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Abstract. The lunar semidiurnal tide in winds measured
at around 90 km altitude has been isolated with ampli-
tudes observed up to 4ms ' There is a marked
amplitude maximum in October and also a considerable
phase variation with season. The average variation of
phase with height indicated a vertical wavelength of
more than 80 km but this, and other results, needs to be
viewed in the light of the considerable averaging
required to obtain statistical significance. Large year-
to-year variations in both amplitude and phase were
also found. Some phase comparisons with the GSWM
model gave reasonable agreement but the model ampli-
tudes above a height of 100 km were much larger than
those measured. An attempt to make a comparison with
the lunar geomagnetic tide did not yield a statistically
significant result.
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Introduction

The lunar atmospheric tide is generated in the lower
atmosphere primarily as a result of the moon’s gravi-
tational attraction on the atmosphere and of the vertical
motion of the oceans at the lower boundary of the
atmosphere. The theory of the lunar tide in the
atmosphere and descriptions of early measurements of
it are given in Chapman and Lindzen (1970).

Lunar effects in the upper atmosphere were first seen
in the daily geomagnetic variations as early as 1850
(Kreil, 1850). Even now, however, puzzles still remain
concerning some aspects of the seasonal behaviour of
these variations (Stening and Winch, 1979).
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In order to understand the lunar geomagnetic vari-
ations we needed to study the lunar tides in the winds
which drive these variations by dynamo action in the
ionosphere. The present work is part of an effort to
analyse suitable wind data sets for the lunar tide. We
believe that this is the first time that winds measured by
the D1 method have been analysed extensively in this
way. Most of the data analysed hitherto have been
gathered by the partial reflection drift method which
gives data in the 80 to 100 km height region just below
the dynamo region of the ionosphere (e.g. Stening et al.,
1994).

Another focus has been to simulate the lunar tide in
the upper atmosphere from first principles. Vial and
Forbes (1994) provided a much improved model which
showed reasonable agreement with observations. This
model was extended to greater heights using the Global
Scale Wave Model (GSWM) of Hagan et al. (1995) (see
Stening et al., 1997a). Results from the extended model
gave fair agreement with analysed data at the near
equatorial site of Christmas Island (Stening et al.,
1997b). This same GSWM model is used for compar-
isons in this work.

Description of the Collm wind measurements

Winds in the mesosphere/lower thermosphere region
have been measured at Collm (52°N, 15°E) for many
years using low frequency transmitters and the DI
method (Kiirschner and Schminder, 1986; Schminder
and Kirschner, 1988; Jacobi et al., 1997). The iono-
spherically reflected sky waves of three commercial
radio transmitters at 177, 225 and 270 kHz are recorded
using the closely spaced receiver technique. A modified
form of the similar-fade method is used to automatically
interpret the wind measurements (Kiirschner, 1975;
Schminder and Kiirschner, 1994). The procedure is
based on the estimation of time differences between
corresponding fading extrema for three measuring
points forming a right angled triangle over the ground
with small sides of 300 m in the north and east
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directions. The pairs of time differences which allow the
calculation of individual wind vectors are measured with
a temporal resolution of 0.25 s.

Half-hourly zonal and meridional mean wind values
are obtained after averaging over 30-60 data points. The
standard deviation of a half-hourly mean is in the order
of 20 m s™', caused by the real wind variations and by
the resolution and number of the individual wind
measurements. After including the results of the indi-
vidual measurements on each of the three frequencies
combined with a weighting function based on an
estimate of the “‘chaotic velocity” (Sprenger and Sch-
minder, 1969; Schminder and Kiirschner, 1992), mean
values are calculated referring to a reflection point at
52°N, 15°E. During the daytime the low frequency radio
waves are mostly absorbed in the ionospheric D region
so the observations are confined to nighttime. This
results in a total of about 700 half-hourly mean values
per month in summer and about 1200 in winter and in a
coverage of 11-12 h per day in summer and about 20 h
per day in winter.

The virtual reflection height is measured on 177 kHz
using phase differences between the ground wave and
the reflected sky wave. The differences are obtained in
the modulation frequency range near 1.8 kHz (Kiirsch-
ner et al., 1987). The height resolution of each individual
reflection height measurement is close to 1 km. Half-
hourly means consist of 6000 individual values on
average. The standard deviation of these mean reflection
height values is in the order of 3 km below 95 km and
5 km near 100 km height.

