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ABSTRACT

FGGE Level III-b analyses, produced by the Goddard Laboratory for Atmospheres, NASA, are used to
investigate the relationship between tropical heating and subtropical westerly maxima in the Southern Hemisphere
during SOP-1 (5 January-4 March 1979). The mean state of two 15-day periods is examined, as well as day-
to-day variations for the entire 59-day period. In Period 1 (6-20 January), the central South Pacific was extremely
active convectively, while in Period 2 (3-17 February), convective activity over the western Indian Ocean was
enhanced. Episodes of strong outflow in the tropics, as measured by the upper tropospheric velocity potential,
were found to be well correlated with the strengthening and propagation of westerly wind maxima in the
subtropics. The average location of the westerly maximum over the South Pacific and Indian oceans was about
16° latitude south, and slightly east, of its corresponding heat source. For a cyclone case study which is presented,
however, this distance was considerably less. The response time between the upper level tropical outflow and
subtropical westerly enhancement appears to be less than 12 hours; however, an exact temporal scale was

difficult to identify.

1. Introduction

The relationship between tropical heating and higher
latitude circulations is a topic of great importance and
has been investigated on many different space and time
scales by numerous authors using both observational
and modeling data. A subset of this general topic is the
relationship between low latitude heating and westerly
wind maxima at similar longitudes but higher latitudes
and, specifically, the ability of local Hadley-type cir-
culations induced by the heating to accelerate upper-
level westerly flows through the conversion of earth
angular momentum (Palmen and Newton 1969;
Krishnamurti et al. 1973; Krishnamurti 1979; Chang
and Lau 1980, 1982; Physick 1981; Lau et al. 1983;
Paegle et al. 1983; Chang and Lum 1985; Nogues-Pae-
gle and Mo 1987, 1988; Nogues-Paegle and Zhen 1987,
Chen et al. 1988). Although this link between tropical
motions and westerly maxima has been studied on
temporal scales as long as monthly and seasonal av-
erages, the focus of the present paper and, consequently,
the ensuing literature review, will be on the shorter
term relationship in which the higher latitude response
to tropical heating is on the order of days to a week.

Over the past decade, numerous observational stud-
ies examined short-term interactions between the
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tropics and midlatitudes centered around the onset of
low-level monsoonal cold surges over the South China
Sea during northern winter. For instance, Chang and
Lau (1980, 1982) were able to relate the strength of
the subtropical jet stream over Japan to the 200 mb
divergence over the maritime continent of Borneo and
Indonesia during peak surge periods. Lau et al. (1983)
were able to further substantiate this finding using
twice-daily wind analyses from the Winter-MONEX
period of December 1978-February 1979. They found
that 24 to 36 hours after the onset of cold surges, con-
vection over South Borneo was enhanced and increased
divergent meridional flow over East Asia was related
to the enhanced convection and the locally intensified
Hadley-type overturning centered at 120°E. Moreover,
they illustrated that the southerly flow in the upper
branch of the East Asia Hadley circulation was re-
sponsible for the zonal wind acceleration at the en-
trance region of the jet over Japan during the surge
onset, while eddy momentum flux convergence largely
maintained the zonal wind acceleration downstream
of the entrance region. Chang and Lum (1985) noted
that because cold surges occur as a consequence
of increased midlatitude baroclinicity, the observed
strengthening of midlatitude westerly wind maxima
could be independent of the increased tropical con-
vection and result solely from the enhanced baroclinic
development. They used objectively analyzed 200 mb
wind data from the Fleet Numerical Oceanographic
Center’s global band analyses to address this cause and
effect problem in short-term tropical-extratropical in-
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teractions over eastern Asia and the western Pacific
Ocean during the 1983/84 northern winter season.
They found a significant positive correlation between
midlatitude westerly wind maxima and regions of up-
per tropospheric tropical divergence at the same lon-
gitudes throughout the season. Although the lack of a
discernible time lag in the correlations precluded any
definite conclusions about the cause and effect problem,
their detailed examination of six December 1983 major
intensifications of the east Asian westerly jet between
25°N and 40°N provided additional insight. In three
of the episodes, deep convection in tropical cyclones
located between 0° and 18°N was correlated to an en-
hancement of the jet on a day-to-day basis. Although
the synoptic cause of one episode of enhanced 200 mb
tropical divergence was not identified, the remaining
two cases were the result of cold surges. From this ev-
idence, Chang and Lum concluded, based on the three
tropical cyclone events, that the short-term intensifi-
cations of the midlatitude jet were more likely the re-
sult, and not the cause, of the tropical-extratropical
interaction. Furthermore, they agreed with the previous
studies that the poleward moving air in the upper
branch of the local Hadley-type circulation, acted upon
by the coriolis force, accelerates eastward into the en-
trance region of the jet. Once formed, the individual
westerly wind maxima propagate downstream due to
self advection.

