Earth Planets Space, 51, 621-628, 1999

Spatial structure of the 12-hour wave in the Antarctic as observed by radar
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We present radar measurements of the 12-hour wave, a zonal wavenumber 1 westward propagating wave that exists
in the southern polar mesopause region winds (Hernandez et al., 1993; Forbes et al., 1995). MF radar measurements
of the horizontal winds at McMurdo (77.8°S, 166.67°E) show that the 12-hour wave is highly seasonal, occurring
during the austral summer solstice. During these seasonal occurrences, the wave is highly intermittent with amplitude
peaks of 230 m s~!. The burst-like occurrences of large 12-hour wave amplitudes are highly correlated between
the zonal and meridional direction. The diurnal tide over McMurdo has a more constant amplitude, but it is also
an almost exclusively summertime phenomenon. Inertia-gravity wave activity is evident at periods less than 12 hr
during the austral winter months. The weakening of gravity wave activity during the summer is probably due to
critical layer filtering by the zonal mean wind, 12-hour wave and diurnal tide which are all strong during this season.
The 12-hour wave is confined in height to the vicinity of the zero crossing in the zonal winds above the westward jet.
Extreme distortion is observed in the vertical phase fronts of the 12-hour wave which could signify either refraction
or in situ forcing. The distortion in the phase fronts and localization of the 12-hour wave in time and height is
apparently responsible for departures in period from the nominal 12 hours. We do not find the wave period to be
systematically different from 12 hours. The association of the 12-hour wave events with shear in the mean wind
suggests that refractive effects could conceivably cause a dilation in wave amplitude. However, the shear is of the
opposite sign to cause this dilation unless the wave originates at higher altitudes and propagates downward into the
mesosphere. Investigations are made of the zonal structure of the 12-hour wave by comparing phases of the 12-hour
wind component between McMurdo and the dynasonde at Halley (75.8°S, 26.4°W). The phase is found to be stable
and consistent with a westward propagating zonal wavenumber 2 structure during seasons when the 12-hour wave is
weak. The migrating semidiurnal tide evidently dominates during these times of the year. During seasons when the
12-hour wave amplitude is large, the zonal structure is highly unstable and there is not an obvious dominant zonal

wavenumber.

1. Introduction

Measurements with a Fabry-Perot spectrometer at the
South Pole in the early 1990’s (Hernandez et al., 1992) first
revealed the existence of a 12-hour oscillation in the wind
field near mesopause heights above the South Pole. No
temperature perturbations were found for this wave which
suggests the absence of any 12-hour vertical wind motions
(Hernandez et al., 1997). The wave was subsequently shown
to have a westward propagating, zonal wavenumber 1 struc-
ture (Hernandez et al., 1993). It is therefore different from
the migrating semidiurnal tide which has a zonal wavenum-
ber 2 structure. From geometric considerations, the only
large-scale, zonally propagating wave structure that can ex-
ist in the vicinity of the pole is zonal wavenumber 1, so the
existence of a 12-hour zonal wavenumber 1 component of
the motion field at the pole is not entirely unexpected. How-
ever, the amplitude of this wave at the South Pole is large,
up to ~20 m s~! as measured by spectrometer (Hernandez et
al., 1993) and by meteor radar (Portnyagin et al., 1998). The
peak amplitude may in fact have been underestimated, since
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the meteor radar averaged echoes over the ~10 km height
extent of the meteor decay region and the spectrometer av-
eraged over an ~10 km thick OH airglow layer (Hernandez
et al., 1992). The implication of the large amplitudes is that
12-hour wave is unique to high latitudes and not merely a non-
migrating semidiurnal tide. The 12-hour wave is primarily
an austral summertime phenomenon, but it can also some-
times be seen during other seasons. Optical measurements
cannot be made during full sunlight, and thus the earliest
measurements of the 12-hour wave were made during late
May (Hernandez et al., 1992) and early August (Hernandez
etal., 1993). Itis not yet known whether the wave also occurs
at high northern latitudes and there is no generally accepted
theory for what causes it. For the sake of generality we will
avoid referring to it as a tide.