A recent study has been made using these data by
Rawer and Harnischmacher (1999). They examined the
lunar tides in the daily mean winds and in the ampli-
tudes and phases of the solar semidiurnal tides. Our
analysis is different from this in that we seek the
amplitude and phase of the lunar semidiurnal tide itself.

Lunar analysis

In order to analyse these data for a lunar tidal
periodicity, the method of Malin and Schlapp (1980) is
used. The half-hourly data points are first averaged in
pairs to give hourly means. Each of the hourly mean
values in the data set under consideration is then
randomly assigned to one of ten subsets. The data in
each of these ten subsets is then fitted by least squares to
a mean, a 12 h solar tide and a lunar semidiurnal tide,
where each tidal component has sine and cosine terms
enabling the calculation of the phase. The lunar tide
varies as A sin (2t + ¢) where A4 is the amplitude, 7 is
the lunar time and ¢ is the phase. The lunar time
7=t — v where ¢ is the local solar time and v is the lunar
age (v=0 corresponds to new moon). In the analysis the
lunar tide is derived by calculating the lunar age v of
each data point and the phase of the tide is presented as
the lunar hour of maximum Ty.x. Tmax 1S related to the
phase ¢ (in degrees) by Tn.x =3 — ¢/30. The relation of
these quantities, measured as angles, may be seen in
Fig. 2L.2 of Chapman and Lindzen (1970). However ¢ is

more usually measured in solar hours and 7 in lunar
hours.

The accuracy (standard deviation) of the resulting
amplitude and phase is determined from the variance
of the results from the ten separate determinations from
the ten subsets. This method employed is useful in that
the presence of gaps in the data, as is the case here, is not
a problem. The main drawback is that a somewhat large
number of data points need to be included in each data
set in order to get significant results.

Some calculations were made when the solar 24 h
tide was also included in the fit, but unreasonably large
amplitudes for this tide were sometimes produced and
the phase of the solar semidiurnal tide did not always
agree with earlier determinations (Jacobi et al., 1997). In
these earlier analyses the tides were fitted by a multiple
regression analysis in which a polynomial dependence of
amplitude on height is assumed and the eastward and
northward winds are assumed to have the expected
quadrature phase relationship usually found for high-
latitude observations. We shall see that the phase of the
eastward wind is indeed normally 90° or 3 h ahead of
the northward phase but this is not always exactly so for
the lunar tide. It should particularly be noted, in
passing, that this phase difference may not be 3 h for
low latitude stations (Stening et al., 1997b).

We use data from the years 1985 to 1997 and we will
examine the variations of the lunar tide with season,
with year and with altitude.

Our results will be compared with simulations
derived from the Global Scale Wave Model (GSWM)
of Hagan et al. (1995). In this model we use zonal wave
number 2 and the tide is assumed to be a small
perturbation of a shallow, compressible, hydrostatic,
perfect gas atmosphere. The momentum, mass continu-
ity, ideal gas law and thermal energy equations are
solved in their linearized form. Molecular and eddy
diffusion, Newtonian cooling and ion drag are included.
A zonal mean atmosphere and the resulting zonal winds
are taken from Hedin ef al. (1991) as the background.
The lunar tide is introduced both as a gravitational force
on the lower atmosphere and as a movement of the
lower ocean and land boundaries (Vial and Forbes,
1994). Further information on the model may be found
in the cited references.

Seasonal variation

The average seasonal variation of the amplitude and
phase of the tide is shown in Fig. 1. In this analysis data
are taken from 1985 to 1997, 80 to 150 km and data
from one month are analysed together. It should be
emphasised here that all heights quoted are virtual
heights. The true heights are not known but will be, on
the average, about two to three kilometres lower than
the virtual heights at the levels where the bulk of the
reflections occur.

