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1. Introduction

The relationship between tropical heating and large-
scale circulation has Eeen one of the major topics in the
study of general circulation both theoretically and
- empirically. Long-term averages of cloudiness distribution
and estimated diabatic heating (e.g. Hoskins et al., 1989)
suggest vigorous convection activity in the equatorial
Affica, South America and western Pacific during the
Northern Hemisphere winters. The configuration of
stationary circulation in the tropics can be partly explained
by the distribution of strong convection as suggested by Gill
(1980). However, it is the temporal variation of these large-
scale convection activity received more attention in recent
years, The occurrence of El Niiio/Southern Oscillation
(ENSO) suggests a strong interannual variability of tropical
convection and global circulation, The excessive heating
added to the atmosphere during the El Nifio years results in
anomalous circulation pattern, especially in the tropics.
Intraseasonal oscillation found by Madden and Julian (1972)
adds cormplexity to the problem. The phenomenon is
characterized by the shift of large-sﬁale convective systems
and corresponding circulations toward the east in the

tropical western Pacific (Knutson and Weickmann, 1987).

95

In the past, most of the related studies focused on
how tropical heating force large-scale circulation
perturbations which in turn disperse energy in a manner
similar to Rossby waves ( Hoskins and Karcly, 1981). For

example, the Pacific/North America pattern documented by

Wailace and Gutzler (1981} are suggested to be forced by
the tropical heating. associated with ENSQ (e.g. Horel and
Wallace, 1981). However, similar pattern is also found in
intraseasonal oscillation which exhibits strong tropical-
extratropical interaction. The effect of extratropical
perturbations on tropical convection has received much less
attention than it deserves, Hsu and Lin (1992) in a study of
global teleconnections suggested that the equatorial
westerly regions, e.g. the eastern Pacific and Atlantic, in the
upper troposphere are the preferred regions for inter-
hemispheric interaction. Kiladas and Weickmann (1992)
also found that the eastern Pacific is one of the regions
where extratropical perturbations tend to induce tropical
convection,

In this study, we applied  statistical technique called
singular value decompasition following Bretherton et al.
(1992) to objectively extract the most recurrent coupled
mode between the global streamfunction and outgoing
tongwave radiation fields. This approach avoids the

subjectivity in the study by Hsu and Lin (1992). The first



coupled mode appears to be of interannual time scale, and
the second mode appears to be of intraseasonal time scale.
Our results show the existence of a strong zonal-mean
component in the both modes. The one associated with
intrageasonal oscillation has received more attention
recently. However, the zonal-mean component of
interannual tiiue scale which is evident in the composites of
circulations associated with the ENSO (e g Yasumari, 1987
has been kargely ignored. In this paper we shall discuss the
results associated with interannual variability. The results
associated with intraseasonal oscillation wilt be discussed in
a following paper.

The data and analysis procedures are described in
Section 2, and the statistical results are shown in Section 3.
A global barotropic model was used to investigate the
relationship between localized tropical divergence
perturbations and the zonality of circulation perturbations,
The results of numerical experiments and conclusions are

presneted in Sections 4 and 5, recpectively.

2. Daia and analysis procedures

The data used in this study are the ECMWEF (
European Cantre for Medium-Range Weather Forecast )
initialized wind data at 200 and 850 mb and outgoing
longwave radiation at 12Z for the eight winters {defined as
December, January, and February) from 1980/81 to
1987/88. The data are in a §° * 5° degree grid globally for
the wind flelds and between 40°N and 40°S for the OLR.
Streamfunctions at both 200 and 850 mb were computed by
inverting Laplacian operator to the vorticity field. By doing
that, we emphasize the rotalonal flow. Changes of the both
data assimilation system and forecast mode! at ECMWE in
the past years have created artiticial imeranﬁual variability in
the processed data. The impact is most evident in the
divergent wind field. We have thus chosen to use outgoing
longwave radiation as a proxy variable to represent the

variability of the irrotational flow in the tropics. Since the
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diabatic heating field is mainly balanced by the adiabatic
cooling or heating due to vertical motion in the tropics,
QLR is also used as a proxy variable representing the
diabatic heating field.

