function of latitude. Figure 8 suggests that the 
flow becomes progressively confined to the latitude 
height plane as the Equator is approached. Poleward, 
the meridional velocity component becomes larger, and 
the forced flow assumes the characteristic wavelike 
appearance as the effect of rotation increases. 

A possible explanation may be that the heating or 
forcing gradient may be so alined that the response, 
down the gradient because of the small rotation effect, is 
in the zonal component. Such a simple explanation is 
rendered questionable by an examination of the heating 
fields (fig. 1) , which show that appreciable meridional 
heating gradients exist across the Equator.iOne of the 
major aims of this paper is to understand the low-latitude 
zonal response to forcing functions that need not be 
alined zonally. 
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FIGURE 1.-Seasonal distributions of the perturbation heating (102cal.cm-2.day-*) due to latent heat release in the tropical atmosphere. 
The hatched areas denote regions of relative cooling. 

Such questions have been raised, at  least implicitly, for 
many years. For example, Walker (1923), in .a statistical 
investigation of the long-term variation of the atmosphere, 
found that there were strong correlations between low- 
latitude station pairs for various physical parameters. A 
general review of the many papers of Walker is given by 
Montgomery (1940). Troup (1965) substantiated these 
correlations using longer periods of data. These correla- 
tions and their geographic location strongly suggest a 
form of atmospheric teleconnections and the possibility of 
some form of slowly varying zonal circulation at low 
latitudes. Bjerknes (1969) has drawn particular attention 
to the temporal variation of the zonal asymmetries with 
emphasis on the Walker circulation, a name ascribed to 
the equatorial thermodynamically direct circulation as- 
cending in the western Pacific Ocean and Indonesia and 
descending in the eastern Pacific. An important aim of 
this paper is to define the physical nature of these long 
term low-latitude variations. 

Krishnamurti (1971a, 1971b) has made an. extensive 
observational analysis of the mean circulation of the 
tropical troposphere using data for the Northern Hemi- 
sphere summer of 1967. Besides using the conventional 
network of radiosonde and rawinsonde stations, Krish- 
namurti was able to supplement them with a large number 
of commercial aircraft reports. (Fig. 1.4 in Krishnamurti 
1971b indicates the flight paths of these aircraft.) Supple- 
mental data provide some additional information of the 
flow in the data-sparse northern equatorial Atlantic Ocean 
and the western equatorial Pacific Ocean. However, the 
very low latitudes and most of the Southern Hemisphere, 
especially in the Atlantic and Indian Ocean and the 
southern and eastern regions of the Pacific, still remain 
relatively data deserts. Krishnamurti (19714 concentrates 
on the existence and definition of low-latitude zonal (east- 
west) circulations in the low latitudes for the 1967 summer. 
His observations suggest that the upper level flow in the 
Northern Hemisphere is dominated by the outflow as- 
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sociated with the Indian monsoon system. Besides this 
dominating feature, Erishnamurti shows a number of 
lesser circulations and suggests that the Walker circula- 
tion of Bjerknes (1969) is merely a southern extension of 
this major circulation. The definition of this circulation, 
its physical nature, and the annual variation of similax 
low-latitude circulations is an important consideration of 
this paper. 

Then, there are three major reasons for making this 
further study of the zonally asymmetric quasi-stationary 
motions of the tropical atmosphere. The f i s t  is to extend 
the analysis of the low-latitude circulations to a complete 
year and determine if the zonal circulations sensed by 
Walker (1923) and noted by Bjerknes (1969) and Krish- 
namurti (1971~)  are apparent in other seasons besides the 
Northern Hemisphere summer and investigate their phys- 
ical nature. The second is to see if it is possible to  infer 
the nature of shorter time-scale variations from the sea- 
sonal mean fields. The third reason is to determine why 
Walker (1923) and Troup (1965) found correlations be- 
tween various station pairs using long periods of data. 

Specifically, we will use the simple model detailed in 
both W1 and W2 to study the low-latitude circulations 
for the four seasons DJF, March through May (MAM), 
JJA,  and September through November (SON). From 
the response of the seasonal basic fields to specific seasonal 
forcing, we will study the variation of the intensity and 
position of the low-latitude circulations and attempt to 
determine their physical nature. Using the computed 
seasonal average circulations, we shall make inferences 
regarding both the short- and long-term variations of the 
response. 

2. SEASONAL FORCING FUNCTIONS 

In this study, the model will be driven in an identical 
manner to that in W1 and W2. Since the effect of sensible 
and direct radiational heating were shown to be relatively 
unimportant functions compared to the effect of latent 
heat assession by the atmosphere, they will once again. be 
neglected. Thus, only the effect of orography and latent 
heating will be considered. 

Although the release of latent heat is very large, it  is 
really a secondary effect because this form of heating is 
completely dependent, at  least initially, upon other factors 
or forcing to provide the necessary phase change. For 
example, the effect of sensible heating of a column of air 
may initiate the liberation of large amounts of latent heat. 
However, because of the very simple model we consider 
here, the gross simplification of the hydrology cycle re- 
quires that we treat the latent heating as some known 
function. 

