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ABSTRACT

The climatology of the kinetic energy associated with the subtropical jet over the Australian—South Pacific
region is investigated for a 6-yr period, January 1985-December 1990, using monthly mean data. The total
kinetic energy (TKE) is partitioned into vertically averaged mean kinetic energy (KM) and level-by-level de-
parture from the mean, or so-called shear kinetic energy (KS). A comparison of the two components during the
annual cycle reveals that KM within the region of the subtropical jet is usualy greater than KS. An out-of-
phase relationship between the annual cycle of TKE and the annual cycle of the percentage of TKE represented
by KSis found. A higher percentage of KS occurs in the summer season, when the jet is weakest. During late
summer, KS dominates in the entrance region of the jet over Australia and the western Pacific. This appears to
coincide with the annual strengthening of the jet. During winter, when the jet reaches its maximum intensity,
KM dominates. It also dominates throughout the year in the exit region of the jet.

In addition, a comparison of TKE during an El Nifio-Southern Oscillation cycle is made. Results indicate an
increase of kinetic energy during El Nifio over the central Pacific coupled with a decrease over Australia,
indicating eastward movement of the jet. Subsequently, during La Nifia, an opposite pattern is observed as the
jet moves westward. The results of this climatological study, which appear to be in good agreement with the
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previous seasonal studies of the subtropical jet, could be beneficial to seasonal or year-to-year forecasting.

1. Introduction

The subtropical westerly jet stream over the Austra-
lian—South Pacific region and its accompanying jet
streaks have received considerable attention in the last
two decades (Huang and Vincent 1983, 1988; Paegle et
al. 1983; Vincent 1985; Trenberth 1986, 1987; Nogues-
Paegle and Zhen 1987; Nogues-Paegle and Mo 1988;
Robertson et al. 1989; Hurrell and Vincent 1990, 1991;
Smith and Bromwich 1994; Ko and Vincent 1995, 1996;
Vincent et a. 1997). Figure 1 shows the 200-hPa zonal
wind component for each of the four midseason months,
based on 6-yr averages from 1985 to 1990. The sub-
tropical jet varies considerably with season, both in
speed and location. First, the jet has alarge longitudinal
extent in all seasons, except summer. Second, there is
a double maximum in the jet core in all seasons except
summer, one over western Australia and the other over
the western Pacific. Third, in summer, there is a rela-
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tively weak maximum over the western Pacific, but no
maximum over Australia.

In arecent study by Ko and Vincent (1995), the ki-
netic energy content of the subtropical jet over the South
Pacific during the 1984—-85 summer season was parti-
tioned into its vertical mean and shear components (e.g.,
asin Wiin Nielsen 1962). The entrance and coreregions
of the jet were found to be dominated by shear kinetic
energy, while the exit region appeared to have a higher
percentage of mean kinetic energy. They also found a
1-2-week periodicity in the formation and propagation
of the South Pacific jet streaks. In a subsequent paper,
Ko and Vincent (1996) expanded their investigation to
four 6-month summer periods from 1985 to 1989. Re-
sults of the latter study confirmed those from the 1984—
85 summer season. In addition, they found that the mean
position of the jet in 1986-87 (an El Nifio year) was
considerably farther east than it was in other years. Ko
and Vincent did not address, however, the wintertime
jet over the Australian—South Pacific region. The central
theme of the present study, therefore, is to examine the
annual variability, as well as the interannual variability
of the kinetic energy content associated with the sub-
tropical jet over the Australian—South Pacific region.
Additionally, the total kinetic energy is partitioned into
its vertical mean and shear components. Results will
also be stratified as afunction of latitude and longitude.
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Fic. 1. Average zona wind at 200 hPa in m s~ for (a) January, (b) April, (c) July, and (d) October.

2. Data and kinetic energy equations

The data used in this study were European Centre for
Medium-Range Weather Forecasts (ECMWF) global
analyses taken from the World Climate Research Pro-
gram and Tropical Ocean Global Atmosphere Archive
Il dataset. Trenberth (1992) provides an excellent eval-
uation and discussion of this dataset, which consists of
uninitialized gridpoint values, available twice daily, for
the horizontal winds, vertical p velocity, geopotential
height, temperature, and relative humidity, with 2.5° X
2.5° grid spacing at 14 mandatory levels. In this study
only the horizontal wind data at the lowest 10 levels
were processed (1000, 850, 700, 500, 400, 300, 250,
200, 150, 100 hPa) and these data were averaged be-
tween 0000 and 1200 UTC to compute daily values of
kinetic energy and its components. Thetemporal domain
coversthe period from January 1985 to December 1990.
A moderate El Nifio (1986-87) and a moderate La Nifia
(1988-89) are contained within this period; thus, it is
assumed that a reasonable representation of the longer-
term climatology of the region is achieved. For further
verification of this point, the reader is referred to the
two atlases by Vincent and Schrage (1994, 1995) where
thelarge-scal e features of thisregion are discussed using
the same climatology.

