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Abstract. Meteor wind data at Grahamstown (333 1991) and ozone (Bernard, 1981). Changes in background
26.5 E) have been used to study the short-term (planetarypropagation conditions could also be relevant. Bernard
scale) variations of the diurnal and semidiurnal tidal ampli- (1981) pointed out that classical theory indicates that tidal
tudes at~ 90 km altitude. Wavelet multi-resolution and spec- amplitudes and phases (in particular) are very sensitive to
tral techniques reveal that planetary periodicities-df0 and  propagation conditions. Rapid variation in the wind and tem-
~ 16 days dominate the wave spectrum in th@—20-day  perature may result in partial tidal reflections. This is closely
period range. The quasi-16-day oscillation is thought to berelated to the suggestion by Poulter (1980) that temperature
related to similar oscillations in the lower atmosphere. Also, discontinuities and negative temperature gradients cause par-
there seems to be a link between the winter/equinox 16-dayial or total reflection of tidal modes. These reflected modes
oscillation in the mean flow and that in the semidiurnal tidal can, in turn, result in a change in the tidal structure through
amplitudes. Itis thought that this is probably due to either themode superposition which, as indicated by Forbes (1990)
coupling between the normal mode-mean flow interactionsand Vial and Teitelbaum (1984), can change the tidal struc-
and the gravity wave-tidal interactions, or to direct nonlinearture considerably on a day-to-day basis, even if the phase
interactions between planetary waves and the tide. On thshifts between the modes are small (1-2 h). Another possible
other hand, a comparison of the mean flow and the diurnamechanism is the injection of energy near tidal frequencies
tide does not show evidence of correlation. Possible reasondue to local or synoptic scale fluctuations (Vial et al., 1991).
for this disparity are discussed briefly. While any of the above mechanisms might play a part, most
work on tidal variability has concentrated on gravity wave-
tidal interactions (e.g. Walterscheid, 1981; Fritts and Vin-
cent, 1987; Forbes et al., 1991; Wang and Fritts, 1991; Lu
and Fritts, 1993; Liu et al., 2000), and direct nonlinear inter-
) action between planetary waves and tides (e.g. Teitelbaum
1 Introduction and Vial, 1991; Clark and Bergin, 1997; Kamalabadi et al.,
_ . i _ 1997; Beard et al., 1999; Pancheva, 2000). These mecha-

In an earlier paper (Malinga and Poole, 2002, which will be pimq \yill be discussed further in the context of our observa-
referred to as Paper 1), we considered the short-term varig;, o
tions of the mean flow with special emphasis on the quasi-
16-day oscillation. In this paper we study similar variations
in the diurnal and semidiurnal tidal amplitudes.

In general, tides show great variability on day-to-day time

I .g. Charl 1 . Th f th
scales (e.g. Charles and Jones, 1999) € source of t elcf?gures 1 and 2 show, respectively, the short-term fluctua-

short-term variations in tides is not fully understood. Theret. £ di land idi | tidal litud hich .
could be several mechanisms involved which could act to-'O" ©F diurnal and semidiurnal idal amplitudes which, as in

gether or independently (Teitelbaum and Vial, 1991), but thelthe c?se Otf thz rr][eat? Wmdl (P%p_er c})t qlre Isup(;rlmpo_?ﬁd on
extent of the contribution of each of these is not known (Vial ong-term trends fo be explored in detall elsewhere.  These
etal., 1991). amplitudes were deduceq by the hgrmonlc a_naly5|s of hourly
One mechanism involves the variation of tidal forcing due averages of_honzontal W|nd_velocmes covering a 4-day data
to the variations in water vapour, cloud cover (Vial et al., vylndow. This 4-da_1y data window was advanced 1.day ata
time and the amplitude of the data window was attributed to

Correspondence td:. M. G. Poole (g.poole@ru.ac.za) the second day of the interval.