Further evidence of a link between tropical divergent
circulations and higher latitude westerly wind maxima
has been provided by the numerous papers in recent
years devoted to the study of low-frequency tropical
oscillations with 30-50 day periods, first noted by
Madden and Julian (1971, 1972). Unlike studies such
as Lorenc (1984) and Krishnamurti et al. (1985),
which detected a planetary-scale divergence wave that
traverses eastward around the globe with zonal wave-
number 1 and a period of 30-50 days, numerous in-
vestigators have examined the propagation of Outgoing
Longwave Radiation (OLR ) anomalies and have found
that strong convection anomalies are confined to the
equatorial regions of the Indian Ocean and the western
Pacific sector. For example, the results of Murakami
and Nakazawa (1985) and Murakami et al. (1986)
showed a systematic eastward propagation of low-fre-
quency OLR anomalies most clearly defined between
60°E and the International Date Line (IDL). Weick-
mann et al. (1985), using ten years of northern winter
OLR data, found that the strongest fluctuations at 28—
72 day periods traversed eastward between the equator
and 15°S from 60°E to 160°E, then shifted rapidly to
about 160°W in the vicinity of the South Pacific Con-
vergence Zone (SPCZ). They also found that convec-
tion in the SPCZ was out of phase with that in the
Indian Ocean. Moreover, they presented observational
evidence that this tropical oscillation affected ex-
tratropical circulations. Specifically, they found a
strengthened Northern Hemisphere upper level sub-
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tropical jet over the central Pacific when the tropical
oscillation was near the date line and a weakened cen-
tral Pacific jet when the strong convection was located
farther west over Indonesia. In a study of intraseasonal
oscillations during Northern Hemisphere summers
from 1974-1983, Knutson et al. (1986) also concluded
that tropical OLR fluctuations in the 28-72 day spectral
band had the greatest amplitude in the Indian monsoon
region and the tropical western Pacific, with these two
regions having an out-of-phase relationship. In extra-
tropical latitudes, they found the 250 mb zonal wind
anomalies along 30°S to be strongly coherent with the
tropical OLR anomalies. Nogues-Paegle and Mo
(1987) examined the seasonal transition from spring
to summer in the Northern Hemisphere using 12 con-
secutive weekly averages of Global Weather Experi-
ment (FGGE) data starting from 5 May 1979. Their
results supported the finding of Knutson et al. (1986).
Specifically, they were able to capture two cycles of a
propagating easterly divergent wave and fluctuations
in OLR consistent with the description of the 30-50
day oscillation. They compared OLR and velocity po-
tential at 5°N with the 200 mb zonal wind at 34°S and
found that divergence pulses were followed within one
week by accelerations of the westerly wind. These ac-
celerations peaked when the divergence pulse was near
160°E, with maximum subtropical westerly winds at
similar longitudes. Their averaging technique, however,
precluded any quantification of a temporal response
of the subtropical jets to the enhanced tropical latent
heat release.

In addition to the aforementioned observational
studies, the impact of tropical large-scale organized
convection on the wind fields at higher latitudes has
been investigated using a wide array of numerical
models (e.g., Blackmon et al. 1977; Opsteegh and Van
den Dool 1980; Gill 1980; Hoskins and Karoly 1981;
Simmons 1982; Lim and Chang 1983; Lau and Lim
1984; Sardeshmukh and Hoskins 1988; Chelliah et al.
1988). One such study of interest to the present in-
vestigation is that by Nogues-Paegle and Mo (1988).
They used the Goddard Laboratory for Atmospheres
(GLA) fourth-order genesal circulation model (GCM)
with real data and examined the transient response of
the Southern Hemisphere subtropical jet to tropical
forcing during the 1979 Southern Hemisphere winter
season. Their study was at least partially motivated by
the earlier observational work of Nogues-Paegle and
Zhen (1987) which linked episodes of enhanced latent
heat release in the Northern Hemisphere tropics for
selected cases during June, July and August 1979 to
accelerations of Southern Hemisphere subtropical wind
maxima at similar longitudes. For the period 25 July
through 12 August 1979, Nogues-Paegle and Mo noted
that observed accelerations of the 200 mb zonal wind
over Australia between 25°S and 35°S were well cor-
related to enhanced area-averaged rainfall rates in the
Northern Hemisphere tropics at similar longitudes.
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Specifically, the enhancement episode culminated on
8 August with a zonal wind over Australia of 93 m
s~!. Consequently, they performed a 15-day integration
initializing the GLA GCM on | August 1979 and, in
a “full physics” control run, were able to reproduce a
peak 200 mb zonal wind of 82 m s™! during 8 August
centered over Australia at about 26°S. Moreover, this
zonal wind maximum corresponded favorably with
increased upper level divergent flow near 6°N, about
50° longitude upstream of the jet during 4 August.
Since the control run was successful at simulating the
temporal and spatial evolution of the Australian wind
maximum, Nogues-Paegle and Mo performed a nu-
merical simulation with suppressed heating over the
tropical Pacific from 90°E to 120°W and found that
the impact of latent heat release was remotely felt at
subtropical latitudes in 2 to 4 days. Although this and
many other model studies suggest that a relationship
between tropical heating and subtropical jet maxima
exists, the question that is often difficult to answer by
using the modeling approach is, “What is the initial
relationship and/or immediate response (both tem-
porally and spatially) of the circulation pattern to a
locally-enhanced heat source?”” One must frequently
resort to the use of observational studies to answer this
question because most large-scale models require a
certain amount of time (several hours to a few days)
to reach a stable state, especially when diabatic heating
represents the main forcing for the evolving circulation.