There is a clear maximum in the amplitude centred
on October where over 3 m s™' is reached. A maximum
occurs near the September equinox also in the solar
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Fig. 1. Amplitude and phase of the lunar tide in the winds. Data
included in the analysis are from heights of 80 to 150 km and from
1985 to 1997 inclusive. Solid line is for the northward winds and
dashed line for eastward. The error bars represent = one standard
deviation

semidiurnal tide at Collm (Schminder et al., 1989). This
is the time when the zonal circulation reverses direction
at lower levels in the atmosphere and semidiurnal tides,
both solar and lunar, are able to propagate upwards
more easily. Between June and December the phase
reverses in a similar way to the lunar tide at Saskatoon
(Stening et al., 1987).

To reduce the size of the error bars data from a wide
range of heights were included in the analysis shown in
Fig. 1. However very similar variations, showing all the
main features of Fig. 1, were obtained when data from
only the 90 to 100 km height interval were included. It
can thus be said that these particular results apply most
closely to the 90-100 km height range.

In the same analysis the phase and amplitude
variations of the solar semidiurnal tide were also
obtained and the results plotted alongside those of
the lunar tide in Fig. 2. The amplitude of the lunar tide
has been multiplied by 5 to highlight the differences.
It is clear that the autumn maximum in amplitude is
in September for the solar tide but in October for
the lunar tide. Also the lunar tide does not show the
increased winter amplitudes seen in the solar tide. The
northward winds (not plotted) behave in a very similar
fashion.

Height variation
It is hard to gather enough data in a particular set to

extract a meaningful height variation of the lunar tide.
When variations with season and with year are also
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Fig. 2. Comparison of the seasonal variation of the amplitude and
phase of the solar semidiurnal and lunar semidiurnal tides in the
eastward winds. Data included are from 80 to 150 km and 1985 to
1997. The solid line is the solar 12 h tide and the dashed line is the
lunar tide. The amplitude of the lunar tide has been multiplied by 5.
The phases correspond to the local (solar) time of maximum for the
solar tide and the lunar hour of maximum for the lunar tide

occurring, this presents a difficult problem. In the
samples shown in Fig. 3 we have tried to use data from
seasons and particular years when the variability is
smaller. While the approximate 3 h phase difference
between northward and eastward winds is usually
preserved, the phase progressions with height are
generally small, indicating, on the average, rather long
vertical wavelengths of 80 km or more.

All 13 years of data were used together in the
following calculations of height variations. To improve
statistical significance data from a group of three or four
months were analysed together. Four groups of months
were used but only two of the groups yielded an
appreciable number of points with acceptable statistical
significance.

The phases and amplitudes of the eastward wind
derived from the GSWM model are also included: these
were derived by performing a simple average of the
phases for the months included. For August—October
(Fig. 3a) the phases agree with the model to within just
over one hour. At the greater heights the model ampli-
tudes are very much larger than those observed The
model of Vial and Forbes (1994) (not shown) gives an
eastward wind speed of 13.9 m s™! at 102 km, but this is
near the largest height of this model. The lack of
monotonicity in the model curve comes from the aver-
aging: for August and September the model tide has a
slow variation of phase with height while in October there
is a change to a much more rapid variation. The figure
shows what happens when these are put together. It is
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Fig. 3. a Height variation of the phase and amplitude of the lunar
tide during August-October. Each point is derived from analysis of
data from a 5 km height range and from 1985 to 1997 and from the
months of August, September and October. The short dashed line is
the phase of the eastward wind, solid line the northward wind and the
dot-dashed line gives results for the eastward wind from the GSWM
model. b As for a but for the months November to February
inclusive. The long dashed line is the phase of the eastward wind from
the model of Forbes and Gillette (1982)

suspected that similar effects may also occur when winds
data from different months and years are included in the
lunar analysis, but this is often necessary to obtain any
statistically significant result at all.

It is clear that the November—February phase data
(Fig. 3b) do not agree well with the model. Although
the model results agree with the GSWM phases to
within 2 h below 100 km, the phase progression with
height is quite different. (Note that both model plots
are for the eastward wind.) In this regard the results
given for Saskatoon for December should be recalled
(Stening et al., 1987). There it was found that, in some
years, the phases progressed slowly with height,
similarly to our results here for Collm. However, in
other years there was a much more rapid phase
progression (shorter vertical wavelength) resembling
the model.