Key words. Meteorology and atmospheric dynamics (waves
and tides)
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Fig. 1. The zonal (solid line) and the meridional (dotted line) amplitudes of the diurnal tide for the years 1987-1994 and for the corresponding
8-year interannual average (lA) for Grahamstown.

2.1 Planetary scale variations tors that were not investigated in detail. The calculations of
Lu and Fritts (1993) show that the gravity wave forcing of
The possible role of gravity waves in producing these vari-tides may be very variable, with a dependency on the tidal
ations has been given considerable attention. Upward propenvironment and the characteristics of the gravity wave spec-
agating gravity waves are thought to encounter a total windrum being modulated. These authors also concluded that
field that consists of the mean flow and tidal wind, and is, whether gravity wave forcing results in amplitude decreases
therefore, temporal. Fritts and Vincent (1987) developed a€.g. Fritts and Vincent, 1987; Forbes et al., 1991) or in-
model to help investigate the effects of the different environ-creases (e.g. Wang and Fritts, 1991) depends on the details
ments on the propagation and saturation of high-frequencyf the tidally modulated filtering of gravity waves. In fact,
(period< 1 h) gravity waves. Their model predicts that in an Walterscheid (1981) mentions that the strength of such forc-
environment whera — ¢ (see Paper 1) increases with height ing depends on the intensities, phase velocities and the coher-
the gravity wave amplitude and the momentum flux shouldence of these waves and may exhibit substantial day-to-day
also increase. At the region where the above growth stops, sariability.
large momentum flux divergence and an acceleration of the
mean flow are expected. These authors found that this tidally planetary waves in the zonal circulation can also inter-
linked mean flow acceleration generates a nontidal (i.e. nokct directly with vertically propagating tides, particularly the
thermotidally excited) “tide”, with a phase advance~06h  semidiurnal (Pancheva, 2001). Any nonlinearity in this inter-
compared to the thermal tide. As a result of this “tide”, the action could result in modulation of tidal amplitudes. Such a
apparent tide is advanced in phase and altered in amplitudgechanism can be revealed through bispectral analysis (e.g.
compared to the thermal tide (Fritts and Vincent, 1987). Clark and Bergin, 1997; Pancheva, 2000) or the presence
While there is agreement on the phase advance, differof the sum and/or difference frequencies in the tidal spec-
ent views have been expressed regarding amplitude altetrum due to “secondary waves”, resulting from the interac-
ations. Contrary to the amplitude reduction suggested bytion (e.g. Teitelbaum and Vial, 1991). In the latter case the
Fritts and Vincent (1987), analytic model results by Lu and diagnosis could evidently be strengthened by comparison of
Fritts (1993) predict an enhancement of apparent tidal amthe phases of the tidal, planetary and secondary waves to de-
plitudes, although these results were sensitive to other factect quadratic phase coupling (Nikias and Raghuveer, 1987).
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Fig. 2. The zonal (solid line) and the meridional (dotted line) amplitudes of the semidiurnal tide for the years 1987-1994 and for the
corresponding 8-year interannual average (IA) for Grahamstown.

2.2 The 16-day oscillation terpart.
In Paper 1 we observed that the 16-day oscillation domi-

Figures 3 and 4 reveal a more detailed structure of the plannated the planetary scale wave spectrum of the mean flow. A
etary scale variation of the diurnal and semidiurnal ampli- question that comes to mind is whether the 16-day oscilla-
tudes, respectively. These figures show the multi-resolutiortion in the tidal amplitudes is related to that in the mean flow
and spectral analysis of the mean-corrected tidal amplitudesr not. Such a link could be due to the coupling between
at Grahamstown. As in Paper 1, the top row of panels in thes¢he normal mode-mean flow interactions (Paper 1) and grav-
figures represents the zonal plack line) and the meridional ity wave-tidal interactions. The 16-day modulation of the
(v, red line) mean-corrected amplitudes (after data gaps hachean flow by Rossby-gravity normal modes could result in
been linearly interpolated). In rows 2 to 5 and starting from a similar modulation of the mean flow filtering effects and
the left, the first column of panels show the low-frequency hence, that of the spectrum of the transmitted gravity waves
approximations 4,,) for levels m starting from 1 to 4. The (see Paper 1 and references therein). Since gravity wave-tidal
finer resolution detailsiy,,) are shown in the second column. interactions depend on the spectrum of the interacting grav-
The ranges of the scalefor the approximations and details ity waves, we might expect a 16-day modulation of gravity
are also shown. Further particulars about these figures can bgave-tidal interactions that will manifest itself in the tidal
found in Paper 1. amplitudes. This type of modulation could also arise through