One objective of this paper is to provide further evidence
that the 12-hour wave exists at latitudes away from the pole.
McMurdo, Scott Base and Halley are the highest latitude sites
on the Antarctic continent which currently have the capability
to measure mesospheric winds. Data from McMurdo and
Halley are used to investigate whether the zonal wavenumber
structure of the 12-hour wave is zonal wavenumber 1 (as at
the South Pole) or zonal wavenumber 2 (migrating). Other
objectives of this paper are to further examine the vertical



622

D. M. RIGGIN et al.: SPATIAL STRUCTURE OF THE 12-HOUR WAVE IN THE ANTARCTIC

Zonal Velocity Over McMurdo

Height (km)

U7 S

£ X\ 1908

Height (km)

1997

Height (km)

1996

Fig. 1. Mean zonal winds over McMurdo with contours of 10 m s~! (negative shaded) for 1996-98.

structure, phase stability and seasonal dependence of the 12-
hour wave.

2. Measurement and Analysis Techniques

The MF radar at McMurdo is a standard design, nearly
identical to that described in detail by Fritts and Isler (1994)
and has been in operation since January of 1996. The radar
operates at a frequency of 1.98 MHz, has a peak power of
25 kW, and employs a transmitted pulse width of ~25 us
(corresponding to a range resolution of 3.75 km) with a sam-
pling interval of 2 km, and a temporal resolution of 2 minutes.
Most of the results described in the paper were derived with
this radar, but in addition we will present some 12-hour wave
phase comparisons between the MF radar at McMurdo and
the dynasonde at Halley.

The dynasonde, a digital ionospheric sounder (Dudeney et
al., 1995), has made ionospheric observations above Halley
since 1982. In January 1997 an additional sounding mode
and on-line data processing were implemented to allow
mesospheric wind measurements to be made using the
Imaging Doppler Interferometer (IDI) technique (Jones et
al., 1997). The IDI technique identifies radar scattering
points in the mesosphere from the consistency of their
Doppler phase shifts during a sounding. The angular po-
sition of the echoing region is identified by interferometry
using four horizontally-spaced receiving antennas, and the
echo line-of-sight distance is determined from the time de-
lay between pulse transmission and reception. All echoes
from a given sounding are sorted into 5 km height bins and
a vector fit is then performed to determine a 3-D velocity
representing the neutral wind motion in the mesosphere with

a time resolution of 5 minutes. Halley (75.8°S, 26.4°W) and
McMurdo (77.8°S, 166.67°E) are at nearly the same lati-
tude and 193° apart in longitude, nearly ideal locations for
making zonal wavenumber estimates. We found that the spa-
tial and temporal patterns of the winds were quite similar at
the two sites, but that the wind magnitudes are smaller over
Halley. This discrepancy is fortunately not an issue for our
analysis since only the correct phase of the 12-hour wave
component is needed for accurate zonal wavenumber deter-
mination. The mesospheric winds over Halley are further
discussed in Charles and Jones (1999).

Our observational results include time-frequency repre-
sentations of wind amplitudes using the S-transform
(Stockwell et al., 1996; Fritts ef al., 1998). The S-transform
is a technique for temporal localization of the Fourier trans-
form. It has some similarities to wavelets, but has several
unique properties including an absolute phase reference. Al-
though the S-transform is not orthogonal, it is fully invertible
and collapses in the time domain to give the Fourier spec-
trum exactly. The localizing function of the S-transform is a
Gaussian (~e¢~"/%"), where d = ¢/f. The minimum value
of ¢ = 1 provides a time resolution equal to one period, but
larger values of ¢ provide better frequency resolution at the
expense of time resolution. The amplitudes are easily in-
terpreted since they are the same as would be derived from
least squares fits of sinusoids over Gaussian windows. It can
be shown that the choice of a Gaussian window is optimal
in the sense of minimizing the uncertainty product ArAf
(Papoulis, 1977).