The purpose of the present paper is to use obser-
vational data, provided by FGGE, to diagnose the pos-
sible relationships between the heating associated with
two convectively active areas of the tropical Southern
Hemisphere and the immediate enhancement of a
nearby subtropical westerly wind maximum in each
region. The regions being examined are the western
Indian and the central Pacific oceans, two areas that
were convectively out of phase during the study period.
The time of the study is the first Special Observing
Period (SOP-1) of FGGE, 5 January—4 March 1979.

The present study applies many of the techniques
used by Chang and Lum (1985) to investigate the short
term relationship between tropical heating and sub-
tropical westerly maxima, but it is unique in a number
of ways. First, we focus on the Southern Hemisphere,
while Chang and Lum and many other studies were
focused on the Northern Hemisphere. Second, we ex-
amine summertime subtropical westerly maxima,
whereas nearly all prior studies have dealt with the
wintertime hemisphere. Third, the average latitudinal
distance between the tropical heat source (i.e., maxima
upper-level divergence ) and subtropical westerly max-
ima is much less in our study (~16°) than it is in the
study of Chang and Lum (~24°) and most others.
Nonetheless, in both studies the response occurs at
about the same longitude as the heat source and appears
to happen almost instantaneously (i.e., <12-h time
lag). Finally, as noted earlier, the present investigation
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examines two regions of active tropical convection and
their corresponding subtropical westerly wind maxima:
the western Indian and the central Pacific oceans. The
convective cloud band in the central Pacific, the SPCZ,
is one of the most extensive and persistent features of
the global-scale circulation pattern. To the best of our
knowledge, there is little reference in the literature re-
garding the relationship between this region of active
convection and its nearby subtropical westerly max-
imum.

2. Data and equations

As noted by Nogues-Paegle and Mo (1987) and No-
gues-Paegle and Zhen (1987), any study which at-
tempts to explain possible relationships between low-
latitude heating and subtropical westerly maxima in
terms of local Hadley-type circulations must be able
to determine the divergent wind components reliably.
Besides GLA, the two other major producers of FGGE
gridded data sets were the Geophysical Fluid Dynamics
Laboratory/NOAA at Princeton (GFDL) and the
European Center for Medium-range Forecasts
(ECMWF). Although the rotational wind components
were similar among the three analyses, comparisons of
the divergent wind components revealed much weaker
divergent circulations in the ECMWEF data than those
of GFDL or GLA (Paegle et al. 1983, 1985). Paegle
et al. (1983) discuss that this is probably the result of
the initialization procedure, based on an adiabatic for-
mulation, used by EMCWEF. Therefore, we have chosen
to use the GLA analyses in the present investigation.

The FGGE SOP-1 GLA analyses were derived from
an assimilation cycle with the global fourth-order ver-
sion of the GLA GCM described in detail by Kalnay-
Rivasetal. (1977), Kdlnay-Rivas and Hoitsma (1979),
and more recently by Kalnay et al. (1983). The model
is based on an energy-conserving scheme with all hor-
izontal differences computed with fourth-order accu-
racy. Every two hours, a two-dimensional (latitude and
longitude), 16th-order Shapiro (1970) filter is applied
to sea level pressure, wind and potential temperature
fields. There are nine vertical levels, equal in sigma,
with a uniform nonstaggered horizontal grid of reso-
lution 4° latitude by 5° longitude. A detailed descrip-
tion of analyzed and derived variables for the model
is given by Baker (1983). Temporally, the data were
originally analyzed during SOP-1 at four synoptic
times, 0000, 0600, 1200, and 1800 UTC. However, a
lack of 0600 UTC wind data from GOES-West, which
strongly affected the upper-level divergence fields over
the central Pacific Ocean, made it necessary to elimi-
nate not only the 0600 UTC analyses, but also the
1800 UTC analyses in order not to bias the results with
a diurnal influence. Therefore, the present study only
utilizes the remaining 0000 and 1200 UTC analyses.

Most of the techniques applied in this study to ex-
amine the relationship between tropical heating and
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higher latitude wind fields are commonly used in the
literature and need not be discussed in detail. A few
comments, however, are warranted.