The area-averaged kinetic energy of a region, verti-
cally integrated over the atmospheric mass, can be rep-
resented by

1 1
K:g—AHfé(v-V)dxdydp:Lka, )

where

V = the horizontal wind vector,
A = the area of the region s,

“:g%\f” cx dy dp, and

k = the horizontal kinetic energy per unit mass
1
= —(V:V).
S(V-V)

The kinetic energy in (1) can be partitioned into its
vertical mean flow and its vertical shear flow, according
to the method proposed by Wiin Nielson (1962). In this
method, the vertically integrated mean of a variable is
represented by

Om = A—lpf () dp, @

where p, and p, are 1000 hPa and 100 hPa, respectively,
and AP = p, — p,. The integration is done using the
trapezoidal method. The horizontal wind components
are partitioned into their vertical mean and vertical shear
(departure from the vertical mean at each level) com-
ponents as follows:

u=u,+u and 3

v=uv,+v. (4

Using the above equations, the horizontal kinetic energy

and its components per unit mass can be rewritten as
1 1

k = E(V""Vm) + E(V’-V’) + V-V, (5)

where
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Fic. 2. Average vertically integrated mean kinetic energy (KM) in 105 J m=2 for (&) Jan, (b) Apr, (c) Jul, and (d) Oct.

k,, = vertical mean kinetic energy per unit mass
1
= —(V._.-V
2( m m)’
k' = departure kinetic energy per unit mass
1
=Z(V'-V'
5 ), and
k, = vertical shear kinetic energy per unit mass
1
= E(V’-V’) + (V,,-V').

The equations can be vertically integrated with re-
spect to mass to yield:

TKE = tota kinetic energy = JJ k, (6)
sJp

KM = vertical mean kinetic energy = ff Ko, (7)
s Jp

and
KS = vertical shear kinetic energy

I EEE G

where
TKE = KM + KS. 9

Wiin Nielson (1962) and subsequent authors have re-
ferred to KM and KS as the barotropic and baroclinic
components, respectively; however, we have decided to
use the terms vertical mean and vertical shear. When
the vertical shear kinetic energy is integrated with re-
spect to mass, the interaction term (V,,-V') disappears
and KS becomes the vertical mass integral of the de-

parture kinetic energy. Only when the shear kinetic en-
ergy is evaluated at a specific level does the interaction
term apply. In the present study, monthly averages of
TKE, KM, and KS are examined.

3. Results and discussion

Figures 2 and 3 show the vertically integrated KM
and KS for the midseason months. The TKE patterns
were similar to those of the 200-hPa zonal wind and,
thus, are not shown. Both components show that sig-
nificantly more energy is present in July than January.
On the other hand, many contrasting featuresexist. First,
KM generally seems to be greater than KS; however, it
is only dlightly greater, indicating that both types of
Kinetic energy are important. In January, KM does not
have a well-defined axis of maximum values associated
with the subtropical jet, whereas KS does, and the KS
maximum located over the western South Pacificislarg-
er than the KM values in the same region. The KS
maximum is located in the entrance region of the west-
ern Pacific jet core (shown in Fig. 1a). This concurs
with previous results by Feldstein and Held (1989) in
their theoretical paper based on a two-layer model, and
Ko and Vincent (1995) in their observational study
where they found the entrance region of thisjet core to
be more baroclinic during the summer season.