The distribution of latent heat in the tropical atmos- 
phere is determined in an identical manner to that in W1. 
Because of the scarcity of data in the Tropics, especially 
over the vast ocean regions, the determination of the func- 
tion using precipitation data is unsatisfactory. To over- 
come this, we devised an alternative method that shows a 

minimum of bias between continental and oceanic regions. 
The following is an outline of the implicit scheme: 

1. From the global time-averaged satellite brightness or visual 
albedo mosaics (Taylor and Winston 1968), an estimate of the sea- 
sonal cloud cover was made over tropical latitudes. These distribu- 
tions were modified by subtracting out bright cloudless areas over 
deserts by using climatological precipitation data. Such regions 
were relegated to the lowest brightness (and so cloudiness) index. 

2. The zonal mean brightness of cloudiness was then correlated 
with a zonal mean latent heat determination made using precipita- 
tion data. In this case, the Northern Hemisphere latent heat esti- 
mates for January and July from Katayama (1964) were used. The 
correlation provides a factor of proportionality between the cloudi- 
ness and latent heat release. This means that an error in Katayama’s 
explicit determination leads only to an error in the magnitude, but 
not the distribution, of our implicit estimation. 

3. Multiplication by the proportionality factor and subtraction 
of the zonal mean from the cloudiness charts yield the spatial devia- 
tions of the latent heat fields. 

The resultant fields are shown in figure 1. One can see 
that, generally, the heating areas (positive) are associated 
with the equatorial continents (Central America and 
Brazil, Equatorial Africa and Indonesia, and Southeast 
Asia) ; whereas the relative cooling regions (negative and 
cross-hatched) correspond to ocean regions. The most 
intense and largest oceanic cooling region appears over 
the equatorial and southeastern Pacific Ocean, being 
strongest in DJF  and MAM and weakest in JJA. Contrary 
to the above rule, relative heating takes place over the 
Indian Ocean in both JJA and SON and persistently in all 
seasons in a band stretching from the northwest to the 
southeast in the South Pacific Ocean. Anomalous cooling 
regions also exist over the arid continental regions of 
North Africa and the Middle East with magnitudes com- 
parable to the oceanic cooling regions. The heating fields 
for both MAM and JJA are dominated by positive heating 
in the regions of Central America and Brazil in the 
Western Hemisphere and over the Indian region in the 
Eastern Hemisphere. The major heating in DJF occurs 
in Brazil and in Southeast Asia and Indonesia. Except 
for considerably weaker heating in the Far East, SON is 
similar to the DJF distribution. 

The implicit method just described requires the use of 
the basic assumption that there is a relationship between 
cloudiness and precipitation (and therefore with latent 
heat release). Whereas this appears to be a rather weak 
assertion, it is perhaps stronger in the tropical atmos- 
phere than elsewhere because of the predominance of 
cumulus-type cloud. To test the assumption, W1 compared 
regions of relatively well-known precipitation with the 
inferred precipitation distributions obtained from the 
latent heat fields. The agreement was fair. In any event, 
it seems that this method provides at least a consistent 
estimate of the latent heat release in the data-sparse 
Tropics. 

In  addition to the heating fields, the model allows the 
interaction of the basic fields with orography that is 
prescribed at the lower boundary. The form is the same 

November1973 J Webster J 805 



c- 
p =I 

p = O  

p=-l 

FIGURE 2.-Schematic representation of 
model. 

as that used in W1 and W2 and can 
of the first paper. 

3. SEASONAL RESPONSE 

the two-layer spheric 

be seen in figure 2A 

The response of the tropical atmosphere to  the seasonal 
heating distributions and orography, discussed in section 
2, will be examined with the aid of the simple model 
developed in W1 and W2. Since the details of the model 
are discussed in both papers, only a brief outline is given 
here. 

The model is a linear two-layer formulation of the 
hydrostatic primitive equations of motion in spherical 
pressure coordinates. The domain of the model extends 
froin pole to pole and includes simple linear dissipation 
laws, which represent surface friction, turbulent exchange 
of momentum in the vertical, and radiative cooling. The 
model was constructed to determine the response of an 
arbitrary basic zonal flow to a known set of forcing func- 
tions. The two-layer model is represented schematically 
in figure 2; and the response of the basic flow, U(B,p), 
is given by the horizontal components of the velocity 
vector (u is the eastward component, and vis the northerly 
component) and the geopotential, 4, at the middle levels 
of each layer (750 and 250 mb) and the vertical velocity, 
a, at their interface (500 mb). 

The four seasonal distributions of the basic zonal 
velocity, U, are shown in figure 3. Each curve is char- 
acterized by strong westerlies in the subtropics and 
middle latitudes, which are most intense in the winter 
hemispheres. At low latitudes, easterlies dominate both 
the upper and lower troposphere, although extending 
more poleward in the lower levels. In W2, we pointed 
out that the zeros of the basic zonal flow represent the 
critical latitudes of the stationary forced modes. At these 
latitudes, the phase speed of the stationary waves is 
identical to the basic flow. For reference, these latitudes 
are listed in table 1. 

From the character of the forcing functions and the 
complexity of the basic zonal flow, it is apparent that the 
model may respond in a complicated and varied manner 
from season to season. To illustrate this variation, we 
show the derived stream function, 9, in figure 4 and the 
velocity potential, x, in figure 5. 

-10 1 

n 

FIGURE 3.-Basic zonal wind, U (m/s), for each season as a function 
of latitude for the two levels of the numerical model. 