Five-day running means were computed for the
streamfunction and OLR fieids to remove the high
frequency variability. Singular value decomiposition (SVD)
analysis as described in Bretherton et al. (1992) was then
applied to the temporal covariance matrix berween the
normalized streamfunction ar 200 mb and OLR 1o retrieve
the most recurrent coupled patterns. The data used tor SVD
analysis are in a 10° x 10° grid between 70°N and 70°S for
the streamfunction and between 40°N and 40°S for the
OLR. There are 324 and 324 points for the streamfunction
and OLR fields, respectively. Since the emphasis of the
stuﬂy is on large-scale structure, the reduction in resolution
does not affect our results. Thers are three major outputs of

SVD analysis:

(1) Left and right singular vectors: Our results
comprise 324 left and right vectors representing the spatial
structure of coupled modes of streamfunction and OLR,
respectively.

(2) Singular values: There are 524 singular values
corresponding to 324 sets of singular vector in this study.
Each singular value represents the amount of covariance
explained by each mode. For SVD, however, squared
covariance fraction (SCI) is more appropriate to represent
the relative importance of each mode ( Bretherton et
al., 1992).

{3) Expansion coeflicients: Time series of expansior
coeflicients represent the temporal variation of each lett
and right vectors. They are obtained by compiting the inne
product of the left and right vectors with the corresponding

fields.



[nn this paper, left and right vectors derived directly
from SVD analysis will not be shown. Instead, we shall
present the correlation maps between the expansion

coefticients of the OLR vectors and the OLR and

streamfunction tields in the 5° x 5° resolution to show finer
structure. They will be named homogeneous and
heterogeneous correlation maps following the terminology
used by Bretherton et al, (1992). By comparing these
correlation maps, one can identify the spatial patterns in the
OLR and streamfunction fields which are strongly coupled.
Correlation statistics between the expansion coefficients of
the OLR vectors and other variables such as the 350 mb
stréamfunction field will also be shown to illustrate the

corresponding vertical structure and temporal variation.

3. Results of singular value decomposition

Fraction of total squared covariance explained by
the first tive sets of singular vectors, extracted from the
OLR/200 mb streamfunction covariance matrix, are
presented in Table 1. The first five modes explain 8713
percent of total squared covariance. Among them the first
mode alone explains 60.31 percent and, apparently, is the
most prominent feature. The homogeneous and
heterogeneous correlation maps between the expansion
coefficients of the first QLR vector and the OLR and 200
mb streamfucntion fields are shown in Figures la and b,
respectively. The correlation maps between the expansion
coefficient of the first OLR vector and the 850 mb
streamfunction fields is also shown in Figure ic. A similar
set of figures for the second coupled mode which explains
12.5 percent of total squared covariance is shown in Figure
2. To test the robustness of the coupled modes, SVD was
also applied to the OLR/850 mb streamfunction covariance
matrix and the 200/850 mb streamfunction covariance
matrix, The first sets of singular vectors of the OLR/850 mb

streamfunction and 200/350 mb streamtunction covariance

matrices explain 40.9 and Gi.8 percent of the total squared
covariance, while the second sets of singular vectors of each
matrix explain 17.1 and {1.2 percent, respectively. The
corresponding homogeneous correlation nmpé are shown in
Figure 3 tor the first singular vectors and in Figure 4 for the

second singular vectors. The Brst two coupled modes

shown in Figures | and 2 are closely reproduced in the latter
two analyses. It follows that the coupled modes are robust
signals and the results are not aftected by the choice of data
combination, Emgpirical orthogonal function (EOF) analysis
was also applied to the OLR, 200 and 850 mb
streamfunction fields, respectively. The structures shown
above all appear as the first two empirical orthogonal
functions of the respective fields.