The spectra of the details at different levels (third anddirect, nonlinear interactions between planetary waves and
fourth columns) show that there are spectral componentéides, as discussed in Sect. 2.1. In either case, we would ex-
with periods of~ 2—3 days;~ 7-8 days;~ 10 days and- 16— pect some correlation between the 16-day oscillation in the
20days. Although some strong components have period§ean flow and in the tides.
> 20days, our focus in this paper is on those compo- To investigate the above suggestions we have compared
nents within the~ 2—20-day period range. In this range the the 16-day oscillation of the mean flow with that of the tides
dominant components are those associated with 16-day an@Figs. 5 and 6). A comparison of the wavelet spectrum of
~10day periods. As was the case with the mean flow (Pathe zonal mean flow with that of the semidiurnal tidal am-
per 1), the spectra of the details show that the zonal planetarplitudes (Fig. 6) in the vicinity of the period of 16-days sug-
activity is not necessarily correlated to its meridional coun-gests a correlation in June/July 1987, May/June 1988 and
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Fig. 3. Analysis of the diurnal tide at Grahamstown: Top row, the original signalRows 2-5, starting from the left, show (1st column) the
approximations 4,, wherem is the level), (2nd column) the detail®y,), (3rd column) the spectrum of the zonal details and (4th column)
the spectrum of the meridional details. The black and red time series lines represent the)zomahieridional§) amplitudes, respectively.
The scaleq) ranges are shown on the left. The units of the colour bars are arbitrary.
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Fig. 4. Analysis of the semidiurnal tide at Grahamstown: Top row, the original sigpal Rows 2-5, starting from the left, show (1st
column) the approximationsAg, wherem is the level), (2nd column) the detail®f,), (3rd column) the spectrum of the zonal details and
(4th column) the spectrum of the meridional details. The black and red time series lines represent the} andahéridional{) amplitudes,
respectively. The scale)ranges are shown on the left. The units of the colour bars are arbitrary.
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Spectrum: Zonal mean wind and 24h amplitudes (GT)
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September/October 1988. From this figure we can clearlyment (see Sect. 2.1) does raise the possibility that differences
see the dominance of the 16-day oscillations in winter andin the temporal structure of the two tides (compare Figs. 1
the equinoxes for the mean flow and the semidiurnal tide.and 2) may result in different responses to a given set of grav-
However, a similar comparison for the diurnal tide does notity waves.

generally show clear correlations, except for a strong winter
event in the meridional tide in 1987 (Fig. 5¢). More typically,
the diurnal tide shows some tendency towards significant 16-
day oscillations in the summer, uncorrelated with mean flow
behaviour.

The possible role of nonlinearity has been addressed by
examination of complex (amplitude and phase) spectra cov-
ering 32-day intervals coinciding with the 16-day wave
events discussed above. There are some signs of nonlinear
interaction between planetary waves and the zonal compo-
The differences in the modulation of the two tides are notnent of the semidiurnal tide, as indicated by the presence
readily explained in terms of gravity wave interactions, al- of some activity at the planetary wave frequency, as well
though the conclusion of Lu and Fritts (1993) that gravity as satellite spectral lines (secondary waves) at the sum and
wave forcing of tides depends inter alia on the tidal environ-difference frequencies near 2.0 cpd, but the corresponding
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phase comparisons are inconclusive. Nonlinear interaction8ernard, R.: Variability of the semi-diurnal tide in the upper meso-
are not at all evident in the complex spectra of the meridional sphere, J. Atmos. Terr. Phys., 43, 663674, 1981.