TABLE 1.-Seasonal variation of the critical latitudes for stationary 
modes, corresponding to the zeros of the basic zonal current, U(e,p), 
shown in  jigure 3 

Season 260 mb 760 mb 

0. 05 -0. 45 0. 35 
-11. 5' 2. 9' -26. 7' 20. 5' 

DJF P c  -0. 2 

MAM P c  -0. 1 0. 05 -0. 4 0. 4 
-5.  7" 2. 9' -23. 6' 23. 6" 

0. 45 -0. 15 0.35 -0. 3 JJA Pc  
-8. 6' 20. 5' -17. 5' 26. 7" 

SON Pc  -0. 1 0. 2 -0. 4 0. 45 

' p c  

P e  

P C  

-5. 7' 11. 5' -23. 6' 26. 7' P o  

Fields of Stream Function 

The fields of the rotational part of the flow were cal- 
culated from the velocity fields for a closed channel 
bordered at O= k45O where it was insisted that the stream 
function remains zero. Specifically, the stream function 
was determined by relaxation of the Poisson equation 
defined by the derived vorticity field 

where V2 is the two-dimensional spherical Laplacian, 
e is latitude, and cp is longitude. The most dominating 
and persistent feature for all seasons, except SON, is 
the strong anticyclonic system (having a southwest to 
northeast orientation and extending westward from the 
western Pacific Ocean region, across the African Continent 
to the western Atlantic Ocean). This anticyclone is 
coupled with a cyclonic circulation over the northern 
Atlantic Ocean (fig. 4). On the equatorward side of the 
anticyclone is the persistent easterly stream (the easterly 
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FIQURE 4.-Distribution of the stream function, $ (10-6m2.s-1), for (A) DJF, (B) MAM, (C) JJA, and (D) SON. The isolines are drawn 
every 50 units, and the dashed curves are intermediate isopleths. 

jet), which is both highly variable in position and inten- 
sity. In  DJF and MAM, the easterly maximum is intense 
and confined to low latitudes. In  MAM, there appears 
to be the development of a two-cell system with an 
anticyclonic circulation positioned over Africa near the 
prime meridian and the Equator. Strong westerlies prevail 
on the poleward side of the anticyclone over North 
Africa and India. In  JJA, the anticyclone appears to 
have moved westward, and the easterly maximum has 
replaced the strong perturbat,ion westerlies over India 
while the North Atlantic cyclone has weakened and 
moved to the west. SON is characterized by a generally 
weaker circulation that was anticipated from figure 1, 
which shows that the magnitude of the heating is less than 
that for other seasons. Over the Indian region, the anti- 
cyclone has weakened and again has moved east and 
south; in the Atlantic, the cyclonic flow has been re- 
established. SON appears as a period of transition between 

the Northern Hemisphere summer and winter circulation 
systems. 

Fields of Velocity Potential 

The velocity potential, X ,  was calculated for each 
season by relaxation of the derived divergence fields; that 
is, 

~ * V = V % = -  cos6 T a  aco -+- ao (vsino) 1 
where the velocity potential is set to zero at the lateral 
boundaries. By use of the continuity equation expressed 
at  the mid-level of the two-level model, the vertical 
velocity field is implicit in the velocity potential field 
as 

V*V250mb=-+ V*(k x V++Vx) 1 a=-- 
COS e 

= -$v'x= -+vv,. (3) 

November1973 j Webster j 807 



A 

DJF 

- 

I80"W 90" W 0 90"E 180" E 

B 
30" N 

MAM 0 

30"s 

180 w 90 w 90"E 

C 

J JA 

I / I I \  \ I \ - 

30" N 

0 

30"s 

I 
180-E 

I 
90'E 

I 
0 

I 
90" w 

I 
180'W 

3O'N 
D 

SON 0 

30"s 
/ I I I \  \ -  

180"W 90" w 0 90" E 180" E 

FIGURE 5.-Same as figure 4 except this is for the velocity potential. The negative values indicate the mean ascending motion. 

Thus centers of negative velocity potential correspond 
to regions of mean ascending motion, and positive values 
refer to descending motion. The divergent part of the 
velocity field is parallel to the gradient of the velocity 
potential such that negative regions correspond to regions 
of outflow, and vice versa, which is consistent with 
eq (3). 

As with the fields of stream function, the major features 
of the velocity potential occur in the eastern part of the 
Northern Hemisphere (fig. 5). The seasonal fields for 
DJF and MAM indicate strong outflow regions in similar 
locations to the anticyclonic circulation shown in figures 
4A and 4B. The major difference is the splitting of the 
maximum outflow in DJF to yield divergence centers 
over Equatorial Africa and the northwestern Pacific 
Ocean. In JJA, the divergent region moves north and 
west to lie over and to the west of the Indian sub- 
continent. Other features are the persistent convergent 
regions in the southwestern Pacific and the positive areas 
dominating the western part of the Northern Hemisphere 
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in most seasons. The character of these features and 
their relationship to the forcing will be considered in 
section 4. 