Time series of the expansion coefficients for the first
two coupled modes are shown in Figure 5. Correlation
coeflicients between the expansion coeflicients of OLR and
200 mb streamtunction fields are .87 and .88, respectively,
as indicated in Table 1. The first coupled mode is
characterized by a strong interannual variability similar to
ENSO. In most of the winters except 1981/82 and 1985/86,
the expanston coeflicients tend to be either positive or
negative. For example, 1982/83, 1986/87, 1987/38 are
vredominantly pesitive, while 1980/81, 1983/384, 1984/35
are predominantly negative. Subseasonal fluctuations are
also evident. The second coupled mode are predominantly
of intraseasonal time scale. To test the reproducibility of the
modes discussed above, we repeated the SVD calculation
after removing seasonal means tor each winter. By doing
that we were able to remove the first coupled mode shown
here from the leading vectors. The second mode shown here
becomes the lirst mode in the new calculation and is out-of-
phase with the new second mode by ong quarter of cycle in
both space and ume. In this paper, we shall tocus on the
first mede which exhibits interannual variability. The modes
of intraseasonal time scale will be discussed in the following

paper.



The OLR structure of the first coupled mode of the
OLR/200 mb streamfunction covariance matrix (Figure la)
exhibits positive correlation coefficients in the tropical
Indian ocean/western Pacific and tropical South America,
and negative correlation coefficients in the tropical central
and eastern Pacific. A pattern of interannual time scale
similar to the east-west dipole in the tropical Pacific in
Figure la was also identified by Lau and Char} (1988) based
on EQF analysis. The corresponding 200mb streamfunction
structure (Figure 1b) shows an out of phase relationship
between the streamfunction fields in the Northern and
Southern Hemisphere. It indicates the existence of a strong
zonal mean component. However, a dipole straddling the
equator between the date line and 120W shows a reverse

polarity.

A comparison between the OLR pattern in Figure la -

and the tight gradient along the equator in Figure 1b
suggests that stronger-than-normal convection in the upper
troposphere of the tropical central and eastern Pacific is
accompanied by the westerly anomalies along. the equator
and at all longitudes except the region between the date line
and 120°W where the easterly ancmalies prevail. The Pacific
jets in the both hemispheres are also strenuthened and
stretched because of the presence of the dipole in the
tropical exstern Pacific. In the corresponding 356 mb
streambunction pattern {Figure L), a simitar zonal-niean
structure contined in higher latitudes is also evident  in the
lower latitudes, however, a zonal wave one structure is the
dominant feature. By comparing the 200 and 850 mb
patterns, one finds an out-of-phase relationship in the lower
latitudes and an in-phase relationship in the higher latitudes.
Thus, in the tropics the westerly { easterly ) anomalies in the
upper troposphere are accomparied by the easterly {
westerly ) anomalics in the lower troposphere.
In order to illustrate the structure of the zonal-mean
and eddy components more clearly, correlation coefficients

between the expansion coefficient of the first OLR vector
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and the zonai-mean and eddy components of the 200 mb
streamfunction fields are computed, The results are shown
in Figure 6. The zonal-mean component ( Figure 6b) clearly
indicates an out-of-phase relationship betweeﬁ the two
hemispheres. The values of correlation coefficients are
about 0.8 and quite uniformly distributed poleward of 20
degree of latitudes. A sharp gradient between 20°N and
20°8 is evident. This teature is consistent with the
meridional variation of correlation coefficients between the
expansion coefficient of the first OLR vector and the zonal-
mean zonal wind shown in Figure 6c. The quadruple
structure straddling the equator in the Pacific is the major
feature of eddy components shown in Figure 6a. It consists
of a pair of lows in the western Pacitic and a pair of highs in
the eastern Pacific. The dipoles of lows and highs are
located at the poleward tlank of the OLR pattern shown in
Figure ta. The features in the Southern Hemisphere are

generally weaker than those in the Northern Hemisphere.

Lag correlation éoefﬁcients between the expansion
coefficient of the first coupled mode and the 200 mb
streamfunctions are presented in Figure 7. The results
shows little time evolution between Day -20 and Day 20.
Similar results are also obtained in the OLR and 850 mb
streamnfunction fields. The first coupled mede appears o be
stationary.

