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[11 A function that approximates atmospheric tidal behavior in the polar regions is
described. This function is fitted to multistation radar measurements of wind in the
mesosphere and lower thermosphere with the aim of obtaining a latitude-longitude-height
description of the variation of tides over the whole Antarctic continent. Archival wind
data sets are combined with present-day ones to fill the spatial distribution of the
observations and to reduce the potential effects of spatial aliasing. Multiple years are
combined through the compilation of monthly station composite days, yielding results for
each month of the year. Despite potential problems associated with year-to-year variations
in the tidal phase, a useful climatology of Antarctic zonal and meridional tidal

wind components is compiled. The results of the fits reproduce the major features of the
high-latitude tidal wind field: the dominance of the semidiurnal migrating mode in the
winter months and the presence of a semidiurnal zonal wave number one component

in the summer months. It is also found that the summer semidiurnal tide contains a zonal

wave number zero component.
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1. Introduction

[2] Although theoretical [Chapman and Lindzen, 1970]
and modeling [Forbes, 1982a, 1982b; Miyahara et al.,
1993; Hagan et al., 1995] studies have provided significant
insight into atmospheric tides, some observed tidal charac-
teristics remain unexplained. The discovery of nonmigrating
tides in the mesosphere and lower thermosphere has added
to the challenge of understanding the mechanisms at play. A
lack of climatological information contributes to the diffi-
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culty of reconciling theory and observation, making exten-
sions to observational data sets crucial.

[3] The global scale of atmospheric tides and their
latitudinal and longitudinal structure necessitates spatially
extensive observations. Current ground-based observational
networks do not have the resolution to unambiguously
characterize many of the structures that are of interest.
Observations from the South Pole are an exception to this:
multiple northward pointing beams allow tidal variations to
be tracked around a high northern latitude circle. This has
resulted in observations of a zonal wave number one
component of the semidiurnal tide in the wintertime using
optical techniques [Hernandez et al., 1993] and throughout
the year using meteor radar observations [Forbes et al.,
1995; Portnyagin et al., 1998]. Away from the South Pole,
it is more difficult to obtain concurrent observations at a
constant latitude with suitable spatial resolution in longi-
tude. Murphy et al. [2003] combined pairs of stations to
infer tidal components in the mesosphere and lower ther-
mosphere, but assumptions about which semidiurnal zonal
wave number (S) components are present were required.

[4] Modeling studies have investigated the mechanisms
responsible for the observed nonmigrating semidiurnal
components. The atmospheric response to forcing by latent
heat release in the troposphere has been considered in a
Global Scale Wave Model [Hagan and Forbes, 2003, and
references therein]; however, it has been found that the
magnitude of the semidiurnal nonmigrating components
does not become significant at mesospheric heights. A
mechanism where an S = 1 semidiurnal component can be
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Figure 1. Hough and velocity expansion functions for the

zonal wave number one component of the semidiurnal tide.
The labels (2,1, n) refer to the nth mode.

produced by the interaction between the migrating semidi-
urnal mode and a stationary wave number one planetary
wave at lower altitudes has been proposed [Forbes et al.,
1995] and successfully modeled [Miyahara et al., 1999;
Angelats i Coll and Forbes, 2002; Yamashita et al., 2002;
Mayr et al., 2005]. The modeling studies suggest a nonlocal
source; the equatorial regions or the opposite hemisphere.

[5s] Satellite observations have almost global reach but
have other limitations. Forbes et al. [1997] note that
satellite sampling patterns and the aliasing of zonal mean
variations into tidal frequency components hinder aspects of
satellite tidal analysis. However, the inclusion of ground-
based measurements into the analysis of satellite data has
the potential to overcome these problems [Azeem et al.,
2000; Cierpik et al., 2003].

[6] In the polar regions, some simplifying assumptions
associated with the variation of tidal structures in latitude
can allow more ground-based observing stations to be
combined and to reduce observing network limitations.
Classical tidal theory [Chapman and Lindzen, 1970] pre-
dicts that the zonal and meridional wind structure of tidal
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modes can be represented by functions derived from sol-
utions to the tidal equations known as Hough functions
[e.g., Forbes, 1995]. In the polar regions, the behavior of
these functions is more simple than at midlatitudes. In
particular, for a given zonal wave number, the amplitudes
of the functions describing zonal and meridional winds are,
to a good approximation, either constant or linear with
colatitude (90° — latitude) in the region poleward of
60 degrees. It is reasonable to assume that the sum of these
functions share this behavior and moreover, that this sum is
a good approximation to the latitudinal variation of the
actual tidal structure for that zonal wave number.

[7] Forbes [1982b, 1995] show the normalized velocity
expansion functions for the migrating semidiurnal (S = 2)
tide and the approximate linearity noted above is clearly
apparent. Equivalent plots for § =0 and 3 (not shown) show
similar characteristics and justify the assumption of linearity
for these zonal wave numbers. Hernandez et al. [1992] note
that the behavior of waves (such as tides) near the poles is
such that their horizontal winds vary as (sin 0)‘S ~UI where 6
is colatitude. In the case of S = 1, this suggests that the wave
amplitude will remain constant near the pole. Inspection of
the normalized semidiurnal expansion functions for S = 1
presented in Figure 1 support this approximation to latitudes
near 60°. Although the diurnal velocity expansion functions
depart from a constant value more rapidly then the semidi-
urnal ones [Forbes, 1982a, 1995], the assumption that the
diurnal S = 1 component is constant with colatitude is the
best one for the purposes of this work.