Spectral Form of the Response 

To ascertain the scale dependence of the response of 
the model Tropics is important. T o  accomplish this, we 
plotted the power of the kinetic energy at  250 mb for 
each longitudinal wave number, s (in the upper bars of 
fig. S ) ,  for each season and five latitude bands. The kinetic 
energy of the perturbations is shown as a percentage of 
the zonal average of the total perturbation kinetic energy 
for that latitude circle shown on each diagram. The lower 
bars (shaded) represent a corresponding spectral break- 
down of the latent heat forcing distributions presented 
in figure 1. The most interesting feature may be seen at  
15'N and the Equator where most of the energy appears 
to reside in the low wave number end of the spectrum. 
For example, along the Equator in DJF, MAM, and 
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FIGURE 6.-Distribution of the power of the kinetic energy response 
(m2w-2, upper bars) and the forcing due to heating (cal.cm-2.day-1, 
lower shaded bars) plotted for various latitudes and for each 
season as a function of longitudinal wave number, s. The bars 
represent the contribution (in percent) of the total quantity 
shown on each diagram for each wave number. 

JJA, more than 80 percent of the kinetic energy can be 
attributed to s=l. Farther north, the energy is spread 
over a larger spectral range but is generally restricted 
to s= l  and 2; in the Southern Hemisphere, the little 
perturbation energy produced by the forcing is also 
more evenly distributed over the spectral range. Note 
that the total perturbation kinetic energy produced in 
the Northern Hemisphere is nearly an order of magnitude 
greater than that in the Southern Hemisphere. 

The spectral power of the heating shown in the lower 
bars of figure 6 provides a more even distribution over 
the first six wave numbers of the longitudinal expansion. 
Whereas one might expect a one-to-one spectral relation- 
ship between the kinetic energy and tlie forcing, it is 
apparent that such an agreement does not occur at all 
latitudes. Near the Equator, the large s= 1 kinetic energy 
response of the model does not mirror the forcing dis- 
tribution, indicating that a more complicated relation- 

I 2 3 4 5 6  I 2 3 4 5 6  I 2 3 4 5 6  I 2 3 4 5 6  

FIGURE 7.-Same as figure 6 except this is the spectral distribution 
of the perturbation velocity components, u (upper bars) and v 
(lower shaded bars). 

ship exists near the Equator. At higher latitudes, the 
resemblance between the forcing and the response in- 
creases. In section 4, we show that the spectral response 
to a particular heating distribution is both a function 
of latitude and the sign of the basic current-in other 
words, determined by the modal form of the response. 

Figure 7 depicts the corresponding breakdown of the 
perturbation velocity components. The upper bars show 
the spectral distribution (in percent) of the zonal per- 
turbation velocity response for each season while the 
corresponding distribution for the meridional component 
is shown in the lower half of each diagram (shaded). 
Two general features emerge from this figure. First, the 
spectral form of u.is confined to the longest modes 
(especially near the Equator) while, at 30'5, the response 
is more general. The u spectra at low latitudes conform 
well to the kinetic energy spectra. Second, the v spectra 
at all latitudes and seasons are distributed more widely 
in s than the u component and do not exhibit its low 
wave-number response at low latitudes. Note that the 
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JJA spectral distribution tends to agree fairly well with 
Krishnamurti's (1971b) observations for the 1967 North- 
ern Hemisphere summer. 

4. CHARACTER OF THE RESPONSE 

The salient features of the seasonal response, as indi- 
cated by figures 4-7, allow us to d e h e  the physical 
character of the response. These features may be summa- 
rized as follows: 

1. A large variation occurred (from season to season) both in the 
form and position of the model response. Much of this may be 
attributed to the seasonal variation of forcing, but the large varia- 
tions in the stream function and velocity potential with latitude 
for similar forms of forcing suggest different modal response with 
latitude. 

2. The spectral form of the kinetic energy response also differs 
markedly, especially as a function of latitude. In general, a t  low 
latitudes, the response occurs a t  the low wave number end of the 
spectrum and more generally spreads over the spectrum a t  higher 
latitudes. Little correlation with the form of the forcing a t  low 
latitudes with the forcing is apparent. 

3. The power spectra of the zonal component of the perturbation 
velocity appears to follow the kinetic energy spectra a t  low latitudes. 
The v spectra, on the other hand, are spread through the spectra. 

In  figure 8, the relative magnitudes of the perturbation 
u and v fields are shown as a function of latitude for each 
season. The ordinate plots the ratio of the absolute 
values of u and v against latitude for 250 mb, as given 
by the expression 

x= (~lvl/~l~l>zsomb. (4) 

Two regimes of X are evident, each denoted by values 
of either O(1) or O ( l / l O ) .  Generally, the response in very 
low latitudes is nearly all in the zonal component; but 
in the subtropics, the response is nearly equal for both 
components. This allows us to reinterpret the kinetic 
energy spectra (fig. 6) as being mainly a function of the 
zonal velocity component of low latitudes, as we had 
inferred from the similarity of the u spectra shown in 
figure 7. The inference is that the v spectra of figure 7 
represent very little power with decreasing latitude 
but nearly equal power at  higher latitudes. 

The shaded region represents the extent of the easterlies 
of the basic fields shown in figure 3. The northerly and 
southerly boundaries of this equatorial channel are the 
critical latitudes for the stationary forced waves at  
250 mb as discussed in W2. In this paper, it was shown that 
only a small amount of wave energy could propagate into 
the easterly channel in a dissipative system from the higher 
latitude westerly region. In this manner, the easterlies 
act ns an effective barrier to  subtropical influence. There- 
fore, any indicated response within the easterlies must 
result from local forcing within that channel. In noting 
the change of X between the easterlies and the westerlies, 
remember that the basic state possesses both vertical and 
horizontal shear, which must be taken into account in 
calculating the critical latitude of the model. That is, 
each layer possesses its own critical latitude because of the 
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FIQURE 8.-Ratio (Zlv l /Zlul)  of the total power of the perturba- 
tion components shown as a function of latitude for each season 
a t  250 mb. The shaded region within the dashed lines represents 
the easterly channel of the basic flow. 

vertical shear. Those of the lower level are indicated by 
the bars on the axis of figure 8. The effect of vertical shear 
plus the variation of dissipative effects in each layer 
probably cause the slightly more complicated distribu- 
tion of X than would be expected from merely horizontal 
shear. These features are discussed in W2. 