One variable that is well correlated with tropical
convective activity is velocity potential, since it indi-
cates convergent and divergent flow. Consequently, it
is relied upon heavily in the present investigation. As
discussed by Hendon (1986), however, the use of ve-
locity potential can be misleading because it represents
the largest scale of the divergence. This can especially
represent a problem when one is trying to quantify the
spatial scale of a phenomenon, but this is not a goal
of the present study. Our investigation is primarily
concerned only with variations in the tropical velocity
potential field to indicate changes in tropical heating.
Moreover, the observed variations in velocity potential
are in good agreement with fluctuations in other in-
dependent measurements (e.g., OLR, sea level pressure,
lower and upper tropospheric divergence) of low lati-
tude convective activity. Consequently, we feel the use
of velocity potential can be extremely useful in studies
of this nature.

Several authors have attempted to study the mainte-
nance of subtropical jet streams through the conversion
of divergent kinetic energy to rotational kinetic energy
(Chen and Wiin-Nielsen 1976; Krishnamurti and Ra-
manthan 1982; Chen et al. 1988). We have also ex-
amined this conversion term using the open domain
kinetic energy equations of rotational and divergent
flow discussed by Chen et al. (1988). These equations
can be written as

%"t—"z —V - (Vpk) + (f+ ¢r)

X (upbr — ugvp) — Vp- Vo (1)

%’* ~ =V (Vrk) — (f+ $r)

X (upvgr — ugvp) — Va-Vo (2)
or, in symbolic notation

a .
aizR ~ FR(k) + C(kp, k) + G(kg).

The equations are approximate since only those terms
important to the budgets of k, and kx have been re-
tained. The notation used in Egs. (1) and (2) is con-
ventional. Subscripts D and R represent the divergent
and rotational circulations, respectively, FD(k) and
FR(k) represent the divergence of the horizontal ki-
netic energy fluxes, G(kp) and G(kg) represent the
generation of Kinetic energy by ageostrophic flow, and
positive values of C(kp, kg) represent the conversion
of divergent to rotational kinetic energy.
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3. Results

As mentioned in the Introduction, two regions of
active tropical convection and corresponding subtrop-
ical westerly wind maxima are being examined. One
of these regions, the SPCZ, contains an intense con-
vective cloud band. During SOP-1 the SPCZ was par-
ticularly active for the first 2-3 weeks. Subsequently,
convective activity weakened considerably in the SPCZ
and the main area of convection shifted westward to
become part of the Australian monsoon circulation.
Concomitant with the reduced activity in the SPCZ
was an enhancement of convection in the western In-
dian Ocean which lasted 2-3 weeks. Other regions in
the tropical Southern Hemisphere maintained about
the same level of convective activity throughout SOP-
1. These changes in convection are clearly shown in
the time-averaged OLR maps in Paegle et al. (1983)
(their Fig. 10) for the periods 10-23 January 1979 and
26 January-7 February 1979. Since we do not possess
adequate daily OLR data from February 1979 to con-
struct similar diagrams, we can only give evidence of
these changes in the monthly mean distributions of
OLR for January (Fig. 1a) and February (Fig. 1b)
1979. The relevant point is that the patterns evident
in Fig. 1 are in excellent agreement with those in Paegle
et al. (1983). Areas with values of OLR < 225 W m 2
are shaded in Fig. 1 and most likely contain active
tropical convection (Heddinghaus and Krueger 1981).
Note that the regions of maximum convective activity
lie between the equator and 20°S, except for the SPCZ
and the South Atlantic Convergence Zone (SACZ).

Upon close examination of the daily velocity poten-
tial fields, as well as distributions of the available daily
OLR data and other variables, we found that the most
persistent period of convective activity in the SPCZ
occurred from early January until about 20 January.
In contrast, the primary convective activity in the In-
dian Ocean existed from late January until slightly past
the middle of February. Consequently, we decided to
time average the analyses over two 15-day periods. The
first period, 6-20 January, corresponded to strong
convection in the SPCZ and weak activity in the west-
ern Indian Ocean, while the second period, 3-17 Feb-
ruary, corresponded to the reverse of this pattern. In
section 3a we examine a sample of time-averaged re-
sults which illustrate the relationship between tropical
heating and subtropical wind maxima. Then, in section
3b, we investigate the daily variability of selected vari-
ables for all of SOP-1, which further illustrates this re-
lationship. Finally, in section 3¢, we look at a case study
which shows the relationship in more detail.

a. Mean state

One indicator of tropical heating is an area of low
level convergence or, similarly, a center of low surface
pressure. Figure 2 shows charts of mean sea level pres-
sure for Period 1 (6-20 January 1979), Period 2
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FIG. 1. Outgoing longwave radiation (OLR) in W m~2 for (a) January and (b) February 1979. Tropical areas
with values of OLR < 225 are shaded since they most likely contain active convection.

(3-17 February 1979), and their difference. In the
Southern Hemisphere tropics and subtropics the most
significant changes between Period 1 and Period 2 (Fig.
2c) were the increase in pressure in the SPCZ area and
the decrease in the western Indian Ocean. There was
also a smaller increase in pressure over Australia. As
might be expected, the largest changes in pressure oc-
curred in middle latitudes, particularly in the Northern
Hemisphere; however, these circulation features are not
within the focus of the present paper. More impor-
tantly, it should be appreciated that short-term time-
mean pressure changes on the order of 4-8 mb in the
tropics and subtropics, especially in summer, are quite
significant.