The characteristics of the first coupled mode
discussed above bear a close resemblance to the large-scale
circulation and tropical convection associated with the
ENSO (e.g. Yasunari, 1987). The results of SYD analysis
reveal a strong relationship between tropical heating and
large-scale circulation. Besides the dipolar circulation
structure near the major tropi;al heating anomalies, there
exist a zonal-mean component which exhibits an
antisymmetric strusture refative to the equator in the
streamfunction fields and a symmetric structure in the height
and wind fields. The existence of this mode is consistent

with the concept of the ENSO. During the El Nifio years,



excessive heatings occur in both the tropical atmosphere
and the upper ocean in the Pacific. This results in positive
height anomalies ia the tropics and strengthening jet streams
in the subtropics, Most of the studies by previous
investigators focused on the wavy structure forced by the
heating or sea surface temperature anomalies and have
largely ignored the zonal-mean component which seems to
be a strong signal associated with the Huctuation of ENSO
events, The results shown here suggest that regional vropical
heating effects ( or convection ¥ can lead to a change of
both the zonal-mean and eddy components of global
circulation.

4. Numerical experiments

The existence of the zonal-mean structure has been
noticed in several empirical and theoretical studies, Hsu et
al. (1989} in a study of 1985/86 intraseasonal osciltation
prescribed a fixed heating of elliptic shape in a baroclinic
model and were able to produce an antisymmetric zonal-
mean streamfunction perturbation similar to that shown in
Figure 1b. Similar results were also obtained by Hoskins
and Jin (1993} in a study on the atmospheric responses to
tropical heatings. Since the first coupled mode discussed in
the preceeding section is mainly of interannual scale and
stationary, the mode can be assumed to be in a quasi-steady
state during a time span less than a season. Under this
assumption, the corresponding heating and streamfunction
perturbations should be in a quasi-balanced state.

Bearing this assumption in mind, we design a series
of numerical experiments to investigate the relationship
betweaen the tropical co;wection and global circulation
perturbations. The model is a T23 barctropic spectral model
with Raleigh friction and biharmonic diffusion. The basic
flow is the six-winter {1983/84 - 1988/89) means of the
ECMWT 200 mb rotational fliow. A 'climatological' forcing
was computed based on the basic flow and added in the

model to balange the basic flow. Idealized divergences were
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then prescribed in the model to perturb the balanced flow.
The global mean of the prescribed divergence is set ta zero.

The torcing specified in the mode] is the Rossby wave

source suggested by Sardeshmukh and Hoskins (1988)

which is defined as
Ve (Vi) 0]

where V', is the prescribed divergent wind and ¢ is the,
mean absolute vorticity. The Rossby wave source includes
not only the divergence term but also the advectional effect
due to the divergent wind which could be important in the
region of large vorticity gradient, Since the prescribed
divergences are of small amplitudes compared with that of
the basic flow, the behavior of the model is equivalent to
that_ofa linear barotropic model. In every rur, the response
reached a quasi-steady state in first few days. When the
model reaches steady state, the advectional effect due to the
perturbations of rotational flows balances the prescribed
forcing, i.e. the Rossby wave sources.

A series of experiments by prescribing divergence
perturbation of elliptic shape at different location were
carried out. Figure 8 shows the results of one of the
experiments with the maximum of divergence at
(5°8,160°W). The prescribed divergence, relative vorticity
of the basic state, and the corresponding Rossby wave
source is presented in Figures 8a,b,c, respectively. If only
the direct effect of divergence (i.e. -f(V « V")) were taken
inta account, the forcing should look like a dipole with a
weaker minimum slightly north of the equator and a
stronger maximum slightly south of the equator. The

Rossby wave source presented in Fizure 8¢ exhibits a much
more corplicated structure. The regions of minium and

maximum values in the subtropics of the Northern and
Southern Hemispheres, respectively, can be attributed to the
vorticity advection by divergent flows in the vicinity of the
Pacific jet streams where the gradient of relative vorticity is

the largest. The Rossby wave source far away from tropical



forcing tends to be positive in the Northern Hemisphere and
negative in the Southern Hemisphere. The responses of
rotaional flow at Day 20 shown in Figure 8d are
characterized by an out-of-phase relationship between the
two hemispheres. In the vicinity of the forcing, there exist a
pair of weak anticyclonic perturbations due to -f(VeV"). A
wavy structure emanates from the tropical eastern Pacific,
crosses North America and the Atlantic into the Indian
Ocean.