In April, KSis dtill greater than KM in the entrance
region of the western Pacific jet; however, in July and
October, the values of KM are generally larger than
those of KS along the entire jet stream. Nonetheless,
during July, amaximum of KSis centered in the western
Pacific at 30°S, 160°E, while a maximum of KM is
centered in the central Pacific at 30°S, 160°W. The lo-
cations of these two maxima suggest that the results
found by Ko and Vincent (1995) for the summertime
western Pacific jet generally hold true for the wintertime
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Fic. 3. Average vertically integrated shear kinetic energy (KS) in 10° 3 m=2 for (a) Jan, (b) Apr, (c) Jul, and (d) Oct.

jet core, as well. That is, along the axis of westerly
maxima, the entrance region of the Pacific jet appears
to have agreater percentage of shear kinetic energy than
the exit region, whereas the exit region is dominated
more by the mean kinetic energy component.

As discussed in section 2, kinetic energy at a specific
level involves an internal shear term, as well as an in-
teraction term that disappearsin the vertically integrated
results. It is of some interest, therefore, to explore the
relative importance of these two terms at the jet stream
level, that is, 200 hPa. Since the energy at this level
cannot be mass weighted, the shear values are in units
of 10 m2 s2. Results were examined for each of the
four midseason months during the 6-yr period. An ex-
ample is shown for January 1989 in Fig. 4. It is seen
that the internal shear term is slightly greater than the
interaction term in the vicinity of the subtropical jet over
the east coast of Australia. Also, the shear term domi-
nates the equatorial westerly jet located in the northeast
corner of the analysis region. In middle latitudes, how-
ever, theinteraction term dominates. The patterns shown
in Fig. 4 varied somewhat from one January to the next,
depending on the latitude of maximum wind. For ex-
ample, in January 1987, when the jet occurred over
southeastern Australia (35°—40°S), the interaction term
wastwiceaslarge astheinternal shear term. It appeared,
however, that this jet was an extension of the polar jet.
In contrast, all of the July maps showed that both terms
were important, with the interaction term being slightly
greater, especially over the Pacific Ocean.

In order to examine the jet stream'’s kinetic energy
variations in more detail, both spatially and temporally,
the domain containing the average axis of maximum
energy content (30°S) was partitioned into several
regions across Australia and the South Pacific. Figure
5 shows these regions. Each region is indicated by a
box that is 10° latitude X 20° longitude. Three-month

running means of TKE, KM, and KS were averaged
over each box. Time series of these quantities were ex-
amined for the 6-yr period of study; examplesare shown
for boxes 3 and 6 in Figs. 6 and 7. While KM islightly
shaded, KSis represented by dark shading. Also shown
is the percentage of TKE that is contained in KS. Both
boxes show a strong annual cycle, with maximaof TKE
in July—August of each year and minima about 6 months
later. It is worth noting that all regions, except the two
most polar ones (boxes 8 and 10), showed a distinct
annual cycle similar to those shown in Figs. 6 and 7.
Both the seasonal swing and the TKE amounts were
greater along 30°S (boxes 1-6) than for the two boxes
(7 and 9) centered at 20°S, while the two boxes centered
at 40°S showed the least seasonal variation, as noted
above, and had TKE values slightly lessthan thosealong
30°S.

It is well known that an ElI Nifio event occurred in
1986-87. During such an event, sea surface tempera-
tures gradually increase across the central and eastern
Pacific Ocean. As a result, anomal ous convection shifts
eastward into this region, causing strong upper-level di-
vergent outflow. Some of this outflow travels southward
and, under the action of the coriolis force, enhances the
subtropical jet stream over the South Pacific (e.g., Ko
and Vincent 1996). The El Nifio event of 1986-87 is
easily identified in Figs. 6 and 7, which show an east-
ward progression of the subtropical jet. The western-
most region (box 3) has maximum TKE during mid to
late 1986, whereas box 6, which is centered 60° lon-
gitude farther east, has maxima lasting through to mid-
1987.

Also evident in these two figures are two facts con-
cerned with the percentage of TKE that is due to KS.
First, it isseen that thelarger percentage of KSispresent
in late summer when the TKE is at a minimum. This
relationship was valid for all boxes, except 8 and 10,
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Fic. 4. Contribution of terms of shear kinetic energy at 200 hPa in m2 s=2 for Jan 1989 where
(a) isthetotal shear kinetic energy, (b) isthe internal shear kinetic energy, and (c) istheinteraction

energy.

and ranged from 40% to 60% across the boxes centered
on 30°S. The highest percentages occurred in boxes 7
and 9, while the lowest were in boxes 8 and 10. Second,
the overall average for the 6-yr period is approximately
43% for box 3 and 33% for box 6. The longitudinal
variation of the percentages along 30°S is depicted in
Fig. 8. It is seen that the Australian—western Pacific area
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Fic. 5. Location of boxes 1-10.