[8] A practical result of the above behavior is that the
sum of all of the Antarctic (or Arctic) tidal variations can be
approximated by a linear combination of sinusoids. At a
given latitude, each component will have the form V' = Vcos
(wt + SA — ¢), where V is the tidal amplitude of the
component with frequency w and zonal wave number S
(positive for westward propagation), and where ¢, A and ¢

Contributing Stations

Figure 2. Map of the Antarctic stations contributing wind
data to this study.
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are universal time, longitude (east of the Greenwich merid-
ian) and phase respectively. For semidiurnal components of
wave number 0, 1, 2 and 3, and for a diurnal component of
wave number one, these sinusoids are represented as a
linear combination by

S(t) = 04 cos(2n) + 0B, sin(2€%)
+ A4y cos(2Qu + A)  + By sin(2Q1 + \)
+ 045 cos(29Q1 + 2X) + 0B, sin(2Qt + 2)) (1)
+ 043 cos(29Q1 + 3\) + 0B3 sin(2Q¢ + 3\)
+Agcos(QU+ X)) + Bysin(Q + N),

where € is the angular frequency of Earth’s rotation and 6
is the colatitude. Here, 4; and B,i = 0...4, are related to
the amplitude of the corresponding tidal component by
V; = \/A? + B? and the time of maximum (in UT at the
longitude of the Greenwich meridian) by ft7oy =
arctan(B,;/A4;).T/2m where T; is the period of the
component. In equation (1), all components with S # 1
linearly approach a value of zero at the pole; for S= 1, the
amplitudes are constant with latitude in the vicinity of
the pole (i.e., poleward of about —60° latitude). Further, the
S # 1 terms in equation (1) yield an amplitude colatitude
product which needs to be converted to a component
amplitude at a reference latitude.

[9] In the following sections, ground-based polar wind
data are described and the potential effects of year-to-year
variations in the data and spatial aliasing due to the station
geometry are considered. The results obtained when equa-
tion (1) is fitted are then presented and discussed.

2. Analysis Technique

[10] With the aid of least squares fitting techniques, it is
possible to combine measurements of tidal wind variations
from an ensemble of spatially separated stations and to
extract the wave number components represented in equa-
tion (1). However, if stations provide only limited longitu-
dinal coverage, power from high wave numbers can leak
into lower ones affecting the results of both (spatial alias-
ing). Although Antarctica has been well served with instru-
ments to measure the wind in the mesosphere and lower
thermosphere (MLT), there has not yet been a suitable
combination of measurements made concurrently. By pro-
ducing a monthly mean climatology of the winds obtained
since 1984, it is possible to include more stations in the
study and reduce the potential for spatial aliasing. How-
ever, the consequences of forming a climatology when
year-to-year variations are present need to be considered.

2.1. Data Description and Preparation

[11] The data used in this study were obtained using radar
systems situated at the stations depicted in Figure 2. With
the exception of Halley Bay and South Pole, these are MF
radars operating in spaced antenna mode. Their positions,
and the starting dates and ending dates of the data sets
available here are listed in Table 1. Data from Halley Bay
are collected at different heights than those from the other
sites and so have been interpolated to common height
levels. Data from South Pole were assumed to be centered
near a height of 94 km (95 km, the usual height, falling
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between radar range gates) and is only available at that
height. The novel geometry of the South Pole radar provides
meridional winds only.

[12] The raw data used in this study are hourly averages
of the zonal and meridional wind. The height range chosen
(80—94 km) ensures a good coverage of local time. For each
hour of the day, all the available data for a given height and
month for each station were accumulated and averaged. The
results were 24-hour time series of winds for each height,
month and station with “incoherent” wind variations (e.g.,
due to gravity waves) averaged out. Note that the time of the
center of each hourly average is used to mark that average.
Differences between the time markers of the various stations
are accounted for by referencing the data to each station’s
time marker series in the fitting process. The composite
days for the stations being considered are then formed
into an array and equation (1) is fitted to all stations
concurrently.

[13] The January raw meridional wind data for a height of
86 km are presented in Figure 3. The solid lines denote the
composite days for each of the six stations near the
Antarctic coast. Vertical bars extending +1 standard devia-
tion indicate the level of variability of the hourly data values
for the stations where this parameter could be computed
(i.e., where hourly data were available). The dashed lines
are the results after fitting equation (1). It can be seen that in
this case, the quality of the fit is good. This is particularly
true when it is noted that the dashed lines do not represent a
free fit to the data in each panel, but rather a coupled fit to
all the data in all of the panels in Figure 3.

