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ABSTRACT

We seek relationships between the perturbation kinetic energy ( PKE ), the zonal wind, and outgoing longwave
radiation. It is found that the mean low-level PKE extratropical maxima are located at the “atmospheric centers
of action” (e.g., the Aleutian and Iceland lows), which lie beneath the high-level PKE maxima downstream of
the westerly jet streams. As expected, this means that the PKE maxima in the middle latitudes are closely related
to the propagating disturbances. In the tropics, however, the high-level PKE maxima and minima are located
in the strongest upper tropospheric westerlies and easterlies, respectively, while the low-level PKE maxima and
minima are located in the monsoon systems and the easterly trade winds, respectively. It is also found that the
maxima and minima of the PKE in the middle latitudes, at least in the Northern Hemisphere, are in phase in
the vertical but completely out of phase in the tropics. These features are closely linked to the structure of the
zonal wind component.

The hypothesis is posed that in the tropics, the PKE maxima in the upper troposphere are related to the
tropical-extratropical atmospheric interaction, to the equatorially trapped transient modes which are presumably
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created in the convective regions, or to a combination of both processes.

1. Introduction

The theoretical resuits of Webster and Holton (1982)
evolving from a free surface barotropic model with a
two-dimensional basic state suggest that extratropical
disturbances can propagate into the tropics if the equa-
torial upper tropospheric flow is westerly or weak east-
erly. Webster and Holton also pointed out that the
strength of the westerlies is important in determining
the equatorial extent of the propagation as this sets the
meridional group speed of the propagating modes. That
is, the degree to which an extratropical disturbance can
propagate into the tropics, or through the tropics into
the other hemisphere, is proportional to the strength
of the equatorial westerlies and is related to the location
of the source of the disturbance in the middle latitudes
relative to the location of the equatorial westerlies.
Within the contexts of simpler barotropic models,
Branstator (1983) and Karoly (1983) tended to sub-
stantiate the results of Webster and Holton.

Arkin and Webster (1985 ) attempted to test the the-
ory of Webster and Holton (1982) by examining the
distribution and variability of atmospheric perturbation
kinetic energy (PKE). PKE was defined as the time-
mean kinetic energy of those motions having time
scales of less than one month. Arkin and Webster used
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PKE as a measure to infer the degree of propagation
of the extratropical waves into the tropics. In particular,
they found that the PKE maximizes in the equatorial
upper tropospheric westerlies over the central Pacific
Ocean where a strong and positive relationship exists
between the time-mean zonal wind component (i.e.,
U) and PKE. On the other hand, there appeared to be
no meaningful correlation between the time-mean
meridional component (V') near the equator and the
PKE in the equatorial regions. They also found a dis-
tinct interannual variability in the U-PKE relationship.
The analysis indicated that the PKE is a minimum in
the El Nifio (large negative values of the Southern Os-
cillation Index; SOI) years when the westerly winds
along the equator diminish and a maximum in the La
Nifia years (i.e., SOI > 0) when the westerlies are
strongest, The interannual variability of the two quan-
tities is shown in Fig. 1.

A complementary theory to the Webster and Holton
“westerly wave duct” theory has been advanced re-
cently by Webster and Chang (1988). They noted that
classes of latitudinally trapped transient modes, pre-
sumably created in the convective regions, are also
longitudinally trapped in the regions of equatorial
westerlies. Specifically, they showed that wave action
flux should converge where dU/dx < 0, or on the east-
ern side of the equatorial upper tropospheric westerlies.
This implies that the PKE maxima, inside the equa-
torial westerlies, may be associated with the energy
transfer process from the remote convective regions in
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FI1G. 1. Time-longitude sections of the 200 mb mean zonal velocity
component (m s~') and the PKE (m? s~2) averaged between 5°N
and 5°S. Regions where U > 0 and PKE > 40 m? s~2 are shaded.
Times of maximum and minimum Southern Oscillation Index (SOI)
are labeled along the abscissa as X’s and Y’s, respectively. (From
Arkin and Webster 1985).

the tropics.! Webster and Chang emphasize that the
two theories are not mutually exclusive and that the
concentration of perturbation kinetic energy could de-
pend on both the flux of energy from the higher lati-
tudes through the westerly duct, as postulated by
Webster and Holton (1982), and along the equator.
The results of Arkin and Webster (1985), thus, may
be said to be consistent with the theories of both Web-
ster and Holton (1982) and Webster and Chang
(1988). The investigation by Arkin and Webster, how-
ever, was rather limited. For example, only data from
the 200 mb level were studied. In the present study,
we extend the work of Arkin and Webster by presenting
the distribution of the PKE in the lower troposphere
and investigating the vertical structure of the PKE along

! Frederiksen and Webster ( 1988 ) show results of experiments with
the NMC global spectral model which substantiate the free surface
barotropic results of Webster and Chang.