Another indicator of convective activity and tropical
heating is upper tropospheric divergence. Here we use
velocity potential, X, in the 250-200 mb layer to infer
regions of divergence and convergence. Figure 3a shows
a very large area of strong outflow associated with the
SPCZ in Period 1. There is also a smaller area of weaker
outflow associated with the SACZ. In contrast, upper
level convergence is evident over the Indian Ocean. In
Period 2 (Fig. 3b), as with other variables, the main
changes in the Southern Hemisphere tropics took place
over the South Pacific and Indian oceans. These
changes, which consisted of large increases in upper
level convergence over the SPCZ and divergence over
the western Indian Ocean, are easily identified on the
difference map of X in Fig. 3c. A more modest increase

in upper level convergence was observed during Period
2 over the SACZ, while over the western Pacific, the
maximum divergence shifted to just east of New
Guinea. Furthermore, the regions of upper level out-
flow are in good agreement with the areas containing
low values of OLR (Fig. 1).

The relationship between tropical heat sources and
subtropical westerly maxima can be seen by comparing
the maps of the zonal wind component, , in Fig. 4 to
the heating as indicated by Figs. 1 and 3. In Period 1,
Fig. 4a shows that the region of maximum westerly
flow in the Southern Hemisphere subtropics is located
over the South Pacific Ocean and is centered just north
of 30°S and east of the IDL. There is also a subtropical
westerly maximum oriented from southwest to north-
east across South America and a band of strong west-
erlies near the equator over the eastern Pacific Ocean.
In Period 2 (Fig. 4b), some significant changes took
place, namely, the South Pacific westerlies decreased
substantially and a westerly maximum developed over
the Indian Ocean, just north of 30°S. Again, this is
most easily seen on the difference map of u in Fig. 4c¢.
In addition, a zonal wind acceleration of 15 m s~ is
evident between Australia and New Zealand, and the
strong westerlies over the eastern Pacific weakened by
25 m s~! near 90°W just south of the equator. Over
South America, the westerly maximum oriented di-
agonally in Period 1 shifted to a more zonal position
in Period 2, resulting in a westerly decrease of 15 ms™'
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FIG. 2. Mean sea level pressure in millibars for (a) 6-20 January, (b) 3-17 February 1979, and (c) their difference.
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centered over the coast of Brazil with a corresponding
increase just to the south. Also, it is seen that the higher
latitude jet stream in the Southern Hemisphere is dis-
tinctly separate from the aforementioned subtropical
wind maxima. Comparing the patterns in Figs. 1 and
3 to those in Fig. 4, it is seen that tropical heating and
outflow aloft tend to be a maximum to the north of
the respective subtropical westerly wind maxima. This
is especially evident over the South Pacific and Indian
oceans. This apparent correspondence will be examined
in more detail in the following sections.

b. Daily variability

We now present the day-to-day fluctuations of three
variables which relate tropical heat sources to subtrop-
ical wind distributions. They are displayed in the form
of Hovmoeller diagrams in Figs. 5-7. The time span
of each diagram is all of SOP-1, FGGE (i.e., 5 January-
4 March 1979), while the longitudinal dimension ex-
tends from 20°E to 100°W. This allows us to focus on
the South Pacific and Indian Ocean regions, where the
greatest changes were observed in the mean state re-
sults. In Fig. 5a, velocity potential, X, is shown for the
250-200 mb layer. It has been averaged between 2°S
and 18°S since the upper tropospheric outflow which
has been generated by heating is generally contained
within these latitudes. The panel shows that maximum
outflow is centered near the IDL from the beginning
of the period to about 21 January, after which there is
a weakening of the outflow for several days. In late
January there is a resurgence of the outflow in the South
Pacific which lasts until the end of the period, but it is
now centered west of the IDL. During the first episode
of strong outflow, there appears to be a slow eastward
drift of the area containing maximum values, whereas
during the second episode a slow westward progression
is apparent. Perhaps the heating which is responsible
for the outflow patterns is due to two different modes
of wave motion. The panel of X also shows a secondary
region of maximum outflow over the Indian Ocean
which is most active from about 27 January to 18 Feb-
ruary. It appears that there were four episodes of stron-
ger divergence during this period, each lasting only a
few days. Note that the time-averaged results presented
in section 3a were compiled for the latter three episodes,
as well as for the first episode over the South Pacific.

The relationship between the upper tropospheric
patterns of velocity potential in the tropics and the
westerly winds in the subtropics is shown in Fig. 5b.
This panel illustrates the superposition of outflow
maxima on the 200 mb zonal wind component which
has been averaged between latitudes, 18°S and 34°S.
In this manner, it contains the subtropical westerly
maxima of interest. Values of # = 20 m s~! have been
shaded and it is seen that westerly wind maxima cor-
respond favorably to the pattern of tropical outflow.
Moreover, it appears that many of the individual west-

JAMES W. HURRELL AND DAYTON G. VINCENT

759

erly maxima propagate eastward. A similar relationship
was found by Chang and Lum (1985) in their paper
where they examined tropical heating and subtropical
jet streaks in the Northern Hemisphere during the
winter season.