Representations are also made of the 12-hour wave amp-
litude and phase as a function of time and height. Singular
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Fig. 2. Amplitude of the meridional component of the 12-hour wave computed from sliding least squares fits and spanning 1996-98. The heavy bold lines
indicate the zero zonal wind line.
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Fig. 3. Same as Fig. 2, but for the zonal component.
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12—Hour Composites over McMurdo
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Fig. 4. Composite values of the 12-hour wave (top: meridional, bottom: zonal) each over a two week time segment. The set of composites covers January
15 through May 1, 1996. Only 6 hours of the 12-hour composite are plotted. The contour increments are 4 m s~! and negative values are shaded.

value decomposition (SVD) sinusoidal fits with a Gaussian
localizing window were used for these calculations. The
Gaussian window was stepped through the data at one-day
increments to provide a time series of amplitude and phase
for the 12-hour wave at altitudes of 80 to 98 km. The ampli-
tudes and phases over McMurdo determined from this tech-
nique provide information on the vertical structure of the 12-
hour wave. Time series of 12-hour amplitudes and phases
from McMurdo and Halley were used to study the horizontal
wavenumber structure of the wave. The amplitude/phase fits
can be written in complex form as i, = U; e/“~%; where j
subscript refers to the two stations. From the complex i;’s
at each height (dropping the ¢ dependence), the complex
“cross-fit” can be formed,

U,e” 9 U,eti®2
C12—< 1© 2e™™)

= , 1
’ (U (Uy) M

where the angular brackets denote an average over altitude.
Because of the normalization in the denominator, the ab-
solute value of Cj ; (or coherence) does not depend on the
wave amplitude. The coherence has a range of 0-1, ap-
proaching 1 if the wave-front phase structure has the same
height dependence at the two sites. The phase of the cross-fit
(A¢12 = Ay — A¢)is ameasure of the phase difference of
the wave between the two sites, but is only reliable for larger
values of coherence. The technique is further described in
Riggin et al. (1997).

3. Results

The mean zonal wind over McMurdo is shown in Fig. 1.
In spite of the data gaps there is an obvious annual wind vari-
ation, the dominant feature of which is an intense westward
jet during austral summer. This wind structure is reason-
ably consistent (via the thermal wind relation) with the well-
known temperature minimum in the summer polar meso-
pause. Figures 2—-3 show the meridional and zonal amplitude
of the 12-hour wave in a similar time versus height format.
The lowest contour is 8 m s~! to highlight the strong seasonal
and height dependence of the 12-hour wave. These depen-
dencies are obscured if a lower threshold contour is used since
there is a weak 12-hour wave background amplitude that is
present throughout the year and which lacks a pronounced
height dependence. As further discussed later, we have tenta-
tively identified this weak, diffuse 12-hour contribution with
the migrating semidiurnal tide. The heavy solid lines in the
figure portray the zero crossing of the zonal wind where the
westward jets reverse. The large amplitudes are restricted
to austral summer and are also confined to the vicinity of
the zero crossing of the zonal wind. Even during the austral
summer, the periods of 12-hour wave activity are highly in-
termittent, but the bursts of activity are highly correlated in
the meridional and zonal directions.

The highly intermittent forcing may have implications for
the vertical phase structure of the 12-hour wave. This vertical
structure is examined using the composites shown in Fig. 4.
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Fig. 5. Contours of meridional (top) and zonal (bottom) 12-hour wave amplitude. The open dots trace out constant phase lines (separated by 7 /4 in phase).

To generate these composites first the hourly data are parsed
into two week segments and a 24-hour sinusoidal fit is applied
to the data at each height and subtracted. Each two-week seg-
ment of data is further subdivided into 12-hour sub-segments.
The first hour is averaged across all of the sub-segments and
similar averages are performed on all the subsequent hours.
This yields a 12-hour composite. The final step is to take the
negative of the last 6 hours of the composite and average them
one-by-one with the first 6 hours. The full set of composites
covers January 15 through May 1, 1996. The horizontal axis
of each composite covers six hours or one half cycle of the
12-hour wave and dotted lines are used to delineate positive
and negative minima in wave perturbation velocity at each
height. Note that the meridional composites (top row) are
in approximate phase quadrature with the zonal composites
(bottom row). During the period shown in Fig. 4, sharp kinks
are evident in the vertical phase structure. These kinks seem
to be associated with the amplitude maximum of the 12-hour
wave and also with the zero crossing of the zonal wind, the
height of which is indicated by the horizontal dashed line.
The kinks, amplitude maxima and zero crossing of the zonal
wind all progressively move downward during the 3.5 month
period. Asthe 12-hour wave weakens, the vertical phase vari-
ation becomes more linear. Close examination of the phases
reveals that the 12-hour wave is nearly circularly polarized.
The meridional and zonal 12-wave components are almost in
phase quadrature with anticyclonic rotation with increasing
height and time (i.e., the eastward wave component leads the

northward). The sense of phase rotation is consistent with
that of an inertia-gravity wave with upward energy propaga-
tion. The wave shown in Fig. 4 has a vertical wavelength of
~40 km. The optical and meteor radar measurements of 12-
hour wave winds at the South Pole were vertically averaged
over a ~10 km height swath (Hernandez ef al., 1992; Forbes
et al., 1995). Assuming the vertical structure of the 12-hour
wave at the South Pole resembles that at McMurdo, these
measurement systems underestimated the wave amplitude
by a factor of ~2.