From figure 8, we see that the easterlies are regions of 
small X ;  regions poleward of the easterlies possess larger 
values. This infers that different modes are excited within 
and without the channel with little or no communication 
between the two regimes. The modes excited within the 
channel exhibit a near-zero energy contribution from the 
meridional components and a preferential response to the 
low wave number forcing. On the other hand, the response 
in the westerlies shows a more equal energy partition be- 
tween the components. 

In W1, it  was shown that only two modes are capable 
of response to stationary forcing in an easterly basic cur- 
rent. The fist is the eastward-moving Kelvin wave that 
(for a continually stratified, isothermal, and spherical 
atmosphere moving in solid rotation relative to  the rotat- 
ing Earth) possesses the horizontal eigen-solutions 

. .  
and 

$,(e) a s-'E-''' exp (2) 
where E is the eigenvalue given by 

(5) 
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100 this filtering are shown in figure 9. The relative response 
of the Eelvin wave to equal amplitude forcing is illus- 
trated in figure 9A, showing the rapid decrease of response 
with increasing s. In figure 9B, the theoretical Kelvin 
response to  MAM seasonal forcing along the Equator 
(as shown in fig. 1) is compared to the actual response 
of the model at 250 mb, which is denoted by dashed bars 
in the upper part of the diagram. The theoretical and 
derived responses are similar, although the latter possesses 
an even sharper short-wave cutoff. 

0 S In the subtropical and mid-latitude westerlies, two 
modes of oscillation are again excitable by stationary 

50 forcing. These are the westward-propagating Rossby 
waves and a set of gravity waves moving in the same 

100 direction. Little excitation of the second mode appears 
possible because of their relatively rapid phase propaga- 
tion, which is over 60 m/s for such a model, whereas the 
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FIGURE 9.-Spectral distribution of the kinetic energy for the 
theoretical Kelvin wave response (A) to the white-noise forcing 
of 100 cal.crn+.day-l and (B) to the equatorial latent heat 
distribution of MAM. The upper bars depict the kinetic energy 
(KE) response (in percent) of each wave number to  the forcing 
distribution (6) shown by the lower shaded bars. The dashed 
bars in (B) signify the actual model response shown in figure 6. 

and 

Here, 6 is a nondimensional quantity defined by the basic 
flow 

U (e) =6aQ COS e (7 ) 

where 6<0 for U<O. 
Equation (5) gives the latitudinal variation of the Kelvin 
wave as a function of the longitudinal wave number s. 
The constants of proportionality are determined by the 
magnitude of the forcing at  that wave number s, plus 
dimensional quantities. The second mode capable of 
excitation is a set of eastward-moving gravity waves, 
which were shown in W1 to  propagate far quicker than 
the basic flow, providing only a small insignificant response 
trapped very close to the Equator. The Kelvin wave, 
however, has magnitude e-folding latitudes near 8' on 
either side of the Equator for a basic flow of order-5 mls. 

The most important features of eq (5) are that the 
meridional velocity component of this simple atmosphere 
is zero and that the zonal component is inversely pro- 
portional to the wave number s. This means that the 
kinetic energy distribution in the region of Kelvin wave 
activation goes as the inverse square of the wave number; 
that is, 

(8) 
1 

S 
+(u2+vz) exp (-$). 

Significantly, this means that, for a given forcing func- 
tion with equal power in each wave number (i.e., white- 
noise forcing), the Kelvin wave will respond to the s = l  
forcing by more than a factor of 4 over an equal magni- 
tude forcing a t  s=2. In this manner, the Kelvin wave 
acts as a natural filter to the small scale time-independent 
forcing in the easterlies, a feature reflected in the kinetic 
energy response spectra shown in figure 6. Examples of 

basic flow does not exceed 32 m/s at  any latitude. How- 
ever, within the set of Rossby waves, there are modes 
that possess phase speeds which may match the basic 
flow and thus may be forced. Furthermore, the Rossby 
wave has the property of an equivalence in magnitude 
between the two horizontal velocity components, which 
strongly suggests that the model response poleward of the 
critical latitudes is in the Rossby mode. In this way, the 
subtropical kinetic energy spectrum is a function of both 
components. 