component of the semidiurnal tide or in either component ofCharles, K. and Jones, G. O. L.: Mesospheric mean winds and tides
the diurnal tide. Such disparities in the tidal response to plan- ©bserved by the imaging doppler interferometer (IDI) at Halley,
etary waves have been reported by others (e.g. Beard et a Antarctica, J. Atmos. Solar-Terr. Phys., 61, 351-362, 1999.

| 4 ; :
) . R Clark, R. R. and Bergin, J. S.: Bispectral analysis of mesosphere
2001), and could be associated with the filtering of upwardly —,:04s 3 Atmos Sglar-Terr Physp 59 629_g39 1997 P

propagating planetary and/or secondary waves from interacgqrpes, J. M.: Atmospheric tides between 80 km and 120 km, Adv.
tions that have taken place below the volume of observation. space Res., 10(12), 127-140, 1990.

There appears to be no conclusive method of deciding berorbes, J. M., Gu, J., and Miyahara, S.: On the interactions be-
tween mechanisms that might influence tidal variability; in  tween gravity waves and the diurnal propagating tide, Planet.
general, several could be involved. Correlative studies be- Space Sci., 39, 1249-1257, 1991.
tween gravity wave activity in the troposphere/stratospherd:ritts, D. C. and Vincent, R. A.: Mesospheric momentum flux stud-
regions and MLT signatures could be useful here, but the ies at Adelaide, Australia: Observations and a gravity wave-tidal

necessary data for this sector are not available. interaction model, J. Atmos. Sci., 44, 605-619, 1987.
Kamalabadi, F., Forbes, J. M., Makarov, N. M., and Portnyagin, Yu.

I.: Evidence of nonlinear coupling of planetary waves and tides
3 Summary in the Antarctic mesopause, J. Geophys. Res.,102, 4437-4446,
1997.
As in Paper 1, the use of wavelet techniques has facilitatediu, H. L., Hagan, M. E., and Roble, R. G.: Local mean state
the exploration of planetary scale fluctuations, here with ref- changes due to gravity wave breaking modulated by the diurnal
erence to tidal amplitudes. Again, these variations are super- tidé, J- Geophys. Res., 105, 12 381-12 396, 2000.
imposed on seasonal trends. The observed planetary scall'é” W. and Fritts, D. C.. Spectral estimates of gravity wave energy

. . and momentum fluxes. Part Ill: Gravity wave-tidal interactions,
wave spectrum is found to be dom_mated by the 10-and 16- ;). o Sci.. 50, 3714-3727, 1993.
day oscillations. The plar_1etary oscnlatpns of the zqnal COM-p1alinga, S. B. and Poole, L. M. G.: The 16-day variation in the
ponent are not necessarily correlated with those of its merid-  nean flow at Grahamstown (33.8, 26.5 E), Ann. Geophysi-
ional counterpart. In Paper 1 we observed that the 16-day cae, 20, 2027-2031, 2002.
oscillation tends to dominate the planetary range spectrumiikias, C. L. and Raghuveer, M. R.: Bispectrum Estimation: A
of the mean flow, leading us to investigate a possible link Digital Signal Processing Framework, Proc. I. E. E. E., 75, 869—
with the tidal 16-day oscillations found here. Such a link 891, 1987.
is observed, particularly in the case of the semidiurnal tide,Pancheva, D.: Nonlinear interaction of tides and planetary waves in
and is most likely due to the coupling between the normal mesosphere and lower thermosphere: observations over Europe,
mode-mean flow interactions and the gravity wave-tidal in-_ Phys. Chem. Earth (C), 26, 411-418, 2001.

teractions and/or direct nonlinear planetary wave-tidal inter-PanChe\_/a’ D.: Evidence for nonlinear coupling of pla_netary waves
actions and tides in the lower thermosphere over Bulgaria, J. Atmos.

Solar-Terr. Phys., 62, 115-132, 2000.
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