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Abstract. The Global-Scale Wave Model (GSWM) is a
steady-state two-dimensional linearized model capable
of simulating the solar tides and planetary waves. In an
effort to understand the capabilities and limitations of
the GSWM throughout the upper mesosphere and
thermosphere a comparative analysis with observational
data is presented. A majority of the observational data
used in this study was collected during the World Day
campaign which ran from 20 January to 30 January
1993. During this campaign data from 18 ground-based
observational sites across the globe and two instruments
located on the UARS spacecraft were analyzed. Com-
parisons of these data with the simulations from the
GSWM indicate that the GSWM results are in reason-
able agreement with the observations. However, there
are a number of cases where the agreement is not
particularly good. One such instance is for the semidi-
urnal tide in the northern hemisphere, where the GSWM
estimates may exceed observations by 50% . Through a
number of numerical simulations, it appears that this
discrepancy may be due to the eddy diffusivity profiles
used by the GSWM. Other differences relating to the
diurnal tide and the quasi-two-day wave are presented
and discussed. Additionally, a discussion on the biases
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and aliasing difficulties which may arise in the observa-
tional data is also presented.

1 Introduction

During the 10 days from 20 January to 30 January,
1993, a coordinated ground- and spaced-based obser-
vational campaign of the mesosphere and lower ther-
mosphere was conducted. This campaign is the ninth in
a series of lower-thermosphere coupling studies (LTCS),
and coincides with the fifth MLTCS campaign, designed
to study the dynamics of the atmosphere between 80 and
130 km (Forbes, 1990) and is the longest duration
LTCS/MLTCS campaign to date. During this campaign
numerous ground and satellite instruments, which
provide estimates of the neutral horizontal wind field
in the mesosphere and lower thermosphere, were
operational. The data collected during this campaign
period were analyzed and compared with the Global-
Scale Wave Model (GSWM) (Hagan et al., 1993, 1995),
climatalogical predictions of the semidiurnal and diur-
naltides, and the quasi-two-day wave. By comparing the
observational data with the GSWM simulations we have
been able to evaluate the GSWM predictions both
qualitatively and quantitatively in an effort better to
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understand the dynamical structure of the upper meso-
sphere and lower thermosphere. This is the first detailed
comparison of the GSWM semidiurnal tidal predictions
with observational data. However, there have been a
number of comparisons of the GSWM predictions of the
diurnal tide with observational climatologies (Hanga
et al., 1994; Burrage et al., 1995; McLandress et al.,
1996)

For the purpose of this study, data from 18 ground-
based radar systems have been analyzed. These consist
of data collected from low-frequency, medium-frequen-
cy, meteor, and incoherent-scatter radars located
around the globe. Figure 1 is a Mercator projection of
the globe between 70°S and 70°N with the locations of
the ground-based radar systems indicated by filled
circles. These 18 sites consist of the same 15 sites
described in the analysis by Deng et al., (1996) in
addition to the Sondrestrom (67°N, 51°W) and EISCAT
(69.0°N, 19.2°E) incoherent-scatter radar systems and
the Obninsk (54°N, 38°E) meteor radar system. Due to
the paucity of observational facilities in the equatorial
region and the southern hemisphere (see Fig. 1), it is
difficult to evaluate the model performance on a global
scale without utilizing an assimilative technique (Forbes
and Salah, 1991) or satellite observations. Therefore, in
addition to the ground-based data, data from the high-
resolution Doppler imager (HRDI) (Hays et al., 1993)
and the wind imaging interferometer (WINDII) (Shep-
herd et al., 1993) which are on the Upper-Atmosphere
Research Satellite (UARS) (Reber et al., 1993) have
been analyzed. The shaded region in Fig. 1 indicates the
nominal region where data are available from the HRDI
and WINDII instruments. Due to the satellite orbital
geometry and position of the HRDI and WINDII

January 1993 ground-based instrument site map
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instruments on the satellite only the region from 70°S to
40°N was observable during the 20-30 January time-
interval. However, in the tidal analysis of the HRDI and
WINDII data, it was sometimes necessary to analyze
data from other months (December and February) or
other years (January 1992 and 1994) to reduce the
systematic aliasing effect due to the slow orbital preces-
sion of the satellite and random errors associated with
the data to acceptable levels. Due to the inclusion of
these data it is possible, in some cases, to report results
as far north as 58°. Now, because we are interested in
the climatalogical structure of the tides, the inclusion of
data from other years and other months will not be
detrimental to this study. In fact, without these addi-
tional data, many of the tidal fields presented in this
study could not be extracted from the data.