Figures 9 and 10 show the results of two other
experiments by placing the divergence pertubation at
(5°S,0°E) and (5°S,160°W), respectively. Regions of
minimum and maximum Rossby wave sources appear to the
north and south of the tropical divergence. For the
divergence perturbation centered at (5°S,0°E), the
distribution of Rossby wave source exhibits a wavy
structure over the Atlantic which is orthogonal to the
distribution of the relative vorticity of the basic state {e.g.
Figure 8b). By comparing Figures Sc and 10b, one notices
in both cases a region of minimum Rossby wave source near
the northern Pacific jet core where the gradient of relative
vorticity is the largest. The similar distribution of minimum
Rossby wave source in the subtropical Pacific in the both
cases, as pointed out by Sardeshmukh and Hoskins (1988),
demonstrates the remote effect of divergent flows and the
insensitivity of atmospheric response to the location of
tropical divergence, The far-field responses shown in
Figures 9¢ and 10c, e.g. the out-of-phase rela'tionship
between the two hemispheres and the wavy structure
described above, resemble that for the divergence
perturbation centered at at (5°S,160°W) because of the

* similarity of the distribution of the far-field Rossby wave
source.

We ran a series of experiments by placing prescribed
divergence along the 5°S latitude for every 20 degrees of
longitude. A pair of anticyclonic circulation tends 1o appear

near the divergence perturbations for all cases, but its
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relative position to the prescribed divergence changes. Gill
(1980) suggested that an anticyclonic pair should appear to
the northwest and southwest of a tropical heating in a rest
atmosphere because of the Sverdrup balance. The results of
some of our experiments, €.g. for the divergence
perturbations centered at (3°S,0°E) and (5°8,150°E), seem
to agree with Gill's results, while some others did not. For
example, the anticyelonic pair for the forcing at (5°8,160°
W) appears to the north and south of the forcing. It is
suggestive that in a more complicated basic state similar to
the real atmosphere the distribution of Rossby wave source
exhibits a compiex structure and can not be balanced by the
beta term alone as suggested by Gill {1980).

The results shown in Figures 8-10 are in a state in

which the Rossby wave source is balanced by the vorticity

advection by rotaticnal flow. By comparing the distributions
of the response and Rossby wave source {(e.g. Figures 8¢
and d}, one can cbserve the balance qualitatively. For
example, the eastward flow near the Pacific jet core advects
positive relative vorticity eastward to balance the large
negative Rossby wave source. The wavy structure over the
North America is erganized in a manner o that the vorticity
advection by rotational flows balance the wavy distribution
of weak Rossby wave source in the same region, It is
interesting to note that the wavy structure exists in all
experiments and exhibits a configuraticn orthogonal to that
of relative vorticity distribution. This result again
demonstrates the remote effect of local divergence
anomalies due to - (V' » Vs

The zonal mean of Rossby wave source can be

wrltten as:

B[V ¢ l=-dy ([v 1l g 1+[ve5*]) (@)

where bracket and asterisk represent zonal-mean and

deviation from it, respectively. The first and second terms of



the right hand side are the contributions from zonal-mean
and eddy compenents, respectively. The meridional
distributions of the three terms in Equation 2 and the zonal-
mean streamfunction perturbations corresponding to Figure
7 are presented in Figure 1. The zonal-mean
strearnfunction perturbations reach a quasi-steady ‘state by
Day 10 and indicates an out-of-phase relationship between
the two hemispheres, The zonal-mean Rossby wave sources
are negative and positive in the low latimudes of the
Northern and Southern Hemispheres, respectively, and are
in reversed signs in the higher latitudes. The contribution by
eddies is much smaller than that of zonal-means. It follows
that the flux due to the zonal-mean divergent wind is the
dominant effect. The eddy term is important locally but
plays a minor role in forcing zonal-mean response.