NOTES AND CORRESPONDENCE

1211

some specific cross sections. Through this analysis, we
hope to improve our understanding of the dynamics
involved in the linkage of the PKE structure at the
different levels and the mechanisms of the tropical-
extratropical interaction.

2. Data description

The study utilizes the Climate Diagnostics Data Base
(CDDB) mean dataset from the National Meteorolog-
ical Center (NMC). The dataset consists of calendar
monthly mean values for the period from October 1978
to September 1985 of the three components of the wind
field, temperature, geopotential height, specific hu-
midity and vorticity and also the submonthly pertur-
bation terms of these mean quantities. A perturbation
quantity is thus defined as having a time scale of less
than one month. The wind field and geopotential height
data are archived at the 1000, 850, 700, 500, 300, 250,
200, 100 and 50 mb levels while the specific humidity
is given only at the lowest four levels. Relative vorticity
fields are calculated for the lowest seven levels. All fields
are global and interpolated to a 2.5° latitude-longitude
grid. In this study, we use only the mean zonal wind
component, U, and the mean monthly covariance
u'u’ and v'v’ at each level. A critical review of the
dataset is given by Trenberth and Olson (1988). All
analyses and conclusions obtained from them must be
considered relative to the caveats of Trenberth and
Olson.

The outgoing longwave radiation (OLR ) data used
in this study are from the “Tropical Strip Wind and
Outgoing Longwave Radiation™ dataset from the op-
erational tropical objective analyses of the NMC in an
archive maintained by the Climate Analysis Center
(CAC) of the NMC. The OLR data cover the time
period from June 1974 to February 1985 with an ex-
ception of March to November 1978 and are set on a
72 X 23 Mercator latitude-longitude grid. The longi-
tude spacing is 5°. In latitude, the spacing varies from
5° at the equator to 3.5° at the southern and northern
boundaries at 48.1°S and 48.1°N. The details of the
dataset can be found in Arkin (1982) and Arkin and
Webster (1985).

3. Latitude-longitude distributions of the zonal wind
component and PKE

a. The 200 mb flow field

The latitude-longitude distributions of the mean
seasonal 200 mb zonal wind component ( Uzg) and
PKE have been described by Arkin and Webster (1985)
using the data which covered the time period from
1968 to 1979. Similar patterns of U,go and PKE;q for
DJF (December, January and February) and JJA
(June, July and August) are shown in Figs. 2 and 3,
respectively, for two purposes: to compare the patterns
with those of Arkin and Webster and to compare the
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conditions at the different levels (200 mb and 850 mb)
within the same dataset. The analysis shown here ex-
tends the results of Arkin and Webster for 50°N to
50°S to pole-to-pole.

From Figs. 2 and 3 we see that the 200 mb mean
PKE is generally largest in the middle latitudes of both
hemispheres from where it decreases both equatorward
and poleward. Three minimum PKE bands can be
found, one over the tropics and the other two over the
high latitudes of the two hemispheres.

An interesting longitudinal structure exists in the
relationship between the zonal wind component and
PKE. In the middle latitudes, several maximum PKE
centers are located over and downstream of the westerly
jet streams. The minimum PKE centers are upstream
of the jets. These features are consistent with the pat-
terns of the band-pass filtered variance (representing

“fluctuations. with period between 2.5 and 6 days) of
the zonal and meridional wind components (Blackmon
etal. 1977). This jet stream-PKE relationship is similar
in both hemispheres except that the major jet stream
and the largest PKE center are more in phase in the
Southern Hemisphere. The difference between the
hemispheres was first noted and described by Trenberth
(1982, 1986). Arkin and Webster (1985) also empha-
size this difference in terms of the U-PKE but, at the
same time, they suggest that the sparse data in the
Southern Hemisphere may be responsible for the dif-
ference. In the tropics, the maximum PKE centers are
found inside the tropical westerlies while the minimum
PKE centers are located inside the tropical easterlies.
That is, the maximum PKE is over the central-eastern
Pacific Ocean and the Atlantic Ocean whereas the
minimum PKE is over the eastern hemisphere and the
central Americas. The PKE minimum over the central
Americas appears more clearly than in the analysis of
Arkin and Webster (see their Fig. 3a).

The different regional structure of the zonal wind-
PKE relationship can be attributed to very important
dynamic characteristics that occur as a function of lat-
itude and is probably associated with the form of the
circulation interactions between latitude bands. For
example, the results of Webster and Holton (1982)
suggest that tropical-extratropical interaction is much
more likely in regions of westerlies than in regions of
easterlies, which could account for the regional maxima
of the tropical PKE.