The focus of this paper is to assess how accurately the
GSWM describes the salient features of the mesospheric
and lower-thermospheric wind field during January. In
this comparison it will be obvious that there are some
significant differences between the ground-based and
satellite-based estimates of mean, tidal, and planetary
wave parameters. Although not fully resolved, this issue
has been addressed at a number of workshops (Geller,
1994), and in recent papers by Khattatov et al., (1996)
and Burrage et al. (1996). Therefore, in cases where the
ground- and satellite-based measurements disagree we
will provide our best estimate of the model performance
based upon current knowledge of possible instrumental
biases and refer the reader to the aforementioned
references for additional information.

The campaign period during January 1993 was
shortly following the December solstice and was char-
acterized by low geomagnetic activity throughout the 10
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Fig. 1. A map indicating the geographic
location of the ground-based instruments
which provided data for this study. The
shaded region indicates the nominal latitude
range where UARS HRDI and WINDII
data were available
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days. The only exception was for 12 h on 25 January
where the K, index exceeded 4 [see Fig. 1 in Deng et al.
(1996)]. The zonal mean structure of the zonal wind field
near the solstices consists of two jets in the upper
stratosphere and mesosphere near mid-latitudes in each
hemisphere, which reverse near the lower-thermosphere.
Around the December solstice the northern (southern)
hemisphere upper-stratospheric jet is eastward (west-
ward) while the lower-thermospheric jet is westward
(eastward) (Rees et al., 1990) The amplitude structure of
the diurnal tide during this period is largely latitudinally
symmetric with an expected maximum near 20° in the
lower thermosphere (Hagan er al., 1995). However,
there is some observable difference between the latitu-
dinal structure of the diurnal tide in the two hemi-
spheres. Near the solstices the diurnal tide is at a
semiannual minimum while the semidiurnal tide is at a
semiannual maximum. In contrast to the diurnal tide,
the semidiurnal tide contributes to the wind field
poleward of 30° and maximizes near 120 km in the
lower thermosphere. Also present, shortly following the
solstices, is the quasi-two-day wave (Hangan et al., 1993;
Harris, 1994; Palo and Avery, 1996; Meek et al., 1996).
Previous observations of the quasi-two-day wave during
January indicate that it can dominate the meridional
flow in the southern hemisphere with amplitudes in
excess of 50 m s~!. Estimated power spectra for a subset
of data from the ground-based radar stations are
presented in Deng et al. (1996) and indicate the presence
of significant wave activity at periods of 12 h (semidi-
urnal tide), 24 h (diurnal tide) and 48 h (quasi-two-day
wave) during the campaign period. However, the rela-
tive strengths of these components change with both
altitude and latitude.

1.1 The global-scale wave model

Hagan et al. (1993, 1995) introduced the GSHM: a two-
dimensional, linearized, steady-state numerical tidal and
planetary wave model extending from the ground to the
thermosphere. The hierarchical structure of the GSWM
is based upon that of Forbes (1982). However, the
specifications of the background atmosphere, tidal
forcing, and dissipation parameterizations in the
GSWM represent significant extensions and improve-
ments to the older tidal model. In addition, the GSWM
is the first simple model to include a scheme to account
for the effects of gravity wave drag on the diurnal tide.
This extension combined with the aforementioned fine
tuning has resulted in the calculation of more realistic
migrating solar diurnal and semidiurnal tides from the
ground into the MLT and the first numerical prediction
of interhemispheric seasonal variability of the diurnal
harmonic (Hagan et al., 1995; Burrage et al., 1995.
Tidal and planetary wave dissipation occurs through-
out the atmosphere and may be attributable to ion drag,
molecular and eddy viscosity and conductivity, and
radiative damping. GSWM molecular conductivity and
viscosity as well as ion drag and Newtonian cooling
parameterizations of radiative damping are discussed by

Hagan et al. (1993). The GSWM employs a series of
eddy diffusion coefficients, K., and explicitly calculates
the divergences of the associated heat and momentum
fluxes in the model (Forbes, 1982). The K., account for
the effects of turbulence generated by gravity waves as
they become unstable and finally break in the MLT.
GSWM K, are based on the climatology calculated by
Garcia and Solomon (1985) and are discussed in detail
by Hagan ez al., (1995). The GSWM also includes an
effective Rayleigh friction coefficient after Miyahara
et al. (1991) to account for the suppression of the diurnal
tide by gravity wave drag (Hagan et al., 1995) This
parameterization, heretofore neglected in linear tidal
models, is used in the GSWM diurnal calculations
exclusively. For more information on the GSWM the
reader is directed to Hagan er al. (1993, 1995).