Ini order to mimic the observed outgoing longwave
radiation p:cntem shown i‘n the preceeding section, we
prescribed a divergence/convergence dipole in the model
with the ¢enters at (5°S,120°E) and (5°S,160°W) as shown
in Figure 12a. The divergence perturbations centered at
{5°S,160°W) is twice as strong as the convergence
perturbaﬁons centered at (5°S,120°E). It is intentional to
specify different amplitudes for the two centers. Lau and
Chan (1988) found that the largest interannual variability of
the OLR occurs in the tropical central Pacific. Empirical
studies of ENSQ by previous investiagtors also indicate
stronger than normal divergence in the tropical area during
the El Nifio years. The corresponding Rossby wave source
and streamfunction response at Day 20 are shown in Figures
12 and ¢. The Rossby wave source again shows large
amplitudes near the divergence perturbations and in the
regions of sharp vorticity gradient. As in the previous
experiments, the far-field responses tend to be negative in
the Northern Hemisphere and positive in the Southern
Hemisphere. The near-field response is dominated by a pair

ol anticyclonic circulation which exhibits reversed signs, A
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compariscn of Figure 8d and 12¢ indicates that the major
differences are the strengthened anticyclonic circulations
near the forcing in the latter case.

The results shown above suggest the insensitivity of
the response to the detailed structure of forcing. To
investigate further, we prescribed the first OLR vector
retrieved from SVD as divergence perturbations, but this
fime make the convergence twice as strong as the
divergence. The results are shown in Figure 13. The Rossby
wave source exhibits a complicated structure. The response
is however very similar to that shown in Figure 12 except
that the signs are reversed. The corresponding meridicnal
distributions of the various terms of zonal-mean Rossby
wave source are shown in Figure 14 and are similar to those
in Figure 10. It again indicates wezk contritution from the
eddy term.

In the experiments reported here, we were able to
simulate the observed global scale streamfunction
perturbatiors, which exhibits an out-of-phase relationship
between the Northern and Southern Hemispheres, by simply
specifying an idealized divergence pattern in a barotropic
model. Our simple experiments, however, have difficulties
simulating detailed structures. The major disc.repancies are
found in the eastern part of the Northern Hemisphere,
especially in the low latitudes. The first streamfunction
vector ( Figure | } exhibits a pair of cyclonic circulation in
the western Pacific when the convection iu‘ihe central and
gastern tropical Pacilic is anomalously active, Qur

experiments fail to simulate this teature and the ridge right

upstream of the pair of cyclonic circulation, Also, the zonal
scale of the anticyclonic circulations ( e.g. in Figure 13¢ ) is
too large compared to the results of SVD shown in Figure

1.



5. Conclusions

In this study, we applied singular value
decomposition analysis to the OLR/200 mb streamfunction
covariance matrix to retrieve the most recurrent coupled
modes. The first and second modes explain 60.31 and 12.30
percent of total squared covariance, respectively. The first
mode exhibits strong interannual variability, while the
second mode is of intraseasonal time scale. In this paper, we
emphasize the first mode and shall deal with the second
mode in a separate paper. The characteristics of the first

mode are listed as follows:

(1) A dipolar structure in the OLR field, with centers
at (5°5,120°E) and (5°S,160°W), was found in
the tropical Pacific.

(2) A zonal-mean structure in the 200 mb
streamfunction field exhibits an out-of-phase
relationship between the streamfinction
perturbations in the Northern and Southern
Hemispheres. The corresponding eddy
components are characterized by a quadrupole
straddling the equator in the Pacific with its
centers to the north and south of the OLR dipale.