2.2. Consideration of Spatial Aliasing

[14] The formation of monthly composite days allows the
archival wind data sets to be combined for this analysis.
This has the advantage of increasing the longitudinal spread
of the available stations and decreases the potential for
power leakage between zonal wave numbers (spatial alias-
ing). Figure 2 shows the layout of the Antarctic radars. It
can be seen that three stations lie close together between 30
and 90° East but the other coastal stations are more evenly
distributed longitudinally. In addition, Halley Bay and
McMurdo/Scott lie approximately 10° poleward of the other
coastal stations and provide some spread in the latitudinal
distribution. The South Pole radar is able to sense the
cardinal directions and provides good longitudinal coverage
by itself.

[15] To show that the station geometry does not cause
spatial aliasing for the zonal wave numbers being fitted,
realistic tidal amplitudes and phases were used to create
time series of the wind at each station’s latitude and
longitude. Random scatter of an amplitude consistent with
observations at Davis was added to these time series and the
resulting simulated data sets were analyzed in a manner
equivalent to that for the measured data. The generation and
analysis of simulated data were repeated and the mean and
standard deviation of an ensemble of results was recorded.
This simulation was also carried out for fictional station
geometries including the ideal arrangement (for a zonal
wave number range of 0 to 3) of six stations equally spaced
in longitude on a constant latitude circle. Table 2 shows that
the parameters retrieved for the actual station geometry (all
stations except South Pole) yielded fits of similar accuracy
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Table 1. Position, Radar Type, and Data Interval for the Radars Contributing to This Analysis
Station Latitude Longitude Radar Type Start Date End Date

Davis 68.6°S 78.0°E MFSA 1 Aug 1994 31 Dec 2004
Halley Bay 75.6°S 26.3°W Dynasonde IDI 1 Jan 1997 31 Dec 2001
Mawson 67.6°S 62.9°E MFSA 1 Jul 1984 24 Jan 1989
McMurdo® 77.8°S 166.7°E MFSA 1 Sep 1996 1 May 1997
Rothera 67.6°S 68.1°W MEFSA 23 Feb 1997 26 Nov 2005
Scott® 77.9°S 166.7°E MFSA 1 Jan 1999 31 Dec 2002
South Pole” 88°S Cardinal directions Meteor 1 Feb 1995 31 Jan 1996
Syowa 69.0°S 39.6°E MFSA 26 Mar 1999 31 May 2004

“Because these stations are adjacent, their data were combined.

®South Pole data are meridional only, are assumed to be centered at a height of 94 km, and are only available for that height.

to that using six equally spaced stations, and that there was
no evidence of power leakage between wave numbers. Thus
the station geometry available when archival data are used
here avoids aliasing problems for zonal wave numbers
between 0 and 3. Note that the input parameters were
adjusted to yield an amplitude of approximately 10 m s~
at the latitude of Davis.
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[16] These simulations also provide insight into the errors
in the fitted amplitudes and times of maximum associated
with noise in the composite day time series. If these time
series are considered as the sum of a noise distribution and
12- and 24-hour harmonic components, then a sample of
that noise distribution can be obtained from the residual
after these harmonics are removed. Measurements of the
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Figure 3. Meridional composite day wind data at 86 km for the six stations on the Antarctic coast. The
solid line denotes the raw composite data, and the dashed line denotes the result of the fit. Vertical bars

extend =1 standard deviation.
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Table 2. Parameter Retrieval for Ideal and Actual Station Geometry With Random Scatter of 20.0 m s~ Peak to Peak
Actual Station Geometry Results Six Station Results

Unit Amplitude, m s7! TOM, hour Amplitude, m s7! TOM, hour
SDi S=0" 95+1.2 0.0+0.2 95+1.8 0.0 +0.2
SDi S=1 99+1.0 3.0+0.2 10.0 £ 0.7 3.0+0.15
SDi §=2" 9.7+ 1.1 6.0 £ 0.03 9.6 +£0.8 6.0 + 0.02
SDi §=3" 9.5+1.2 9.0+0.2 9.6 £0.8 9.0 £0.14
Di S=1 9.9 £0.7 12.0 £ 0.01 10.0 + 0.6 12.0 £ 0.01

?Amplitude is referenced to the latitude of Davis: —68.6°S.

standard deviation of this residual for all heights and months
varied between 2—6 m s~ '. Tests on the random variate
generated for these simulations showed that a peak-to-peak
amplitude of 20 m s~ ' yielded a standard deviation similar
to the 6 m s~ ' maximum of the measured residual. This
scatter was used to produce the results in Table 2. It can be
seen that, for this worst case scenario, the error bars
obtained using the actual station geometry easily include
the values associated with the ideal six-station case. It can
also be seen that errors of 10% or less in amplitude and 0.2 Hr
or less in time of maximum are associated with statistical
uncertainties in the winds.

2.3. Effect of Year-To-Year Variations

[17] In the previous section, it was shown that by com-
bining the results from various polar sites, it was possible to
overcome potential spatial aliasing problems for the wave
number components fitted in this analysis. However, if the
measured tidal components vary from year to year, their
average may not be representative of the yearly values. This
is particularly true when variations in the phase of the tide
are present. Evidence of such variations has been presented
in the past [e.g., Portnyagin et al., 1993]. In this section, the
potential effects of the combination of numerous and
different years of data are considered.