2 Data processing

In this study emphasis was placed upon consistent
processing of all the ground-based data and a significant
effort was made to ensure the integrity of these data. To
accomplish this task, all the ground-based data were
analyzed at multiple institutions independently and
subsequently cross-validated. With all such data pro-
cessed in a consistent manner one can make a reason-
able comparison of the results and estimated errors
between each observational site. The technique used to
analyze the data presented in this paper may be different
from the techniques typically used to estimate the tidal
and planetary waves at each site. One such case is the
Jakarta meteor radar (Tsuda er al., 1987, Nakamura
et al., 1996).

All of the ground-based data presented here were
analyzed using a simple linear least-squares fitting
algorithm. The model which was fitted to the data
included a mean, in addition to 12, 24, and 48-h
sinusoids. In some cases where there were large periodic
gaps in the data (e.g., Millstone Hill, Arecibo, and
Jicamarca) the model which was fitted to the data did
not include a 24-h component. This method of analyzing
the data is not uncommon (Salah et al., 1991) where
observations are not available for 24 h each day. The
reason for this approach is that the diurnal tide aliases
with the mean and the semidiurnal tide, and if the 24-h
component is included in the fit the model used for the
fit is rank deficient, resulting in numerical difficulties
with the fit. This aliasing problem will be discussed
further in the next section.

In addition to the amplitudes and phases of the
specified harmonic components, the least-squares fitting
routine also returns estimates of the 1-¢ confidence
intervals. These 1-o confidence intervals are shown on
all of our plots and are computed using the method
described in Palo and Avery (1993). To compute these
confidence intervals it is assumed that the residual fitting
error can be described as Gaussian-white-noise, and
then a Student’s T-test is used to estimate the confidence
interval. While the Gaussian-white-noise assumption
may not always be correct, it does provide a reasonable
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basis to estimate the error associated with the estimated
amplitudes and phases.

When comparing observations made from different
types of instruments with a model it is important to
understand the limitations and difficulties which are
inherent to each technique in addition to the limitations
of the model. In particular, for this study, we have
employed data from ground-based facilities which
include medium-frequency, high-frequency, meteor,
and incoherent-scatter radars, and satellite-borne opti-
cal instruments. Rather than discuss each technique in
detail we will highlight only the issues pertinent to this
study, and refer the reader to references on the specified
technique for more details (Evans, 1978; Rottger et al.,
1983; Briggs, 1984; Roper, 1984; Hays et al., 1993;
Shepherd et al, 1993; Virdi and Williams, 1993;
Williams et al., 1994; Tsuda, 1995).

2.1 Aliasing

Fundamental to Fourier analysis are the concepts of
sampling and aliasing. In effect, any signal which is
sampled in one domain (time or frequency) will be
periodic in the other (frequency or time). If the sampled
signal is bandlimited and uniformly sampled at a
sufficient rate, then the original continuous signal can
be reconstructed from these samples and no information
is lost. However, if the original signal is not uniformly
sampled at a sufficient rate then the original signal
cannot be fully reconstructed from its samples. In this
case the original signal is said to be aliased. If the data
are uniformly sampled then the relationship between
sampling and aliasing is fully described by the Shannon-
Whittaker sampling theorem (Roberts and Mullis,
1987). Unfortunately, as is often the case in remote
sensing, the data is not uniformly sampled and the
situation becomes more complicated. However, while an
analytic solution cannot be computed for the nonuni-
formly sampled cases, these cases can be evaluated
numerically to provide some insight into possible
aliasing problems which may arise.

One method for evaluating the aliasing which will
occur from nonuniform sampling is to compute an
aliasing mask in the time domain and Fourier transform
this aliasing mask to determine its effect in the frequency
domain. The aliasing mask is simply computed by
creating a dense uniform grid which contains all of the
sampling times. Then if a grid point coincides with a
sample point a 1 is placed at this position in the series,
otherwise a zero placed there. Notice that multiplying
the sampling mask by the original time-series, sampled
at the dense uniform rate, will result in the nonuniformly
sampled time-series. Therefore, the Fourier transform of
the nonuniformly sampled time-series, must be equal to
the Fourier transform of the original time-series con-
volved with the Fourier-transformed aliasing mask.