has greater baroclinicity than the area over the central
Pacific. This agrees with the findings of Ko and Vincent
(1995, 1996). A third fact regarding the percentages,
which is not shown in Figs. 6 and 7, is their latitudinal
variation. The time series (not shown except for box 6)
for boxes 7 and 9 (20°S), boxes 1 and 6 (30°S), and
boxes 8 and 10 (40°S) indicated, somewhat surprisingly,
that the Tropics in these regions had higher percentages
of KS than the subtropics and much more KS than mid-
dle latitudes. This feature needs to be examined further.

One method to investigate the annual cycle of the
kinetic energy content depicted in Figs. 6 and 7 is to
compute an average annual cycle for the 6-yr period.
For each of the 10 boxes shown in Fig. 5, the kinetic
energy content for each month of the year was averaged
over the 6-yr climatology (i.e., al six Januarys were
averaged, etc.). This produced an average annual cycle
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FiG. 6. Three-month running means of the vertically integrated KM and KS in 105 J m-2 for
box 3. The percentage of the TKE represented by the shear kinetic energy is also shown, along
with the average percentage during the 6-yr time period.

for each box in the form of bar graphs (not shown).
These graphs included TKE, KM, and KS, as well as
the percentage of the TKE represented by KS. The ex-
tremes of the annual cycles were compiled, together
with other statistics, and are presented in Table 1. All
10 boxes depicted in Table 1 show an annual cycle in
which the maximum TKE occurred in July and/or Au-
gust, with the minimum occurring from January to
March. Boxes 1-6, along the subtropical jet stream
(30°S), contain the greatest kinetic energy, maximizing
around 40 X 10°5Jm~2. Boxes 7 and 9 (20°S) maximize
at 20 X 10° J m~2, with boxes 8 and 10 at 25-30 X
10°JIm~2. Boxes 1-6 al so experience the greatest annual
change, approximately 30 X 105 Jm~2, which isat least
twice as much as the boxes at other latitudes.

Table 1 also shows that the boxes generally have their
greatest KS percentage in March or April, with the min-
imum in September or October. These times correspond

to when the jet stream is strengthening and weakening
during its annual cycle. They also precede, by approx-
imately 3 months, the maximum and minimum of the
jet stream’s kinetic energy. This suggests that vertical
shear supports jet enhancement, whilethe vertically uni-
form flow favors decay. This was previously found by
Wiin Nielson and Drake (1965), Feldstein and Held
(1989), Ko and Vincent (1995), and Vincent et al.
(1997). Along the jet stream axis, the Australian and
western Pacific regions (boxes 2—4) are dominated by
KS (>50%) during their maxima. Boxes 2—4 also have
greater KS percentages year-round. This indicates that
this region is favorable for jet enhancement, as well as
maintenance, compared to the central Pacific (boxes 5
and 6) where KM dominates.

One way to investigate the interannual variability of
a time series exhibiting a strong annual cycle isto re-
move the annual cycle from the time series. This was

60 T T 45
140
. AL
//\ /\/\ /\v/\ WF’\ / 35
ol \/ 130
0 ¢ \/ ]
X 1258
< 30 o
g T ZOg
20 T+ 15 o
+ 10
10 1
n b
O -+ e R P R R 0
v vy \O \O o~ [ o0 o0 (@)Y [N < (=]
© o % o % ® ®» ®© ®» g g
g 2 § 2 E 2 E & § 2 E ZB

Fic. 7. Three-month running means of the vertically integrated KM and KS in 105 J m=2 for
box 6. The percentage of the TKE represented by the shear kinetic energy is aso shown, along
with the average percentage during the 6-yr time period.
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FiG. 8. The 6-yr average of the percentage of TKE represented by the KS for boxes 1-6.

done for TKE for all 10 boxes by subtracting the 6-yr
average for a given month from each respective month.
A sample of the resulting time series is shown for box
6 in Fig. 9. Positive values indicate a greater-than-nor-
mal value of TKE, and negative values indicate a less-
than-normal value. The TKE for box 6 shows a positive
anomaly in the central Pacific during the El Nifio event
of 1986—87 and experiences a negative anomaly of the
same magnitude during the La Nifia event of 1988-89.
In contrast, boxes 1 and 2 (not shown) experienced a
below-normal TKE during El Nifio. The longitudina
variations in TKE from box 1 to box 6 showed a slow,
but steady, eastward progression of the anomaly pattern
during the ENSO cycle. This progression was in good
agreement with similar anomalies of enhanced convec-
tion documented by Vincent and Schrage (1995) for the
198689 ENSO cycle. This further supports the theory
that the enhancement of jet streams, and their respective
kinetic energy contents, is frequently due to the supply
of energy to the subtropics by the divergent outflow
from the convective Tropics.