The results discussed thus far have established that
tropical heating and its upper level outflow occur in
conjunction with increases in subtropical westerly
maxima located at similar longitudes but roughly 16°
latitude farther south. Because of the latitudinal av-
eraging, however, Fig. 5a can only indicate the east-
west extent of the outflow. What remains to be shown
is that the upper tropospheric outflow has a meridional
component which is directed from the tropical source
to the subtropical meridional locale. Figure 6a, which
displays the north-south component of X (i.e., vy) in
the 250-200 mb layer, illustrates this connection. This
variable has been averaged between 14°S and 22°S
and values < —2 m s™! have been shaded to highlight
regions of maximum poleward-moving air. It is seen
that shaded areas of v, correspond favorably to shaded
areas of X, thus we conclude that a significant portion
of the tropical outflow is directed southward into the
region of the subtropical westerly maxima.

Let us now examine the relationship between v, and
the zonal wind component. This is shown in Fig. 6b,
and it is seen that the westerly maxima tend to form
and propagate eastward away from regions containing
maximum negative values of vy. Again, this result
agrees favorably with the northern winter study of
Chang and Lum (1985), and suggests that the tropical
divergence may help force the strengthening of the
subtropical jets by increasing v, within the upper
branch of the local Hadley circulation.

Another way to investigate the tropical divergent
circulations and the subtropical westerlies is through
the kinetic energy equations for the divergent and ro-
tational components of the flow. Specifically, the in-
teraction between the divergent circulation and the ro-
tational flow (i.e., subtropical westerly wind maxima)
is represented by the conversion term, C(kp, kz). This
term is illustrated in Fig. 7a, and it has been averaged
between the latitudes which contain the subtropical
westerly maxima over the South Pacific and Indian
oceans, 18°S to 34°S. Clearly, maximum positive val-
ues are in excellent spatial and temporal agreement
with the subtropical wind maxima illustrated in Figs.
5b and 6b. Furthermore, our analyses of the remaining
terms in Eq. (2) showed that although G(kz) and
FR(k) were the dominant contributors to the mainte-
nance of ky at higher latitudes (especially in the North-
ern Hemisphere), C(kp, kg) was dominant in the lat-
itudes of interest to the present investigation. Moreover,
Fig. 7b illustrates that local values of G(kp) and C(kp,
kg) are comparable in magnitude, and the patterns of
their distribution are similar. Since FD(k) (not shown)
is small, and compared to kx the divergent kinetic en-
ergy (kp) is small, we conclude that the generated di-
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vergent kinetic energy is mostly converted to support
the rotational flow in the regions of the subtropical
westerly maxima. These results are in good agreement
with those of Chen et al. (1988) in a study on the
maintenance of the winter subtropical jet streams in
the Northern Hemisphere.

A quantitative evaluation of the time-lag correlation
at the same longitudes between upper tropospheric ve-
locity potential in the tropics and westerly winds in
the subtropics is shown in Fig. 8. The latitudinal av-
eraging for both X and u is the same as in Fig. 5, and
the time period represented is all of SOP-1. The values
shown in Fig. 8 are simple correlation coefficients with
shaded (hatched) values of R = 0.3 (R < —0.3) having
a significance level > 99%. It is seen that the highest
positive correlations occur over four distinct areas; the
Indian Ocean between 70°E and 85°E; the western
Pacific near 150°E; the central Pacific in the vicinity
of the SPCZ; and a narrow band near the SACZ. The
reason for the lower correlations over the western In-
dian Ocean relative to those over the western and cen-
tral Pacific can be explained by noting in Fig. 5 the
presence of isolated wind maxima within this region
in mid-January, a time period in which the X field ex-
hibited upper-level convergence. In addition, even
though they represent only a portion of SOP-1, the
difference maps in Figs. 3 and 4 show that the greatest
change in X was located approximately 5°-10° of lon-
gitude west of the most significant increase in the zonal
winds. Similarly, these same figures support the high
correlations found on either side of the IDL. In the
SPCZ region, decreases in convection after mid-Jan-
uary clearly correspond to decreases in the subtropical
westerlies, while the inverse applies in the western Pa-
cific. Between 30°W and 45°W, the narrow band of
positive correlations is related to decreases in both di-
vergence and the westerly maxima over the coast of
Brazil. Also, it is interesting to note the negative cor-
relations exhibited over the eastern portions of the Pa-
cific and Atlantic oceans. In both regions, these cor-
relations were the result of a strengthening with time
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of already existing upper-level convergence while iso-
lated weak westerly wind maxima passed through the
subtropics. In general, our examination of Hovmoeller
diagrams for the region bounded by 100°W and 20°E
(i.e., the eastern Pacific and the Atlantic) showed no
apparent correlation between areas of upper tropo-
spheric tropical divergence and subtropical wind max-
ima, with the exception of the diagonal extension of
the SACZ over the coast of Brazil.