Figure 2 shows the amplitude spectrum of five
aliasing masks. These curves were generated by com-
puting the magnitude of the Fourier-transformed alias-
ing masks, where the Fourier transform was zero

Amplitude aliasing spectra
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Fig. 2. An example of the aliasing spectrum which results from
nonuniformly sampling the observed time- series. The aliasing spectra
are shown for the nominal case when the time-series is uniformly
sampled (top), the Millstone Hill zonal winds at 106 km (second from
top), the Arecibo zonal winds at 104.9 km (third from top), the
EISCAT zonal winds at 105 km (fourth from top), and the Jicamarca
meridional winds at 87.5 km, respectively

padded to provide additional points in the frequency
domain. The top plot shows the nominal aliasing mask
for a 10-day interval of observations with a measure-
ment every hour. Notice, this is a basic sin(x)/x or
sinc(x) kernel as one would expect. The four curves
below the nominal case are for the Millstone Hill data at
106 km, the Arecibo data at 104.9 km, the EISCAT data
at 105 km, and the Jicamarca data at 87.5 km. The
dashed line on these plots indicates an amplitude
contribution equal to 25% of that from the mainlobe.
Clearly evident in this figure is a large sidelobe at a
frequency of 1 cpd (cycles per day) for the Millstone
Hill, Arecibo, and Jicamarca results. Also present are
smaller peaks at frequencies of 2, 3, and 4 cpd. These
peaks result from the lack of nighttime data at these
altitudes and will clearly result in the mixing of power
from multiple-frequency bands. As the aliasing spec-
trum is convolved with the original spectrum, when
analyzing these data power near a period of 24 h will be
aliasing into the mean, power near the mean and 12 h
will be aliasing into the diurnal tide and power near 24 h
and 8 h will be aliased into the semidiurnal tide. All of
this mixing would result from the sidelobe at a
frequency of 1 cpd. However, the full effect of this
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aliasing cannot simply be determined from the magni-
tude of the aliasing spectrum, because both the aliasing
and the original data spectra are complex, and the phase
of each will play a major role in the overall aliasing
effect. It should be noted that this is an effect that will be
encountered by any instrument which systematically
lacks measurements during the sametime-period each
day; this has been previously recognized by the inco-
herent-scatter radar community.

In addition to the ground-based observations, the
observations from the HRDI and WINDII instruments
located on UARS also have aliasing difficulties. These
difficulties arise due to the slow orbital precession rate of
the UARS satellite (20 min of local time per day). At the
equator, the ascending and descending nodes of the
satellite orbit are separated by slightly less than 12 h in
local time, but as one moves towards the poles this
separation changes. As a result of this sampling, it is
difficult to extract the semidiurnal and diurnal tides
using standard processing methods for periods less than
a few months, and therefore data from multiple months
and multiple years is typically used in the estimation of
these parameters (Hays et al., 1994; Burrage et al., 1995;
McLandress et al., 1996). In the case of the quasi-two-
day wave the aliasing difficulties are reduced because
there are no significant oscillations present at the
frequency/wave-number coordinates for the quasi-two-
day wave aliases (Wu et al., 1993). Therefore it is
possible to extract the amplitude and phase structure of
the quasi-two-day wave on a daily basis (Wu et al., 1993;
Ward et al., 1996).

A second type of aliasing which is common in
ground-based observations is wave-number aliasing.
This aliasing is due to the fact that a ground-based
observational station observes at one fixed geographic
location. As a result of the observational geometry, no
wave-number information can be retrieved, and in
essence all of the wave-numbers are aliased. Without
this wave-number information the migrating diurnal
and semidiurnal tides as well as the quasi-two-day wave
cannot be extracted from these data, but rather these
components must be inferred from the data. This
inference is made simply by assuming that the observed
12-h component is the migrating semidiurnal tide, the
observed 24-h component is the migrating diurnal tide,
and the observed 48-h component, or thereabouts, is the
quasi-two-day wave. However, problems will arise if
there are waves present at the specified frequencies with
wave-numbers which are not associated with the tides
and quasi-two-day wave. Two such problems can arise
in the tropical and subtropical regions when analyzing
the diurnal tide. One such difficulty is due to the
presence of inerto-gravity waves. Equatorward of 30°
latitude these waves can exist with periods in excess of
24 h and may contribute significant energy to the wave
spectrum. An additional difficulty may arise due to the
nonmigrating diurnal tide; this is the global-scale
disturbance with a period of 24 h which does not
propagate with the apparent motion of the sun (Wil-
liams and Avery, 1996). Recent work by Hagan et al.
(1997a, b), indicates that the nonmigrating diurnal tide