4. Summary and conclusions

In this study, the vertically averaged (mean) kinetic
energy and shear kinetic energy were examined over

the Australian—South Pecific region. In general, KM
tended to slightly dominate over KS across the region;
however, KS was dominant over KM in Australia and
the western Pacific during the summer season. Even
during the winter season when KM was dominant, the
Australian—western Pecific area still contained a higher
percentage of KS than the rest of the region to the east.
The kinetic energy at the level of the jet stream (200
hPa), which contains two terms, the internal shear en-
ergy and the interaction energy, was independently an-
alyzed. These two terms were found to be relatively
equal in the region of the subtropical jet.

To quantify the longitudinal, as well as latitudinal,
variations of kinetic energy, the subtropical jet domain
was partitioned into 10 regions (boxes). Composite re-
sults of these boxes indicated that the subtropical jet
experiences a strong annual cycle. The kinetic energy
of the jet maximized in the winter and minimized in
late summer. An out-of-phase relationship between the
total kinetic energy and the percentage of the TKE rep-
resented by KSwas found to exist, such that 1-3 months
following the minimum of TKE (January—March), the
greatest percent of KS was present (March-April). The
percentage of KS was greater than 50% in the boxes
over Australia and the western Pacific during these peak
periods but was much less over the central Pacific. The

TABLE 1. Summary statistics of average annual cycles. Values of maximum and minimum total kinetic energy are in units of 10° J m2.

Central
Box @) Max TKE Min TKE Max KS (%) Min KS (%)
1 30 Ju-Aug 39 Feb 10 Mar 44 Oct 36
2 30 Ju-Aug 41 Feb—Mar 11 Mar 52 Oct 35
3 30 Ju-Aug 41 Feb—Mar 11 Mar 53 Oct 34
4 30 Jul-Aug 41 Jan 11 Apr 52 Oct 33
5 30 Jul 43 Jan 9 Apr 45 Jul 31
6 30 Jul 40 Feb 9 Apr 39 Sep 30
7 20 Jul 19 Jan—Feb 4 Jan 62 Oct 46
9 20 Aug 19 Jan—-Mar 5 Jan 53 Jul 36
8 40 Aug 28 Mar 20 Mar 19 Oct 15
10 40 Jul 24 Feb 15 Mar 24 Oct 17
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Fic. 9. Time series for TKE with the annual cycle removed in 10° J m=2 for box 6.

increase in KS in the jet's entrance region tended to
coincide with the annual strengthening of the subtropical
jet, suggesting that high values of baroclinicity in the
jet’s entrance region can lead to enhancement and main-
tenance of the subtropical jet.

The kinetic energy contents examined in this study
experienced interannual variability, especially with re-
gard to the El Nifio—Southern Oscillation (ENSO) cycle
of 1986-89. During the El Nifio of 1986-87, TKE in-
creased over the central Pacific, in conjunction with a
decrease over Australia, a pattern that is in agreement
with the jet moving eastward, as observed by Smith and
Bromwich (1994) and Ko and Vincent (1996). During
the La Nifa of 1988-89, an opposite pattern of TKE
occurred, as the jet retreated westward. Furthermore,
the increase in TKE during El Nifio was largely due to
KM, while the increase during La Nifia was due more
to KS. This may be a reflection of the location of each
maximum in relation to the jet's average entrance and
exit regions, as well as the time of year that peak ENSO
periods occurred.

The results of this study agree well with the results
of Ko and Vincent (1995, 1996), although their studies
were for summer seasons only. Furthermore, the results
suggest good agreement with those of Wiin Nielson
(1962), Chang and Lum (1985), and Vincent et al.
(1997), in that high percentages of KS helped to enhance
and maintain the jet. Hopefully, these results will pro-
vide some insight into the annual and interannual vari-
ahility of the subtropical jet that may be useful in sea-
sonal and year-to-year forecasting.
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