[18] When tidal components whose phase is varying are
averaged (as is the case in producing a monthly climatol-
ogy), the phase variation can act to decrease the amplitude
of the result. In the case of random phase variations, an
ensemble of nonzero amplitude components can average to
zero. To estimate year-to-year variations in phase, least
squares fits of 12-, 24-, and 48-hour components were
applied to 4-day segments of the data over the decade-long
Davis wind time series. The resulting times of maximum for
sample months and heights are presented in Figure 4. It can
be seen that the variations in the time of maximum of the
diurnal and semidiurnal tide from year-to-year and during
each month are sometimes considerable.

[19] Simulations are used to gauge the effect of phase
variations in the data used in this study. First, it is assumed
that the variances of the tidal phases measured at Davis are
representative of those at the other stations. The variance
used to seed the simulation is calculated from the 4-day data
segments and is the minimum obtained after shifting outly-
ing values by the period of the tide. In this way, the effects
of phase wrapping are removed.

[20] Simulated time series of the wind for each station are
then generated from a set of predefined and constant tidal
wave number component amplitudes and times of maxi-
mum using equation (1). The times of maximum of the

diurnal and/or semidiurnal component are then shifted by an
amount determined from the input (measured) variance: the
Box-Muller algorithm [Press et al., 1992] is used to select
the time-of-maximum shift from a Gaussian distribution of
appropriate width for each height and month. The shifted
time series for each station are then passed to the least
squares fitting program and the results are recorded. This
process is repeated and the means of the results of the fitting
are computed. It is noted that these simulations are likely to
overestimate the effect of the phase variations because the
shifts in time of maximum applied to each station are
independent of each other. In reality, the shifts present at
some of the stations will be related to others by virtue of the
overlap between the radars’ observing intervals.

[21] Simulations were run using the Davis zonal diurnal
and semidiurnal time-of-maximum variance (similar to
those given in Figure 4) for each month and height used
in this study. Input amplitudes were set to 10 m s~ for each
wave number component. The results for input times of
maximum of 0, 8 and 16UT (diurnal) a 0, 4 and 8UT
(semidiurnal) for each component were combined to re-
move any systematic effect of the time of maximum. The
ratios of the input amplitude to the fitted amplitude for each
wave number component are presented in Figure 5. Ideally,
the input amplitude and the amplitude of the fit to the
simulated data would be equal and their ratio would be one.
Ratios greater than one (fitted amplitude greater than input)
are possible when the time-of-maximum variations force
power from one zonal wave number into another. It can be
seen that there is potential for measurements of the semidi-
urnal tide during the summer to be affected. Wintertime
measurements of the diurnal tide could also be affected.

[22] Additional simulations were carried out to assess the
impact on the fitted time of maximum of the wave number
components. These also used Davis phase variance data but
seeded a single constant time of maximum. It was found
that the difference between the input time of maximum and
the mean simulation value was rarely greater than +1 Hr.

[23] The results presented in Figure 5 show that, for the
time-of-maximum variances present at Davis, there is po-
tential for the amplitude of some of the tidal wave number
components to be underestimated or overestimated. As
noted above, the effects are likely to be less than predicted
by the simulations because some of the data are concurrent
and their associated phase variations are not independent.
However, it is not possible to determine whether the data are
in fact affected using the data available for this study. When
the results of the fits are presented in the next section,
heights where the amplitude ratio is outside of the range
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Figure 4. Year-to-year variations in the time of maximum of the diurnal and semidiurnal tide in the
zonal wind at 86 km for January and June from 1994 to 2004. Results are from fits to 4-day segments of
Davis data, and those for the same year are joined by a line. The mean and variance are also given.

[0.75,1.25] are indicated to warn the reader of the possibil-
ity of an effect due to phase variations.

3. Results

[24] The meteor radar system at the South Pole provided
meridional winds at a presumed height of 94 km. This is in
contrast to the radar systems closer to the Antarctic coast,
which provide zonal and meridional winds over the height
range of 80—94 km. The differences in the vertical extent of
the data sets make it convenient to treat the results from
these two latitude bands separately. In the following sec-
tions, the data from the “outer rim” (67°S—78°S) and the

South Pole (88°S) are presented. Results at the common
height of 94 km are compared in a later section.