In  summary, the response of the two-layer dissipative 
model possessing two-dimensional basic shear may be explained, 
at  least in part, by thd modes of the simpler analytic 
model described in W1. ,Within the easterlies, much of the 
structure of the steady-state fields corresponds to  that of 
the simple rotationally trapped Kelvin wave. Whereas 
the forcing fields possess gradients in arbitrary directions, 
most of the response is seen to be down and parallel to the 
latitudinal component of the heating gradient, a conse- 
quence of the mode forced and the Kelvin wave's vanish- 
ing meridional velocity component. The response at  low 
latitudes then emerges as quasi-stationary zonal circula- 
tions with their rising regions coinciding with the major 
heating fields and their descending legs over the regions 
of relative cooling but with a strong bias toward very 
large scale forcing. Futhermore, because of the evenness 
of the Kelvin wave about the Equator, as suggested by 
eq (5), the resultant flow within the easterly channel may 
be thought of as a response to the latitudinal average 
heating across the channel, weighted with contributions 
nearer the Equator. The deviations between the simple 
Kelvin wave and the waves generated in this dissipative 
model with shear may be seen in the nonzero, although 
still small, values of X near the Equator in figure 8. In 
middle latitudes, the response appears to be of the Rossby 
type with the flow alining itself perpendicular to the heat- 
ing gradient and with both velocity components contrib- 
uting equally to the kinetic energy distribution. 

5. SHORTER TERM VARIATIONS 

We emphasized in W1 and W2 that the seasonal 
stationary modes ascribe much of their characteristic fea- 
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tures to the low-latitude general circulation. For example, 
the easterly jet system of the Eastern Hemisphere may 
be considered a low wave number response to the latent 
heating distribution from the Indian Ocean and South- 
east Asian regions. Furthermore, these stationary fea- 
tures may be considered to be slowly varying, relative to 
the changing seasonal forcing field. Superimposed on these 
seasonal mean fields are smaller length and shorter time 
scale transient disturbances propagating through the 
upper troposphere. For example, Koteswaram and George 
(1958) indicate the propagation of such disturbances 
along the easterly jet stream from the western Pacific 
Ocean and over the Indian region. In addition, they noted 
periodic surges or oscillations in the strength of the 
easterly jet stream and were able to correlate variations 
in monsoon behavior with both phenomena. Understand- 
ing the energy sources of these disturbances is important. 
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The fact that the disturbances propagate along the 
easterly maximum and that there is some observed rela- 
tion between the strength of the stream and the strength 
of the perturbation suggests that the forced seasonal waves 
and the transient waves may be physically coupled. The 
mechanism for this region was fist suggested by Krish- 
namurti (1971a)/,who noted that the tilts of the ultralong 
seasonal waves' and those of the shorter scale waves were 
oriented in such a manner that a barotropic interchange 
of energy between them was possible. In essence, the pos- 
sibility of the large-scale flow being barotropically un- 
stable was suggested. This theory was further advanced 
by Colton (1973) who, by the use of a simple barotropic 
model, considered the interaction of the transient and 
stationary modes. The driving of his model was accom- 
plished using the observed divergence field at 200 mb for 
the Northern Hemisphere summer of 1967. Colton was 



able to simulate the development of these small-scale 
disturbances in the western Pacific Ocean, their propaga- 
tion over the Indian region, and the corresponding periodic 
surges in the basic flow. 

Note that the mean zonal flow itself or the ultralong 
waves are both independently barotropically stable, and 
it is the sum of both (i.e., basic zonal flow and stationary 
waves) that is barotropically unstable. This was noted by 
Nitta and Yanai (1969) from a study of wave development 
in the central Pacific and also by Lorenz (1972) for the 
mid-latitude westerlies. Similarly, a study of the absolute 
vorticity of the basic flow for each season, as shown in 
figure 3, finds no latitude at  which the stability criteria 
for a barotropic fluid, 

(P-u,,) >o (9) 

where b=2Q cos @/a, is encountered. Also, an investigation 
of the ultralong wave response relative to the forcing fields 
shown in figure 1 also yields only stable flow. However, a 
stability analysis of the perturbation field plus the zonal 
mean fields (an approximation representation of the highly 
nonliner atmosphere with interacting zonal and pertur- 
bation quantities) shows regions of barotropic instability. 
The zonal velocity component in eq(9) then, refers to the 
total velocity componentt. 

Figure 10 shows the results of this analysis. Plotted on 
the longitude-latitude section are the seasonal total (mean 
plus perturbation) zonal velocity components a t  every 
20' of longitude. The shaded regions indicate zones of 
easterly (u<O) winds. Superimposed upon the zonal wind 
distribution are isopleths of the gradient of absolute 
vorticity defined in eq (9). Only values greater than zero 
are plotted, and these values appear as elongated regions 
that vary in intensity and position from season to  season. 
The scales of all quantities are indicated on the figure. 

Regions where the gradient of absolute vorticity ex- 
ceeds zero are regions of energy source for small-scale tran- 
sient disturbances, which in turn interact with the mean 
flow and allow a continuing energy exchange. As described 
by Colton (1973), such disturbances act as important 
dissipation mechanisms of the ultralong wave energy 
generated by the large-scale forcing. The most predomi- 
nant region is that associated with the large shear on 
the poleward side of the easterly maximum of the Eastern 
Hemisphere, although it is seen to extend across Africa 
in all seasons except SON. With the movement of the 
easterly jet northward during the Northern Hemisphere 
summer, the unstable band extends over northern India 
from the western Pacific and westward to the Atlantic 
Ocean. With the weakening of the systems in SON, the 
regions of instability are diffuse and weaker. However, 
a t  low latitudes in all seasons, there are preferred regions 
determined by the positions of the forced ultralong sta- 
tionary waves for the development of upper tropospheric 
transient waves at the expense of the mean seasonal 
forced flow. 