Figure 5 gives another representation of the vertical phase
structure during the same period. The analysis is similar to
that used for Figs. 2 and 3. However, the Gaussian window
width is wider with a standard deviation of +5 wave peri-
ods, compared with the 3 period width in Figs. 2-3. The
wider window smoothes the amplitude structure and reduces
the amplitudes, but is necessary to make accurate phase es-
timates. Phase values are portrayed with the white dots in
Fig. 5 with the constant phase lines separated by one eighth of
a cycle. If the wave had a steady 12-hour period, the phase
lines would remain horizontal. Although the phase fluc-
tuates, the meridional and zonal phases are obviously well
correlated. The contours of phase are not labeled, but they
increase downwards consistent with upward energy propaga-
tion. Given downward phase progression, phase lines which
trend downwards in time indicate a wave period less than
12 hours. In fact, the power spectra for this 3.5 month pe-
riod were peaked at a period of 11.94 hours (Fritts et al.,
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Fig. 6. S-transform decomposition of the meridional winds between 8 and 36 hours for 1996-98. Transforms were calculated for heights of 80 to 98 km
and then the absolute values averaged over these heights.
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Fig. 7. Same as Fig. 6, but for zonal winds.
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Meridional and Zonal Fits for 1: McMurdo, 2: Halley
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Fig. 8. Phase difference between McMurdo and Halley Base derived from fits to the 12-hour wave. The cross-fits were averaged from 80 to 98 km. Open
(solid) dots denote the meridional (zonal) component. The horizontal dashed lines show the phase difference expected for westward zonal wavenumbers

of 1 and 2.

1998). As seen in Fig. 5, the phase lines are mostly descend-
ing during the times when the wave amplitude is strongest.
The power spectra are weighted according to the amplitude
squared so this period of descending phase skews the spectral
peak to a period less than 12 hours. During early March the
phase lines are ascending and a power spectrum computed
during this period has a spectral peak at a period longer than
12 hours. Our conclusion is that the phase of the 12-hour
wave is unsteady, but the frequency does not systematically
deviate from 12 hours.

S-transform decompositions of the meridional and zonal
wind components are shown in Figs. 6 and 7, respectively.
These figures focus on spectral information between 8§ and
36 hours with an S-transform localizing parameter (c) of
three. In this presentation, complex S-transforms have been
calculated for heights from 80 to 98 km, and then the absolute
values averaged over these heights. Note that both the merid-
ional and zonal amplitudes are substantial (230 m s~!), in
spite of the wide localizing window and considerable height
averaging. The diurnal tide and 12-hour wave have nearly
identical seasonal dependences, but the diurnal tide lacks the
deep amplitude modulation that characterizes the 12-hour
wave. There is little wave activity between 12 and 24 hours,
but the wave amplitudes are sporadically large at periods less
than 12 hours. These waves are short-lived and we found that
they do not occur at preferred periods. These characteristics
and the restriction of the waves to periods less than the iner-
tial period (12.3 hours at McMurdo) leads us to conclude that
they are inertia-gravity waves. These shorter period waves
are less prevalent during austral summer when the westward
jet, 12-hour wave, and diurnal tide are strong. This anti-
correlation is not unexpected since inertia-gravity waves are
highly susceptible to critical layer filtering. Comparison of
Figs. 6 and 7 demonstrates that the burst-like occurrences
of the 12-hour wave are highly correlated in the zonal and
meridional directions.