3.1. Outer Rim

[25] The results of fits to data from all of the stations
except the South Pole are presented in Figure 6 (semidiur-
nal) and Figure 7 (diurnal). Monthly zonal and meridional
tidal amplitudes and times of maximum are plotted as a
function of height for each of the wave number components
represented in equation (1). In Figures 6 and 7, the Roman
numerals denote the zonal wave number. Bold numerals
are used to denote amplitudes for which the effects of year-
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Figure 5. Average ratio of the simulated fitted amplitude to its input value for each wave number
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Figure 6. Monthly height profiles of the zonal and meridional amplitude (at 69°S) and time of
maximum (in UT at the Greenwich meridian) of the semidiurnal tidal components with zonal wave
numbers from 0 to 3. The Roman numerals denote the wave number. Bold numerals are used where
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Figure 7. Monthly height profiles of the zonal and meridional amplitude (at 69°S) and time of
maximum (in UT at the Greenwich meridian) of the diurnal tide with zonal wave number one. Bold
Roman numerals are used where amplitudes satisfy quality checks described in the text.
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Table 3. Vertical Wavelength of the Semidiurnal Component
Zonal Wave Number
S=0 S=1 §=2 §=3
Month Height, km Zonal Meridional Zonal Meridional Zonal Meridional Zonal Meridional
January 88—94 —40 km —46 km —35 km —43 km —68 km —86 km NR? NR
February 88—-94 large large —77 km —60 km NR large —68 km NR
March 88—-94 NR NR large —87 km +42 NR large large
April 88-94 large NR —70 km large —92 km —86 km large —83 km
May 88-94 NR NR NR large large —71 km —30 km large
June 88-94 NR NR NR NR —57 km —76 km —38 km —41 km
July 88-94 —36 km NR —28 km —26 km large large —21 km —55 km
August 88—-94 NR NR +26 km NR —87 km —66 km —40 km —73 km
September 88—-94 NR +71 km NR NR —73 km —82 km large —55 km
October 88-94 large —42 km —64 km —59 km —34 km —32 km —52 km —39 km
November 88—-94 —42 km —49 km —42 km —42 km —94 km large NR NR
December 88—-94 —29 km —28 km —33 km —37 km —37 km —55 km —26 km —35 km
January 80-86 —26 km —28 km —62 km —35 km NR large large NR
February 80-86 —35 km —37 km —30 km —30 km —45 km —52 km —27 km —18 km
March 80-86 —17 km —22 km —40 km —42 km —18 km —28 km —36 km —31 km
April 80-86 large large —65 km large large —68 km NR large
May 80-86 +89 km +34 km —35 km large large large —64 km —33 km
June 80-86 large NR large NR —76 km large —20 km NR
July 80-86 —19 km -39 km NR —13 km large —90 km —31 km —19 km
August 80-86 large large large large large large NR large
September 80-86 large —54 km —51 km —58 km —91 km —75 km +21 km large
October 80-86 —23 km —17 km —32 km —37 km —30 km NR —20 km —30 km
November 80—86 —45 km —35 km —49 km —41 km NR +70 km NR NR
December 80-86 NR —69 km —55 km —46 km large large —39 km —29 km

“NR indicates that vertical wavelength from a linear fit in this height range does not reasonably represent the data.

to-year phase variations are thought to be small (expected-
to-modeled amplitude ratio within 25 percent of unity).

[26] Inspection of Figure 6 shows that between October
and March, the westward propagating semidiurnal S = 1
component is large. Although its amplitude may be affected
by year-to-year variations in the tide, its zonal and merid-
ional times of maximum are in phase quadrature at most
heights. The S = 0 component is largest between November
and February. The migrating component (S = 2) dominates
in the April to September interval.

[27] The vertical wavelength of the various zonal wave
number components is described by the slope of the time of
maximum with height. Inspection of Figure 6 shows that
this slope is not always constant over the height range of the
available data. However, the time of maximum is often
close to linear over the upper or lower halves of the data
sets. Thus vertical wavelengths are calculated separately for
the 80—86 and 88—94 km height ranges and are presented
in Table 3. In cases where a linear fit is still not a good
representation of the data, no results are recorded in Table 3.
Similarly, large absolute values of vertical wavelength (that
are subject to large errors) are labeled as such. In general,
the vertical wavelength is negative (time of maximum
decreases with increasing height) or has a large absolute
value. This is as expected for an upward propagating or
evanescent tide respectively. Positive vertical wavelengths
do exist but are generally associated with small amplitudes.

[28] The diurnal tide is generally weaker than the semi-
diurnal. It has its largest amplitudes between October and
March, however, during the remaining months, there is
potential for the amplitude measurements to be affected
by year-to-year phase variations (see Figure 5). The slope of

the time of maximum varies with height in a manner that
makes it less amenable to being summarized in a table.
Inspection of Figure 7 shows that the vertical wavelength
between October and March tends to be larger in the
meridional component than in the zonal. Positive slopes
are present in the January-to-March meridional times of
maximum.

3.2. South Pole

[29] The four beams of the South Pole meteor radar
provide meridional velocities from a height of around
94 km. The beam azimuth and assumed echo height yield
an estimated sampling volume latitude of 88°S. The loca-
tions of the four beams (see Figure 2 and Table 1) were then
used to fit equation (1). To avoid the effect of year-to-year
variations (and because a limited amount of data was
available for this project), only one year of data is used.
The analysis yielded negligible amplitudes for S = 1 at 88°S
so Figure 8 is limited to zonal wave number one compo-
nents of the diurnal and semidiurnal tides as a function of
month of the year. The S = 1 component is approximately
constant with colatitude so the amplitudes and times of
maximum can be equally interpreted as being for 88°S or
69°S. The equivalent values from the analysis of outer rim
data have been included when the amplitude is greater than
3ms~ ! for later comparison (solid lines).

[30] In Figure 8a, it can be seen that the westward
propagating S = 1 component of the semidiurnal tide is
largest between October and March (dotted line). Figure 8b
contains the results for the diurnal tide and it can be seen
that the migrating component of this tide is also strongest
between October and March. The times of maximum of the
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Figure 8. Time series of the monthly meridional amplitude and time of maximum (in UT at the
Greenwich meridian) of the zonal wave number one component of the (a) semidiurnal and (b) diurnal tide
at 94 km using the South Pole meteor radar data (Roman numerals). Thick solid and thick dashed line
segments indicate the S = 1 amplitude and time of maximum inferred using the outer rim data at the same

height and at 92 km, respectively.