Note that most of these regions correspond to location 
points of disturbances which later became tropical storms, 
as determined observationally by Gray (1968). The major 

differences occur over the continental regions of Africa 
and Brazil, which (although not centers of tropical 
storms) are highly disturbed regions. 

6. LONGER TERM VARIATIONS 

One of the most important and interesting aspects of 
this study is the determination of the physical makeup 
of the correlations found by Walker (1923) between dis- 
tant low-latitude station pairs. To inquire into this 
problem, we will examine the seasonal variation of various 
quantities from the annual mean, which is defined by 
the average of the seasonal distributions determined by 
the model. 

We emphasized in earlier sections of this paper that 
the seasonal response is a function of many factors in- 
cluding the basic flow and the extent of the easterlies, 
the position of the heating and orographic forcing relative 
to the basic flow, and the magnitude of the forcing, all 
of which vary seasonally. The variation in phase and 
magnitude of the modes of largest response at 25'N, Oo, 
and 25's are shown in figures 11A, 11B, and 11C, 
respectively. On the plot for each wave are the numerals 
1, 2, 3, and 4, which identify the phase-kinetic energy 
coordinates for that particular mode for the seasons 
DJF, MAM, JJA, and SON, respectively. The scale for 
figure 1lC is increased by a factor of 20 because of the 
relatively weak response in the Southern Hemisphere. 
I n  the equatorial region, only the phase and magnitude 
of the s=l  mode is shown since the response of the other 
modes is a t  least an order of magnitude less (fig. 6). 
Figure 11A shows a large variation of both phase and 
latitude of the s= l  mode with magnitude peaks in 
MAM and JJA but with a phase difference over 60° of 
longitude. The s=2 mode shows less variation in magni- 
tude but a wide range in phase. The peaks in JJA in the 
s = l  and 2 modes are nearly in phase and represent the 
long-period Rossby waves responding to  the seasonally 
varying forcing field and basic field. The diagram for 
the equatorial zone (fig. 9B) indicates a very large ampli- 
tude response in MAM with only a 30° phase difference 
between DJF and MAM. This is the ultralong Kelvin 
wave trapped about the Equator responding to the 
slowly varying forcing field within the easterly wind 
regime. The southern section (fig. 11C) shows only a 
weak response but with very large phase differences. 

I n  figure 11, the variations in phase and amplitude as a 
function of latitude are complicated; thus, trying to 
determine simultaneous variations be tween the zones is a 
difficult task. Another possibility is to follow the work of 
Walker and calculate correlations between station pairs or 
(in our model) between gridpoint pairs. The calculation 
of the correlation coefficient R of some quantity P(z,y) 
with a standard quantity P3(z3,y,) situated at  (z3,y3) 
over a period of time may be defined by 
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FIGURE 11.-Phase/amplitude characteristics of the kinetic energy 
response at (A) 25ON, (B) oo, and (C) 25OS. The longitudinal 
waves plotted are shown on each figure, and the numerals 1, 2, 
3, and 4 refer to the phaselamplitude coordinate in DJF, MAM, 
JJA, and SON, respectively. 

and 
B,t=P,t(s,,ys)-~s(~,,ys). 

The subscript i denotes the observation of P(z,y) at time 
i. In our model, i may take on values 1 through 4 thus 
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taking into account the four seasonal estimates of an 
array P(z,y) produced by the model. P(z,y) is the time- 
means of Pt(x, y) over the annual period so that A* and 
B,, denote deviations from their respective time-means. 

Figures 12A and 12B show two examples of the fields of 
R(x, y) providing the correlations between the - seasonal 
variation of P(z,y) from the annual mean P(z,y) with 
similar quantities at (zs,ys). The shaded regions denote 
negative correlations. The quantity chosen to perform 
the correlations was the geopotential +2(z,y) at the lower 
level (750 mb) of the model. This is the closest analog 
possible from the model to Walker's southern oscillation 
index, which (according to Troup 1965) was essentially the 
surface pressure. Two standard locations were chosen, 
a gridpoint near Djakarta and another near Bombay. 
Both diagrams signify roughly the same distribution of 
R(z ,y ) ,  which infers that the Eastern Hemisphere 
possesses an anomalously high geopotential at  750 mb 
while most of the Western Hemisphere has anomalously 
low geopotential. Also, the western and eastern Pacific 
regions show extremes in R(z,y) in the very location of 
the Walker circulation as defined by Bjerknes (1969). 
Most importantly, the results are strikingly similar to 
those of Troup (1965) who found that station-pair cor- 
relations based at Djakarta indicated anomalously low 
surface pressure in the Eastern Hemisphere in con- 
junction with anomalously high surface pressures in the 
Western Hemisphere. 