Like the zonal wind component, the PKE distri-
bution also shows significant spatial and temporal dif-
ferences. In the middle latitudes, for example, the
maximum westerlies become stronger and extend
equatorward in the winter hemisphere while, simul-
taneously, they weaken and extend poleward in the
summer hemisphere. Consistently, the maximum PKE
band shows a similar north-south migration and a
change in magnitude. In the tropics, the minimum
PKE band moves southward in winter and northward
in summer which appears to be linked very closely to
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the changes (in both intensity and location) of the
tropical easterlies and westerlies. Although from DJF
to JJA the PKE over the central-eastern Pacific Ocean
and the Atlantic Ocean diminishes as the zonal wind
component changes from westerly to easterly, the
magnitude of the PKE inside the easterlies shows very
little seasonal change even though the easterlies
strengthen greatly. The relationship between the
changes of the tropical PKE and the tropical westerlies
and easterlies will be discussed later.

So far, the major features described are consistent
with the results of Arkin and Webster (1985). We will
now see the extent to which they may be linked to low-
level phenomena by considering the 850 mb flow char-
acteristics.

b. The 850 mb flow field

The latitude-longitude distributions of the mean 850
mb zonal wind component and the PKE for DJF and
JJA are also shown in Figs. 2 and 3, respectively. Sim-
ilar to 200 mb, the 850 mb PKE also attains its max-
imum values in the middle latitudes of both hemi-
spheres with minimum values in the tropics and high
latitudes. In the Northern Hemisphere winter, two very
distinct maximum PKE centers can be found. These
are over the northern Pacific Ocean and the northern
Atlantic Ocean. It would seem that these midlatitude
PKE maxima are closely linked to the activity of the
baroclinic eddies in these regions because they are lo-
cated in the vicinity of the Aleutian Low and the Ice-
land Low, respectively, which were clearly identified
long ago by Rossby et al. (1939) as the “centers of
action.” These centers correspond to the highest vari-
ability in sea level pressure and the 500 mb geopotential
height field (e.g., Blackmon 1976; Blackmon et al.
1977). It is important to notice that these PKE maxima
are located downstream of the upper tropospheric
westerly jet streams and are consistent in the vertical
with the 200 mb PKE maxima. In the Southern Hemi-
sphere, the maximum PKE band is collocated with the
maximum westerly band in the extratropical regions.
Generally, the maximum PKE band at 850 mb is pole-
ward of that at 200 mb by about 10° of latitude.

In the tropics, the low-level PKE has its maxima and
minima in the monsoon regions and the trade wind
regions, respectively (also shown in Figs. 7 and 8).
That is, the low-level PKE is largest in the westerlies
and smallest in the easterlies, mirroring, to some extent,
the relationship found at 200 mb. Thus, the PKE over
the Asian monsoon regions in JJA is larger than that
over the other corresponding latitudes. Similar rela-
tionships can also be found for the Australian monsoon
regions in DJF. :

The seasonal changes of the 850 mb PKE patterns
are of considerable magnitude, especially in the North-
ern Hemisphere. For example, as the Aleutian Low
and the Iceland Low weaken greatly from DJF to JJA,
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the regional PKE consistently diminishes. Because the
seasonal change of the atmospheric circulation in the
Southern Hemisphere is relatively small, the PKE
changes only a little from DJF to JJA there. In addition,
the maximum and minimum PKE centers in the trop-
ics also show a latitudinal migration following the sea-
sonal swing of the monsoon systems and the trade
winds.

¢. PKE-OLR relationships

The latitude-longitude distribution of the mean
OLR for DJF and JJA is shown in Fig. 4. PKE-OLR
relationships can be examined by comparing the PKE
patterns (Figs. 2, 3) and the OLR patterns (Fig. 4)
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simultaneously, although the OLR data do not exactly
cover the same time period.

In the extratropics, it is very difficult to find a mean-
ingful PKE-OLR relationship based on the figures
probably because the OLR distribution does not nec-
essarily denote extratropical convection or the location
of storm tracks. A much clearer PKE-OLR relationship
can be seen in the tropics. There, the mean 200 mb
PKE maxima (minima) are collocated with the OLR
maxima (minima). For example, in winter, the OLR
minima over the Indonesian regions, central Africa and
the central Americas are all accompanied by PKE
minima. On the other hand, the OLR maxima over
the central-eastern Pacific Ocean and the Atlantic
Ocean (also the western Indian Ocean) are collocated
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FiG. 4. Latitude-longitude distributions of seasonal mean OLR (wm ~2)
for DJF (a) and JJA (b). Data are averaged from 1974 to 1985.