Figure 8 also illustrates that the most significant cor-
relations occur at zero time lag and are more or less
symmetric about the zero lag line, which suggests that
any cause/ effect relationship between tropical heating
and subtropical wind maxima takes place primarily in
less than 12 hours (i.e., the temporal spacing of the
data). Finally, as Chang and Lum (1985) discuss, while
correlations on the order of 0.3 to 0.4 seem weak, one
must remember that forcing mechanisms other than
tropical divergence undoubtedly contribute to the day-
to-day changes of subtropical winds. With this in mind,
plus the fact that we are examining the summer hemi-
sphere where the Hadley circulation is much weaker
than in the winter hemisphere, it is clear that these
positive correlations result from several periods of sig-
nificant, nearly simultaneous enhancements of both
tropical divergence and subtropical winds.

In order to examine the relationship between tropical
heating and subtropical westerly maxima in more detail
for the SPCZ and Indian Ocean regions, we now show
a time series of X vs. u for each region. Figure 9 depicts
the time plot of area-averaged values of both variables
for the SPCZ for the entire period of SOP-1. The vari-
ables have been averaged from 170°W to 140°W since
these longitudes contained some of the highest positive
correlation coefficients in Fig. 8. As can be seen, the
best agreement between the two curves occurs in Jan-
uary, with the largest values from early in the period
to about 20 January. The worst agreement is after 10
February when the tropical heating has shifted west-
ward away from the SPCZ area. Figure 10 depicts the
same two variables for the Indian Ocean region. Again,
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the longitudes over which the area averages were com-
puted contained the highest correlation coefficients. As
mentioned earlier, a very poor correlation between
variables is evident until near the end of January and,
again, toward the end of the period. From the end of
January until about 18 February, however, a good
agreement is seen. Note that the period of good agree-
ment exists only when upper level outflow occurs.

¢. Case study

There were several examples from which to choose
a case study that illustrates the relationship between a
source of tropical heating and a corresponding sub-
tropical westerly maximum. The case study we selected
occurred in the SPCZ region during a period when a
cyclone developed in the tropics and subsequently
moved toward middle latitudes. In a previous paper,
one of the authors ( Vincent 1985 ) discussed the details
of this cyclone event. He noted that a westerly maxi-
mum was present aloft, to the south and east of the
surface cyclone, and that it propagated southward and
eastward along a track which the cyclone followed
about one day later.

Figure 11 shows the upper tropospheric patterns of
velocity potential and zonal wind for the main portion
of the cyclone’s life cycle. The location of the cyclone

is indicated by L. At the first time shown, 0000 UTC
13 January (Fig. 11a), maximum outflow is seen to
occur near 22°S, 150°W. This is the approximate lo-
cation of the surface cyclone, which is in its developing
stage. There is a maximum in the westerly wind at
about 26°S, 145°W, which we believe is related to the
cyclone’s heating field. By 0000 UTC 14 January (Fig.
11b), very little change has occurred in the pattern of
either variable. Twelve hours later, however, changes
have taken place. Figure 11c, valid at 1200 UTC 14
January, shows that the wind maximum has moved to
30°S, 140°W. At this time, the cyclone was fully de-
veloped, but had not yet begun to propagate toward
middle latitudes. It is seen that the upper level outflow
is very strong, but that the location of its maximum
value has moved only slightly from the previous time.
By 0000 UTC 15 January, the cyclone had begun to
move poleward and eastward. This fact is reflected in
the pattern of velocity potential which shows maximum

outflow near 26°S, 145°W (Fig. 11d). Correspond-

ingly, the westerly maximum has propagated south-
eastward and, at this time, is located near 34°S, 135°W.
Finally, at 1200 UTC 15 January, Fig. 11e indicates a
further propagation toward the southeast of maxima
in outflow and westerly wind. By 0000 UTC 16 January
(not shown), the cyclone was beginning to decay and
was located at approximately 35°S, 140°W, and the
westerly maximum streak had exited the analysis area.
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F1G. 10. As in Fig. 9, except averaged over 60°~90°E.

4. Concluding remarks

Over the past decade numerous investigators have
used both observational and modeling data to study
the link between tropical heating and higher latitude
circulations and, specifically, westerly wind maxima.
The large majority of these studies, however, have fo-
cused on Northern Hemisphere circulations. Studies
of Southern Hemisphere interactions have been less
frequent, although aided substantially by the FGGE
special observing system. Nonetheless, to our knowl-
edge, nearly all of this research has focused on circu-
lations in the winter hemisphere.

