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Figure 18. Probability density of the (top) horizontal direction of wavenumber vector, (middle) ground-
based phase velocity, (bottom) and background horizontal wind at (a) Orland in winter and (b) Syowa and
(c) Casey in spring, respectively. The length of each arrow in the Figure 18 (top) shows the probability
density at the direction. The contour interval of Figure 18 (middle) and 18 (bottom) is 0.5 %.

ure 18 (top), the probability density of the horizontal direc-
tion of gravity wave propagation relative to the background
wind (already shown in Figure 17) is presented for compar-
ison. In Figure 18 (middle) the frequency distribution of
ground-based phase velocity vectors is shown as a contour
map. The ground-based phase velocity is defined by

k

C=(w+U'k)’|r|E.

(6)

The absolute value of horizontal wavenumber k is estimated
by the dispersion relation of hydrostatic gravity waves:

~N2 __ f£2
k2= wNZf mz.

The probability density of the horizontal wind speed is shown
in Figure 18 (bottom).

)

At Orland, gravity waves propagate northwestward rel-
ative to the background wind. As the mean wind is east-
ward, gravity waves propagate upstream. The probability
density of ground-based phase velocity vectors is concen-
trated around zero. Absolute values of the ground-based
phase velocity range from zero to 10 ms~!.

At Syowa, gravity waves propagate westward relative to
the background wind. This direction is also opposite to the
background wind. However, the variability of the relative
horizontal wind directions is larger than at Orland. The
ground-based phase velocity is distributed largely around
zero and extends slightly toward the northeast. The abso-
lute values of the ground-based phase velocity are ~ 0-10
m s~!. At Casey, gravity waves propagate southward and
northward relative to the background wind. The probability
density of ground-based phase velocity has a peak around
zero. Besides, southward ground-based phase velocities are
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also observed. Magnitudes of the ground-based phase speeds
lie between 0 and 20 m s™!.

4. Discussion

4.1. Enhancement of Gravity Wave Energy in Spring
Over the Antarctic

In section 3.1, potential and kinetic energies of gravity
waves are seen to be large in spring in the Antarctic. This
seasonal variation is remarkable and not seen at midlatitudes
in both hemispheres or in the Arctic. On the other hand, the
spring maximum of the momentum flux is not clear in the
Antarctic. Here we discuss the meaning of the energy en-
hancement in spring and the difference in the seasonal vari-
ation between energy and momentum flux in the Antarctic.

It was shown in section 3.2 that the spring maximum of
gravity wave energy in the Antarctic seems to be strongly
related to high static stability. A similar spring maximum
is seen at the South Pole [Pfenninger et al., 1999]. The po-
sition relative to the polar night jet is different between the
South Pole and the coastal stations examined in this study,
and hence the seasonal variation of the background wind is
different. Thus we confirm that the gravity wave energy en-
hancement in spring is mainly affected by the static stability
rather than the background wind. This influence may be at-
tributed to the following processes: gravity wave saturation,
modification of the wave structure, or shift in the location of
the polar vortex.

The amplitude of gravity waves is restricted not only by
dissipation or radiation relaxation but by local instability due
to the wave wind or temperature fluctuations. When the lo-
cal stability is neutral (i.e., sum of background static stabil-
ity NV and fluctuations of stability due to gravity waves is
zero), gravity waves are called saturated. The amplitude of
such saturated gravity waves depends on the Brunt-Viisild
frequency N. Smith et al. [1987] showed that the power
spectral density of horizontal wind fluctuations for saturated
gravity waves can be described by F(m) = N2/6m> assum-
ing Am o« m, where Am is the band width in m space oc-
cupied by a gravity wave with vertical wavenumber m. This
spectrum accords well with the observations. The saturated
spectrum for potential energy divided by atmospheric density
becomes N2/10m?>. Thus potential energy is proportional to
N?Zif gravity waves in the wavenumber band analyzed in this
study are saturated.

It is also possible that the amplitudes of gravity waves are
modified by the change in background static stability even
when there are no dissipation processes. For example, the
vertical component of group velocity for a linearly polarized
gravity wave is described as ¢,, = —©?/kN. Hence c,,
decreases when gravity waves approach the high-stability re-
gion. Assuming steady waves in a homogeneous atmosphere
but with a slowly varying Brunt-Viisild frequency N in the
vertical, wave action density F /& is described as

d E
E(CQZE) = 07 (8)

so that ¢,, E /W equals a constant [Andrews et al., 1987].
Therefore wave action density increases in high-stability re-

18,009

gions where ¢y, decreases. Because & is conservative in the
assumed condition, gravity wave energy is proportional to
the wave action and thus increases in high-stability regions.
A third possible energy enhancement mechanism may in-
volve more intense generation of gravity waves by some
mechanisms related to the springtime warming of the strato-
sphere. Propagation of the high-stability area in the spring
Southern Hemisphere is attributed to the shift of the polar
vortex. It is possible that the shear and/or the deceleration
of the polar vortex affect the generation of gravity waves in
spring. The absence of a clear spring maximum in momen-
tum flux may be because momentum fluxes of opposite sign
cancel each other out. In fact, the propagation direction at
Syowa does have a larger variety than that at Orland.