S =1 diurnal component remain fairly constant throughout
the year.

4. Discussion

[31] Although many space-based measurements have
been used for tidal studies, few have included the southern
high latitudes. This has been due to satellite orbital param-
eters and the associated limitations in instrument viewing
geometries. In the case of the UARS satellite, it has been
possible to combine day and night wind measurements at
95 km to extend coverage to 70°S [Angelats i Coll and
Forbes, 2002; Manson et al., 2004]. Although these results
fall at the edge of the height and latitude range of the present
study, comparisons will be made in the paragraphs below.

[32] Many of the archival radar data sets used in this
study have been subjected to harmonic analysis and the
results described by other workers [Avery et al., 1989;
Phillips and Vincent, 1988; Portnyagin et al. 1993; Forbes
et al., 1995; Portnyagin et al., 1998]. However, their
interpretations of these results are simpler than those pos-
sible with the current analysis; the tides were usually
interpreted as manifestations of the migrating tidal compo-
nent only. Comparison with these results is therefore of
value to verify the current analysis (but does not provide an
independent check). This is possible at times of the year
when the migrating component of the tide is the dominant
one: all year for the diurnal tide and May to September for
the semidiurnal tide.

[33] Avery et al. [1989] and Phillips and Vincent [1988]
present results for a 3-year subset of the Mawson wind data.
Their semidiurnal amplitude results for June are consistent
with the S = 2 component of the current analysis with both

observing a larger meridional than zonal amplitude. To
compare the time of maximum in local time with the current
analysis, it is noted that the time of maximum in universal
time at 0°E (as produced by the current analysis) is
equivalent to the time of maximum in local time at other
longitudes if the migrating component is dominant. The
Mawson semidiurnal tide times of maximum are also
consistent with the S = 2 results of the current analysis.
Tidal parameters obtained using the radar at Molodezhnaya
[Portnyagin et al., 1993] are independent of the current
analysis and also allow its verification. Times of maximum
for the semidiurnal S = 2 component at 94 km are within 1—
2 hours of the Molodezhnaya results during April, July and
October. The poor agreement in amplitudes could be due to
the year-to-year variation effects noted above.

[34] Hernandez et al. [1993] observed a 12-hour oscilla-
tion with westward propagating zonal wave number one of
amplitude 6.1 m s~ during early August of 1991 from the
South Pole. Their observing technique has a peak of its
weighting function near 88 km and is limited to the
meridional direction. Comparison with the outer rim station
results of Figure 6 at this height show an S = 1 semidiurnal
component that has a meridional amplitude of 3—4 m s~
between 80 and 88 km at that time. It is generally weaker
above 88 km and is not apparent at 94 km in the South Pole
results of Figure 8.

[35] To assist in the comparison of the data obtained using
the Antarctic rim stations with that from the South Pole
meteor radar, the meridional S = 1 rim data have been
replotted for a height of 94 km (solid lines in Figures 8a and
8b). The times of maximum are only plotted when the
amplitude is greater than 3 m s™'. No colatitude scaling of
the amplitude is required for this wave number component
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so the results can be interpreted equally as the value at 69°S
or 88°S.

[36] The amplitude of the diurnal tide obtained using the
rim stations (Figure 8b) agrees well with the results from
South Pole in magnitude and character throughout the year.
The times of maximum also agree very well when the
amplitudes of the S = 1 component at 69°S are nonnegli-
gible. This result verifies theoretical predictions that the
amplitude of the S = 1 component should remain constant
with (high) latitude and suggests that there are no systematic
errors in the analysis method and the time marks of the
original data sets.

[37] The S =1 semidiurnal component should also have a
constant amplitude as a function of (high) latitude. In
Figure 8a, it can be seen that this component is largest
during the summer months and that the amplitude measured
using the outer rim stations is not as large as that measured
near the South Pole. This may be due to the effects of year-
to-year variations noted above. However, it is also possible
that the height attributed to the meteor data is incorrect: the
radar used to gather these data did not record the echo
height. The thick dashed lines in Figure 8 are the results
from the outer rim stations for a height of 92 km. Lowering
the comparison height has little effect other than to increase
the February semidiurnal amplitude.

[38] When the amplitude of the outer-rim semidiurnal S =
1 component is greater than 3 m s~ ' (Figure 8a, thick solid
line), the time of maximum of the South Pole data shows
similar character to its outer rim counterpart. However, it
can be seen that a phase shift of approximately 1-2 hours
between the measurements at these two latitudes is present.
This may suggest a horizontal component to the S = 1
semidiurnal component’s propagation with the crest of the
tidal wave reaching the pole a few hours after it has passed
through 69°S.