The purpose of the present investigation has been
to examine the short-term relationship between the
upper level outflow from tropical heat sources and
subtropical westerly maxima in the Southern Hemi-
sphere during summer, namely, SOP-1 FGGE. Like
many of the winter hemisphere studies, we found that
episodes of strong outflow, measured by upper tropo-
spheric velocity potential, were well correlated with the
enhancement and propagation of subtropical westerly
maxima located at similar longitudes. Energetically,

this was manifested as a strong conversion of divergent
to rotational kinetic energy in the regions of the max-
imum westerlies. This relationship was particularly ev-
ident in the South Pacific during January and in the
Indian Ocean during February. Over the eastern Pacific
and Atlantic oceans, no significant positive correlations
were found to exist, with the exception of the south-

eastward extension of the SACZ and its corresponding
westerly maximum over the coast of Brazil. In general,
very poor correlations between tropical velocity poten-
tial and subtropical zonal winds were noted at all lon-
gitudes when upper level convergence was present (e.g.,
Fig. 10 during early to mid-January). This would in-
dicate that subtropical westerly maxima can exist at
all times, but are particularly enhanced during periods
of strong upper level tropical outflow.
Another finding of this study was that the latitudinal
distance between the maximum tropical outflow re-
gions and the subtropical westerly flows was, in the
mean, about 16°, compared to 25° to 35° in most
other studies. In agreement, however, was that the
westerly maxima were usually slightly east of their cor-
responding tropical heat sources. Because of the short
distance between these phenomena, it is difficult to
conclude what the response time is from our 12-h data.
Our analyses seem to suggest that it is less than 12 h.
Consequently, no definite conclusion about a cause/
effect relationship can be made. In fact, for the South
Pacific cyclone case discussed, where the average dis-
tance between the heat source and wind maxima was
much less than 16° and both features propagated
southeastward, it is possible that the baroclinic zone
set up by the wind maximum was responsible for en-
hancing the cyclone’s heating field (Trenberth 1976;
Robertson et al. 1989). In other words, the upper tro-
pospheric wind maximum might have led, rather than
trailed, the upper level outflow. On the other hand, our
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recent unpublished analysis of localized Eliassen—Palm
flux diagnostics (using the formulation by Trenberth
1986) for the South Pacific during 6-20 January re-
vealed that the impact of the cyclones propagating
along the SPCZ was to accelerate the time-mean sub-
tropical westerlies on the poleward side of the cloud
band between 170°W and 140°W. Evidently, a com-
plicated two-way interaction between the heating and
wind fields in the SPCZ region is likely.

Finally, it has occurred to us that the reason for
strong tropical heating in the SPCZ during 6-20 Jan-
uary and the Indian Ocean during 3-17 February might
be due to some type of periodic oscillation. For in-
stance, we may have captured a major part of the heat-
ing signal associated with the 30-50 day wave oscil-
lation in the tropics in our temporal averaging. It is

well known in the literature that the 30-50 day oscil-
lation was present throughout the FGGE year. Lorenc
(1984) used FGGE ECMWF Level IlI-b data to ex-
amine the 200 mb velocity potential field and found a
clear signal in the entire FGGE period of an eastward
propagating wave with zonal wavenumber 1 and a pe-
riod of 30-50 days. Krishnamurti et al. (1985) also
studied the divergent circulations during the FGGE
year with 30-50 day filtered EMCWF data. Their re-
sults show a planetary-scale divergence wave that tra-
verses around the globe eastward at a rate of approx-
imately 8° longitude per day. This periodicity is com-
patible with our results since the SPCZ was convectively
active in early to mid-January, whereas the western
Indian Ocean, which showed suppressed convection at
this time, became active in early February. Moreover,
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FIG. 11. (Continued)

this result is in good agreement with the OLR anomaly
studies of Murakami and Nakazawa (1985), Mura-
kami et al. (1986) and Weickmann et al. (1985) dis-
cussed previously. All of these investigations concluded
that the strongest convection anomalies associated with
the 30-50 day oscillation are confined to the Indian
Ocean and western Pacific equatorial sectors, and that
the convection in the SPCZ region is out of phase with
that in the Indian Ocean. Although this is in good
agreement with our mean state results, however, Fig.
Sa clearly shows a westward progression of maximum
outflow over the western Pacific throughout February.
Perhaps the 30-50 day oscillation did influence our
results, but is not evident since we neither time-filtered
our data nor examined any type of anomaly fields.
Another possibility of a periodic oscillation which
might have played an important role during the present
study is the 2-3 month cycle discussed by Lau and
Chan (1983a,b). They suggest that the tropical diabatic
heat sources and sinks appear to exhibit a dipole-like
oscillation which alternates between dry and wet pe-
riods over the equatorial central Pacific and the mar-
itime continent of Indonesia. They state that February
1979 was characteristic of a wet period, which consists
of strong convection over the central Pacific, an east-
ward migration of the SPCZ, and an equatorial migra-
tion of the ITCZ over the central and eastern Pacific,
resulting in considerable shrinkage of the eastern Pacific
dry zone. Our results do not show such a pattern for
February. In fact, this description is more characteristic

of our January pattern. In contrast to the finding of
Lau and Chan, our February results correspond more
to their definition of a dry period, which consists of
intense convection over the maritime continent and
an extensive eastern Pacific dry zone.
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