4.2. Sources of Gravity Waves

At Orland in the Arctic the gravity wave intensity in
the lower stratosphere is well correlated with the surface
wind (Figure 14). Gravity waves propagate upstream, and
the ground-based phase velocity is mostly zero (Figure 18).
These facts strongly suggest that the gravity waves observed
at Orland are forced by topography.

Ground-based phase speeds at Syowa are mostly zero, sim-
ilar to that at Orland. However, they are not likely to be
due to mountain waves because there is a critical level in the
height region of 4-5 km (see Figure 14). Low correlation
between gravity wave intensity and the surface wind sup-
ports this inference. At most coastal stations in the Antarctic
the surface wind is commonly easterly, and there is a level
with zero wind speed which corresponds to a critical level
for topographically forced waves. Therefore it is natural to
attribute the source of gravity waves in the Antarctic to the
stratosphere.

Recently, Sato et al. [1999] examined the global charac-
teristics of gravity waves using a high-resolution general cir-
culation model. The bottom boundary condition of the model
is that of an aqua planet. Thus there are no topographically
forced gravity waves. In their model, gravity waves propa-
gating energy downward are dominant around the polar night
jet. They suggested that the polar jet is a possible source of
the gravity waves.

The hodographs of the horizontal wind fluctuations exam-
ined in this study indicate the dominance of upward energy
propagation. However, in the Antarctic the percentage of
downward energy propagation in winter is relatively large.
This is also consistent with the inference that the polar jet is
a possible source of gravity waves in the stratosphere over
Antarctica.

5. Concluding Remarks

Gravity waves in the Antarctic and Arctic lower strato-
sphere were examined based on operational radiosonde ob-
servation data gathered at 33 stations over the 10 year pe-
riod between 1987 and 1996. The statistical characteristics
of gravity waves in the Arctic and in the Antarctic are sum-
marized as follows.

1. Both potential and kinetic energies of gravity waves
vary annually with both showing maxima in winter in the
Arctic and in spring in the Antarctic.
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2. At most Antarctic stations the region with large gravity
wave energy in spring propagates downward following the
movement of the high-static stability region. Horizontally,
the high-stability area moves gradually from 135°E, 50°S to
45°W, 70°S through the South Pole in spring. The gravity
wave energy enhancement coincides with the stability max-
imum at each station.

3. The vertical flux of zonal momentum is mostly nega-
tive and large in winter in both hemispheres, indicating the
dominance of gravity waves propagating westward relative
to the mean wind. The spring maximum as observed in grav-
ity wave energy in the Antarctic is not clear in the profile of
momentum flux.

4. High correlation is observed between gravity wave en-
ergy in the lower stratosphere and the mean surface wind at
most Arctic stations. On the other hand, at most stations in
Antarctica, gravity wave energy in the stratosphere is posi-
tively correlated with the stratospheric mean wind speed.

5. Hodograph analysis in the vertical suggests that grav-
ity waves propagating energy upward are dominant in both
hemispheres. The percentage of downward propagation in-
creases in winter and spring in the Antarctic stations. Gravity
waves propagating westward relative to the mean wind dom-
inate in the Arctic, while the dominant direction of gravity
wave propagation varies from station to station in the Antarc-
tic.

Taking advantage of operational data with broad temporal-
spatial coverage and consisting of simultaneous observations
of temperature and horizontal wind speeds, we have iden-
tified unique seasonal variations and structures of gravity
waves at the Antarctic and the Arctic stations. Further anal-
ysis of the physical mechanism causing these characteristics
is necessary.

In this study, we have concentrated on gravity waves with
vertical wavelength of 2-8 km because of the limited verti-
cal sampling intervals of the data. However, gravity waves
with shorter vertical wavelengths may also be important. In
order to make a more quantitative analysis using the origi-
nal high-resolution radiosonde data, Pfenninger et al. [1999]
examined the vertical wavenumber spectrum of temperature
and horizontal wind fluctuations at the South Pole and found
a unique form of wave spectrum. Further analysis at other
Antarctic stations is also needed.

We found an interesting increase in the energy of gravity
waves above the heights of 27 km. To investigate this further,
it is important to analyze the characteristics of gravity waves
around and above this height region. For this purpose, tech-
niques with wider coverage in height, such as rocket and/or
satellite methods are useful.
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