[39] As noted in the introduction, the Global Scale Wave
Model (GSWM-02) does not predict a semidiurnal S = 1
component of significant magnitude at MF radar heights
[Hagan and Forbes, 2003, and references therein; Murphy
et al., 2003]. The GSWM-02 contains realistic and exten-
sive tidal forcing functions but does not allow its wave
components to interact. The proposition that the S = 1
semidiurnal component is produced by non-linear interac-
tion between the migrating semidiurnal tide and a stationary
wave number one planetary wave [Forbes et al., 1995] is
thus consistent with the GSWM results.

[40] Using the Kyushu University Middle Atmosphere
Circulation Model (MACMKU), Miyahara et al. [1999]
predict equinox values of semidiurnal S = 1 amplitudes
between 2—8 m s~ ' at radar heights and at 70°S. These
values are larger than the 3—4 m s~ ' observed in September
but consistent with the 3—9 m s~' observed in March (see
Figure 6). Yamashita et al. [2002] use the same model to
investigate the seasonal variations of the semidiurnal S = 1
component and find wintertime values larger than those
observed at 69 or 88°S. However, they were able to verify
that interactions between stationary planetary waves and
tides in the winter stratosphere are the source of the
semidiurnal S = 1 component in the summer mesosphere/
lower thermosphere.

[41] The spectral dynamics model (SDM) of Angelats i
Coll and Forbes [2002] solves the atmospheric nonlinear
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primitive equations of motion in three-dimensions and
decomposes the results into spherical harmonics. It uses
empirical values of the temperature, zonal mean wind and
stationary planetary wavefield. Direct tidal forcing does not
include structures that would drive non-migrating compo-
nents. (See Angelats i Coll and Forbes [2002] for a
complete model description.) Thus the semidiurnal S = 1
components generated in the model must be caused by
wave-tide interactions. Their results have their maximum
amplitudes above 100 km, and for most of the year they do
not predict significant semidiurnal S = 1 components below
the thermosphere. However, a peak in the S = 1 semidiurnal
component in August—September near 85 km coincides
with the onset of larger tidal amplitudes of the same wave
number in Figure 6.

[42] Mayr et al. [2005] present results from their Numer-
ical Spectral Model (NSM); a nonlinear time-dependent
model that has been formulated with spherical harmonics.
Planetary waves in this model are generated by internal
instabilities but reproduce observed characteristics. Once
again, its tidal forcing is such that no non-migrating
components are forced and must therefore come about
through wave-tide interactions. This model has a strong
emphasis on gravity waves and their potential role through a
sophisticated gravity wave parameterization. (See Mayr et
al. [2005, and references therein] for further details.) Their
results for January—February at radar heights show a
maximum in semidiurnal § = 1 amplitude in the high
southern latitudes near 30 m s~ ', somewhat larger than
those depicted in Figure 6.

[43] The amplitudes of the S = 1 meridional wind
component of the semidiurnal tide at 95 km and 70°S
measured by Angelats i Coll and Forbes [2002] using
data from the UARS satellite are at their maximum values
of 6-7 m s~' between October and February (although
September is missing and December has a lower value).
These values agree with those in Figure 6 with the excep-
tion of December which is somewhat larger in the present
study. Manson et al. [2004] show a broadening of the spatial
spectrum of the semidiurnal tide around the dominant S = 2
component near 70°S in December 1993/January 1994 at
96 km. This suggests the influence of an S = 1 component
and is consistent with the present observations.

[44] The scaling with colatitude predicted by equation (1)
suggests that an S = 0 component of the semidiurnal tide
that is not apparent at the South Pole may be detectable at
lower latitudes. Figure 6 shows that an S = 0 component of
the semidiurnal tide is present in the summer months.
Mechanisms for the production of nonmigrating tidal com-
ponents include zonally asymmetric forcing due to latent
heat release in the troposphere [Hagan and Forbes, 2003,
and references therein] and non-linear interactions between
tides and planetary waves [Teitelbaum and Vial, 1991]. The
Global Scale Wave Model (GSWM) results of Hagan and
Forbes [2003], yield a significant S = 0 component in the
high-latitude wintertime above the radar sampling range
(7 m s~ at a height of 115 km near 70°S). Although model
results are not presented for our heights and latitudes, the
amplitude at 115 km suggests a small model amplitude
below 94 km for the S = 0 component. It is therefore
unlikely that the zonally asymmetric forcing represented in
the GSWM can explain the § = 0 component observed here.
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Modeling studies that include non-linear interactions be-
tween tides and planetary waves have been successful in
generating the observed semidiurnal non-migrating compo-
nents [Miyahara et al., 1999; Angelats i Coll and Forbes,
2002; Yamashita et al., 2002]. Miyahara et al. [1999]
present results of perpetual equinox simulations for the
S = 0 component. At approximately 90 km, they predict
amplitudes of 3 m s~ at 70°N and <2 m s~ ' at 70°S.
Inspection of Figure 6 shows that the S = 0 component
has similarly small amplitudes in the equinoctial months.