To use these results to infer the physics behind Walker's 
correlation, we first have to understand the main differ- 
ences between Walker's station-pair correlations and the 
model's gridpoint correlations. The basic difference resides 
within the data used. Walker made his estimates using 
many years of data; his correlations refer to anomalies 
about various climatic averages derived from the long 
data records at  his various station pairs. He used such 
data to calculate monthly, seasonal, and annual correla- 
tions. This means that he calculated the mean value of a 
parameter over a particular time period in a given year 
and calculated its anomaly from the climatic average be- 
fore proceeding to the station-pair correlations. Our esti- 
mates differ in that we have only one annual mean, which 
would also be the model climatic mean, and the four 
cases, DJF, MAM, JJA, and SON that together constitute 
this annual mean. Therefore, if we assume that this sea- 
sonal variation continues year after year, the climates 
and the individual seasonal averages would remain the 
same, which insists that all correlations made on a 
monthly, seasonal, or annual basis following the method 
of Walker would result in a perfect correlation at all points, 
producing meaningless results. Thus, as we are unable 
to duplicate Walker's experiment exactly, we seek corre- 
lations of gridpoint pair deviations from the annual mean 
of each season to give the distributions of R(z,y) shown 
in figure 12. Such distributions are seen to signify the 
interdependence of all the tropical atmosphere and show 
the effect of an anomaly occurring in one region and how 
it will influence other regions by the communication of the 
forced ultralong waves described in the preceding sections. 
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FIGURE 12.-Distributions of the correlation coefficient R(z,y) for the seasonal anomalies of the geopotential, +2, relative to the anomalies 
at (A) Djakarta, Indonesia, and (B) Bombay, India, each denoted by a solid circle. The shaded regions denote negative correlation 
coefficients. 

Specifically, then, it appears that the correlations of 
Walker and others are no more than variations in the 
magnitude of the response of the ultralong slow-moving 
waves .of low latitudes. For example, a strong monsoon 
in JJA over the Indian xegion may be expected to provide 
a hemispheric response. Similarly, we have noted that the 
eastern and western Pacific Ocean are exactly out of phase 
in the correlation coefficient or in the anomalous seasonal 
geopotential a t  750 mb. In other words, when the pressure 
is low in the west, it is high in the east. This can be seen 
from the large s= 1 Kelvin wave response at low latitudes, 
meaning that, if the net heating increases in the region of 
activation of the wave, the whole tropical atmosphere 
must respond correspondingly. I n  this manner the 
Bjerknes (1969) picture of Walker circulation may now 
be thought of as the Kelvin wave response to seasonally 
varying forcing, and Walker's correlations may considered 
to be further deviations (e.g., stronger heating or cc;oling) 
superimposed upon these regular seasonal anomalies. 
Whereas the above model proposes B mechanism of at- 
mospheric teleconnection a t  low latitudes, it does not 
pretend to explain haw the anomaly itself is produced. 

7. CONCLUDING REMARKS 

This paper is the third in a continuing study of the 
stationary forced waves in low latitudes. The results 
presented in W1 and W2 have been extended to include 
the equinoctial seasons, which were shown to exhibit 
large differences compared to both solstitial seasons and 
also to the expected symmetry between themselves. 
That is, the transition from the Northern Hemisphere 
summer to winter is very different from the reverse 
transition at  low latitudes. 

The seasonal response was studied so as to  infer possible 
relationships between the seasonal mean flow and circu- 

lations of periods much less and much greater than the 
few months constituting the seasonal average. We pointed 
out that there were regions in which energy from the 
seasonal mean flow (basic plus perturbation) was avail- 
able for the development of transient phenomena due to 
the barotropic instability of the basic state and that 
such regions agree fairly well with the geographic loca- 
tions of tropical storms as observed by Gray (1968). 
Furthermore, it was possible to identify the ultralong 
period variations of low latitudes, identified by Walker 
(1923) , as small variations in the regular quasi-stationary 
forced seasonal waves. 

One of the most interesting features of the low-latitude 
response was the individuality of the forced flow within 
and without the easterly channel of the basic flow. This 
allowed the interpretation of the Walker circulation as a 
forced Kelvin wave more sensitive to the long-wave 
forcing than to short-wave excitation. Its phase/amplitude 
distribution (fig. 11B) shows that the main variability 
exists in its amplitude while the nearly constant phase 
corresponds to an ascending leg over Indonesia with 
descending air over the eastern Pacific Ocean. Krishna- 
murti (1971a) described this cell as merely a southern 
extension of the much stronger Indian summer monsoon 
system. However, we have shown that these two systems 
are nearly independent for the time scales we are con- 
sidering, with the monsoon system as a Rossby-type 
response separated f;om the equatorial Kelvin wave by 
the critical latitude. Furthermore, the Kelvin wave shows 
a maximum amplitude in MAM (fig. 11B) while Erish- 
namurti (1971a) only sensed the Walker circulation during 
JJA, a time when the monsoonal forcing dominates the 
subtropics but when long-wave forcing about the Equator 
is small. Thus on a seasonal basis, each circulation ap- 
pears as an individual entity. 

November1973 1 Webster / 815 



Finally, it is interesting to speculate on the relevance 
of this study to the observed 40- to 50-day periodicity of 
the tropical atmosphere noted by Madden and Julian 
(1972). Using long time series upper atmospheric data in 
the low latitudes, they observed a mean wave (with the 
preceding period and of low longitudinal wave number 
and generally restricted in latitude extent) to lie between 
lQoN and 10’s. Furthermore, the observations suggest 
that the oscillation is the result of the eastward propa- 
gation of large-scale zonal circulations. The discussion in 
section 4 of this paper suggests that Madden and Julian 
probably were sensing the slow movement of the low- 
latitude Kelvin wave response, which (as we have seen) 
manifests itself as a long-wave zonal circulation. However, 
it is not possible within the confines of this study to ex- 
plain the 40- to 50-day period with only seasonal forcing 
functions (- 90-day period). The effect of shorter term 
forcing at  low latitudes is being studied in an attempt to 
explain the MaddenJulian periodicity. 
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