Again the model amplitudes at greater heights are
very much larger. The GSWM gives an eastward wind
of 10.8 m s~ at 103.5 km while the model of Vial and
Forbes (1994) gives 4.8 ms™' at 102.6 km. Caution
needs to be exercised in making comparisons with
models because the analysed data come from many
years which may have different underlying atmospheric
conditions prevailing in different years. Also the model
values are plotted at real heights while the analysed
values are at virtual heights which may be 2 to 3 km
higher than the real heights.

Year-to year variations

In earlier work the year-to-year variations were exam-
ined at Saskatoon and Adelaide to look for evidence of
symmetry and antisymmetry in the lunar tide at various
seasons (Stening et al., 1994). Using data from just a few
months in one year necessarily reduces the accuracy of
the determination of the tide but the accuracy seems to
be just about sufficient to show that there are quite large
changes from year to year. The analyses in this section
used data from a single year, a group of adjacent months
and all heights from 80 to 110 km.

In Fig. 4 we firstly see, for the winter (November—
February) period, that amplitudes at Collm may vary
considerably from year to year with 1991 and 1994
standing out with large amplitudes. We also see large
phase changes (differences as large as 5 h) with the
northward and eastward phases roughly tracking each
other. Some experiments with the GSWM model
showed quite large changes in phase and amplitude of
the lunar tide were associated with stratwarms which
occur during the northern winter. These changes were
particularly noticeable at observing stations near 50°N
latitude (Stening et al., 1997a). The phases for those
measurements, in which the error bar of the amplitude
extends below zero, are likely to be unreliable.

Large phase changes are also seen in summer (May—
July) in Fig. 5. The summer data were selected to
compare year-to-year changes in amplitude of the winds
with changes in the lunar geomagnetic variations which
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Fig. 4. Variation with year of the amplitude and phase of the lunar
tide in winter. Data included in each analysis are for one year, heights
from 85 to 110 km and months from January, February, November
and December of that calendar year. The amplitude is in m s™'. The
solid line is the northward wind and the short dashed line the eastward
wind. The long dashed line in the upper panel is the yearly mean
sunspot number divided by 30
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Fig. 5. As for Fig. 4, but for May—July

are driven by these winds at somewhat higher altitudes.
The geomagnetic variations were taken from the obser-
vatory at Chambon-la Forét (48°N, 2.5°E) and the
declination (D) component was used so that changes in
the latitude of the focus of the current system do not
intrude. While there was a remarkably low amplitude of
both lunar AD and the winds in 1986, the error bars
were too large to allow any conclusions.

The August—October phases (Fig. 6) exhibit a large
phase change from 1987 to 1988. Interestingly the
Saskatoon lunar tides show a phase change for the same
two years but it is more prominent in the November—
February data than August—October (Fig. 7). Even the
values of the Collm August—October phases are more
similar to the Saskatoon November—February phases
than to the Saskatoon August—October phases. It may
be that the responsible phenomenon moves in longitude
from month to month.

In Figs. 4, 5 and 6 we have also plotted the sunspot
numbers on the amplitude graphs. There may be a slight
increase in amplitude at higher sunspot numbers in
May—July but not in the other seasons. Even in May—
July the error bars are rather too large to be definite.
Clearly the lunar forcing will not vary with the solar
cycle but there may be some change in the influence of
the background atmosphere on the propagation of the
lunar tide into the mesosphere/lower thermosphere.

Conclusions

1. The lunar tide has been successfully isolated from the
winds data recorded at Collm over 13 years.

2. There are significant changes in the amplitude and
phase of the lunar tide from year to year. While some
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Fig. 6. As for Fig. 4, but for August—October
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Fig. 7a, b. Variation with year of the phase of the lunar tide at
Saskatoon. a for January, February, November, December, and b for
August to October. The data are from the 90 km region. The solid line
is the northward wind and the dashed line the eastward wind

of these were similar to those at Saskatoon, others
were different, indicating possible longitudinal dif-
ferences in the tide.

3. The uncertainties in the results are too large to effect
a satisfactory comparison with lunar geomagnetic
variations.

4. Although there are some aspects of agreement with
theoretical simulations of the tide, the models predict
much larger amplitudes of the lunar tide above
100 km altitude. This may possibly indicate a need
for improvement in these models at those heights.
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