Figure 8 shows the phase angle by which the 12-hour wave
signal at Halley lags McMurdo. The cross-fit procedure was

performed using Eq. (1) with altitude averaging between 80
and 98 km. The Gaussian localizing window has a standard
deviation width of +3 wave periods in this presentation. Al-
though the phase estimates undergo large fluctuations, the
meridional phase (open dots) and zonal phase (filled dots) are
usually in good agreement. Surprisingly, the phase becomes
more stable during the austral mid-winter months when the
12-hour wave amplitudes become weak. The phase during
this season is characteristic of a migrating semidiurnal tide
(S = 2). During times when the 12-hour wave amplitudes
are strong the phase is erratic and it is difficult to infer a
particular zonal wavenumber. However, there are some ten-
dancies for a westward zonal wavenumber 1 structure during
the early part and later part of 1998.

4. Discussion and Conclusions

Climatological data from the Scott Base radar, which is not
more than kilometer away from the McMurdo MF site, con-
firm the McMurdo observations of an austral mid-summer
maximum for the 12-hour wave (Portnyagin et al., 1993;
Stening et al., 1995). The HRDI instrument aboard the
UARS satellite has observed a different seasonal dependence
for the migrating semidiurnal tide at ~65°S with an ampli-
tude maximum in May (Burrage et al., 1995). Radar sites at
~68°S also see an April or May maximum (Portnyagin et al.,
1998). The radar climatology led Portnyagin ef al. (1998) to
infer that the S = 1 structure dominates poleward of ~78°S,
but dies out and is replaced by S = 2 between 68°S and 78°S.
Data from the new MF radars at Rothera (68°S, 68°W) and
Syowa (69°S, 40°E) will eventually provide further informa-
tion on the latitudinal extent of the 12-hour (S = 1) wave.

Deviations of the 12-hour wave from the nominal 12 hours
have been observed over South Pole (e.g., Hernandez et al.,
1993; Forbes et al., 1995; Portnyagin et al., 1998) and over
McMurdo (Fritts et al., 1998). We further investigated the
data segment from which Fritts ez al. (1998) determined an
11.94 hour period over McMurdo. The constant phase lines
of the 12-hour wave were found to episodically ascend and



628 D. M. RIGGIN et al.: SPATIAL STRUCTURE OF THE 12-HOUR WAVE IN THE ANTARCTIC

descend in altitude. Distortions in vertical wavelength can
be linked to frequency variations by a conservation of wave-
fronts expression (Gill, 1982).

dw/dz = —dm/ot. 2)

The constant phase (¢) lines shown in Fig. 5 are related to m
by m = —0d¢/0dz. Therefore, we can write Aw = A¢/At.
Phase generally decreases with increasing z. Therefore, a
downward deviation in a constant phase line as a function of
time near some fixed height corresponds to decreasing ¢ at
that height and this in turn implies a smaller w. The converse
is obviously true for an upward deviation. During this period
shown in Fig. 5, the constant phase lines were downward
sloping in time in the time-height region where the wave was
strongest. Thus, the power spectrum of this time interval
(shown in Fritts et al. (1998)) is more heavily weighted in
the region where the frequency is less than 12 hours. The
magnitude of this effect is sufficient to explain the deviations
from 12 hour wave period observed at McMurdo and the
South Pole. Our conclusion is that the period of the 12-hour
unsteady, but not systematically different from 12 hours.

Kinks in the phase fronts of the 12-hour wave were found
to be associated with amplitude maxima which were strongly
localized in height. These features suggest either in situ exci-
tation of the 12-hour wave or effects due to wave refraction.
Portnyagin et al. (1998) examined the in situ excitation hy-
pothesis with a numerical model and found it to be plausible.
However, the results were not entirely conclusive since the
source distribution was ad hoc and tuned to fit the obser-
vations. The strong confinement of the 12-hour wave to a
region of strong shear above the westward summer jet, sug-
gests a possible dilation due to refractive effects (Riggin et
al., 1997). However, a westward traveling wave propagating
upwards into the eastward shear above the jet would suffer an
amplitude contraction rather than a dilation. Wave refraction
is only consistent with the observations if the 12-hour wave
had a thermospheric source and propagated down the meso-
sphere from above. As yet there is no confirmatory exper-
imental evidence for a thermospheric 12-hour wave source,
but nonlinear interaction between the migrating semidiurnal
tide and a stationary heating source (such as particle precipi-
tation or Joule heating) could conceivably drive such a wave.
However, it is difficult to reconcile a thermospheric source
for the 12-hour wave with the observed anticyclonic rotation
of the wave perturbation winds in height and time.
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