(3) Zonal wind fluctuations associated with the
zonal-mean 200mb streamfunction perturbations
exhibits a strong zonal-mean compbnent near the
equator.

(4) Zonality of the 850 mb streamfunction field is
also evident in the high latitudes. However, the
eddy components are the dominant features in the
low latitudes and tend 1o be out of phase with
those at 200 mb.

{5) The mode exhibits a strong interannual

variability and appears to be statio:’lary‘

102

The most interesting feature above is the strong
zonality of the streamfunction fields, especially at 200mb. It
appears that the feature is strongly related to the activity in
the tropical convection which exhibits little zonality. Similar
characteristics are also found in the circulation fluctuations
associated with ENSO (Yasunari, 1987) and is reflected in
the expansion coefficients of the first coupled mode shown
in Figure 3. It is also known that during the El Nifio years
there are more diabatic heating, mainly latent heat, in the
tropical troposphere than in other years. The overall
divergence in the upper troposphere of the tropics should
also be stronger than normal. In order to investigate the
effect of the divergence perturbation on the vorticity, we
carried out a series of numerical experiments using a
linearized barotropic spectral model by prescribing idealized
divergence patterﬁ at different locations. The corresponding
Rossby wave source is prescribed as constant f‘orcing. and
the model is integrated to a quasi-steady state. The results
suggest that a localized divergence perturbation near the

equator can tforce a zonal-mean component of

streamfunction perturbation which exhibits a meridional
structure with a node near the equator.

Qur calcuations shows that the divergence of
vorticity fluxes by zonal-mean divergent flows account for
most of the Rossby wave source and the contributions from
eddies are limited. The linearized equation of zonal-mean

vorticity perturbation can be written as:

oot gl + 6/63’( [;lp gl*] + [VI*\p E*] )
=y (vl [g)+ v, ¢*) O

by neglecting the terms associated with mean divergent
flows. A positive zonal-mean Rossby wave source means an
increase of vorticity and a tendency for negative
streamfunction perturbation. By placing a divergence
perturbation near the equator under the constraint of zero

global-mean divergence, one finds a negative vorticity



tendency between the equator and 30°N and a positive
vorticity tendency between 30°N and the north pole. A
reversed polarity is found in the Southern Hemisphere. The
corresponding streamfunction perturbations are negative in
the Northern Hemisphere and positive in the Southern
Hemisphere. The sharp gradient of vorticity tendency near
the equator and the reversed polarity of the streamfunction
perturbations in the two hemispheres supsest the existence
of strong westerly perturbations near the equator. From the
viewpoint of momentum balance, poleward transport of
easterly moméntum in the low fatitudes will induce westerly
perturbations near the equator,

Barotropic model seems to be able to simulate the
zonality of the coupled mede but, not surprisingly, does a
relatively poor job for the eddy component. The eddy
component of the mode exhibits a baroclinic vertical
structure in the low latitudes, e.g. a reversed polarity
between the circulations in the upper and lower
troposphere. Simulating such a structure is certainly beyond
the capability of a barotropic model. At least, a baroclinic
model is needed to include the thermodynamic effect which
is likely crucial for a more successful simulation of the eddy

component in the low latitudes.
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Table 1. The squared covariance explained by the first five

modes. SCF and CSCF represent squared

covariance fraction and cumulative squared

covariance fraction, respectively; t(ay.by) is the

temporal correlation coefficient between the

expansion coefficients of the OLR and 200 mb

streamfunction fields for the same mode.

k SCF
1 60.31
A 12.30
3 8.67
4 3.51
5 234

CSCF
60.31
72.61
81.28
84.79
87.13

r(ay,by)
0.87
0.88
0.81
0.89
0.83
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Figure 3.

Homogeneous correlation maps of the first mode
extracted from the 200/850 mb streamfunction
covariance matrix for the (a) 200 mb and (b) 850
mb streamfunction fields, respectively; and from
the OLR/850 mb streamfunction covariance
matrix for the (¢) OLR and (d) 850 mb
streamfunction fields, respectively. Cantour

interval is 0,1
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