[45] The model results of Mayr et al. [2005] include a
seasonal variation and are thus useful for comparison at this
zonal wave number. An S = 0 component is apparent at
62°N in both winter and summer and results are presented
for a height of 110 km. They suggest that the wave-tidal
interaction responsible is that of an S = 2 stationary
planetary wave with the migrating (S = 2) component of
the semidiurnal tide, and they support this thesis with model
results colocated in latitude and height. Although the
mechanism they propose is physically justified, its applica-
bility is not immediately apparent from Figure 6. With the
exception of the upper heights in November and December,
the shape of the amplitude-height profile for the S = 0
component between October and February is the same as
that for the S = 1 component: usually the S = 0 amplitude is
a scaled-down version of that for the S =1 component. This
similarity is not as apparent between the S = 0 and S = 2
components. In the case of January, the S =2 component is
weaker than the S = 0 component when the latter has its
largest amplitudes. It should be noted, however, that Mayr
et al. [2005] cannot selectively switch off individual plan-
etary wave numbers. Links to planetary wave components
that they infer are therefore not wave number specific.

[46] Mayr et al. [2005] also show a secondary high
southern latitude peak in the amplitude of the semidiurnal
S = 0 component near 85 km in January—February but do
not discuss a mechanism for it. This peak may have a
different mechanism to that higher up and may be more
relevant to this study. In the context of the current obser-
vations, it is noted that (1) an interaction between an S = 1
stationary planetary wave and the S = 1 semidiurnal
component could also yield frequency and wave number
differences that describe an S = 0 component of the
semidiurnal tide. (See, e.g., Beard et al. [1999] for a
description of the nonlinear interaction frequency and zonal
wave number products.) and (2) it is possible that the wave-
tide interaction is not local (as is thought to be the case in the
production of the S = 1 semidiurnal component [Miyahara
et al., 1999; Angelats i Coll and Forbes, 2002; Yamashita et
al., 2002]). Although a local interaction of the type de-
scribed in option 1 is the simplest explanation for the
similarity between the S = 0 and S = | components, it relies
on the presence of stationary planetary waves with a zonal
wave number of one in the high-latitude summer MLT. A
separate study using Antarctic radar systems supports the
presence of waves with § > 1. In relation to option 2, the
possibility of a simultanecous and colocated interaction
between the migrating component of the semidiurnal tide
and both an S = 1 and an S = 2 planetary wave cannot be
discounted. If both occurred some distance from the high
southern latitude MLT but the resulting semidiurnal com-
ponents propagated into the Antarctic regions, they could
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yield similar profiles for S = 0 and S = 1 but could differ
somewhat to the local migrating tidal component.

[47] The semidiurnal S = 3 component described in
Figure 6 is always smaller than the other components and
is generally of small amplitude. The satellite observations of
this component in the meridional wind at 95 km described
by Angelats i Coll and Forbes [2002] show it to be largest
in April—May but then only around 5 m s~ in magnitude.
A similar local maximum occurs at 94 km in April and May
in Figure 6. In their associated modeling studies, Angelats i
Coll and Forbes [2002] have generated the S = 3 compo-
nent and have found it to be small at the heights and
latitudes considered here. However, it is also noted that
they find the S = 1 component to be small. Yamashita et al.
[2002] present model results for the S = 3 semidiurnal
component for January. The amplitude at 69°S of less than
2 m s ' is consistent with the results of Figure 6. If the
latitudes are transposed and a six month shift is introduced,
an amplitude for 69°S during July of close to 6 m s~' could
be expected between 84 and 90 km. This is not apparent in
Figure 6.

[48] Murphy et al. [2003] compared concurrent pairs of
results obtained from MF radars at Davis, Syowa and
Rothera to show that non-migrating semidiurnal tidal com-
ponent(s) were strongest in the summer months. Using the
results of Forbes et al. [1995] and Portnyagin et al. [1998]
(data for which is common to this study), it was argued that
the non-migrating part was dominated by the westward
propagating S = 1 component and, on the basis of this
assumption, its characteristics were inferred. In the light of
the present discovery that an S = 0 component of significant
amplitude is observed near 69°S, this assumption can no
longer be sustained and these results will need to be re-
interpreted.

[49] Although the zonal wave number terms in equation
(1) have point symmetry in amplitude about the pole, their
relative phase variations as a function of latitude and
longitude can lead to a total wave amplitude field that has
its minimum away from the pole. To illustrate this, the
vector-summed amplitude of the meridional semidiurnal
tide over the Antarctic region is presented in Figure 9 for
86 and 94 km. August and December were chosen because
the degree of longitudinal asymmetry was near its lowest
and highest levels during these months. It can be seen that
the semidiurnal amplitude close to the pole is small during
August at both heights. Conversely, South Pole amplitudes
are non-zero during December because of the presence of
the S = 1 component. Where a local minimum exists on the
amplitude image, its location is marked with a cross in the
panels of Figure 9. It can be seen that the minimum
amplitude need not be on the pole. In fact, at 94 km in
December, the summed amplitudes do not yield a minimum
within the bounds of the analysis (it lies at the extreme of
the image indicating a minimum beyond 60°S). This is due
to the magnitude of the S = 1 component relative to the
other zonal wave numbers at this height and time (see
Figure 6).

[s0] Figure 9 can be used to explain an aspect of the
observations of Wu et al. [2003]. They used concurrent
optical observations at two northern polar sites to infer
wintertime amplitudes of the 12-hour component of the
wind. They noted that the amplitudes did not tend toward a
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