can play a significant role in the structure of the diurnal
tide observed in the middle atmosphere at low latitudes.

The effects of wave-number aliasing on a specified
wave component is variable and depends on the
amplitude and phase structure of all the waves involved.
To observe this feature, assume N waves are present
around a given latitude circle at some constant altitude,
each with a temporal radian frequency of w, a distinct
zonal wavenumber s,, an amplitude 4,, and a phase
offset ¢,. Then the time and frequency structure around
this latitude circle is

N-1

y(t,x) = ZA,, cos(wt + s,x + ¢,,) (1)

n=0

where ¢ is time and x :3%2 is a normalized radian

distance. Now, Eq. 1 can be manipulated using simple
trigonometric identities to yield

¥(t,x) = B(x) cos(wr + {(x)), (2)

N-1 2
<Z Ay cos(syx + qﬁn))
n=0

B(x) =

1/2
| /

N 2
+ (Z Ay sin(s,x + qﬁ,,)) , (3)

n=0

N-1
Z A, sin(snx + d)n)
n=0 ) (4)

N_1
> A, cos(spx + ¢,,)
n=0

{(x) =tan"!

In this modified form, it is obvious that a ground-based
observing station located at a longitude A, on this
latitude circle, will infer an amplitude and phase of B(x)
and {(x) for the temporal frequency w. Additionally, it is
clear from Eqs. 24, that the effect of this aliasing is
dependent upon the location of the observing station
and the structure of all of the wave components
involved.

2.2 Overestimation of amplitudes

In addition to the aliasing difficulties, which may
develop in analyzing observational data, it is also
possible that the amplitudes of any estimated harmonic
component are overestimated. This effect is stochastic
and will vary depending upon the geographic location of
the instrument, the time of year, and the duration of the
observations. To illustrate this effect more clearly, Fig. 3
has been included.

Figure 3 shows the presence of two narrowband
frequency components at frequencies of w; and w; in
different noise environments. In Fig. 3a the harmonic
components, each with a power of A, are shown in the
presence of white noise with a noise variance of o2.
Notice that while the power associated with each
narrowband signal is A, the total power at each of the
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Fig. 3a, b. An example of the overestimation of tidal amplitudes which
may result due to the underlying geophysical noise floor. The results
are shown for a white noise and b colored noise

frequencies, w; and w», is 4 + ¢*>. Now, the result of a
least-squares fit to the harmonic component w; or w,
would be /4 + o2, where f is the bandwidth of the
subspace defined by the least-squares fit. Clearly, as
6> >0 and B > 0, the estimate of the amplitude of the
harmonic component will always be an overestimation
of the true amplitude. The amount by which the fit
overestimates the true amplitude will depend upon the
noise variance (¢?) and the subspace bandwidth ().

If the noise is not white, then the overestimation
problem becomes frequency dependent. Figure 3b shows
the presence of two frequency components in a colored-
noise environment. In this case the noise is colored red
and designed to replicate the expected noise spectrum
observed in the middle atmosphere. Now, the result of a
least-squares fit to the harmonic component w; would

be \/A + Ba*(w;), where ¢*(w;) is the noise variance at

1. Assuming the noise decays logarithmically from o2,

at some cutoff frequency w,, then o?(w) = o?wfwi*.
When the data are uniformly sampled, then the
subspace bandwidth is related to the duration of the
observation period. Approximating the bandwidth as
the frequency span between the first two nulls of the sinc
kernel, which results from a finite observation period,
then = %, where T is the duration of the observation
interval. Using observations taken at Christmas Island
with a medium-frequency radar (Vincent and Lesicar,
1991) an estimate of this overestimation error can be
made. Using an observation interval of 10 days the
subspace bandwidth is f = 0.2 days~'. Table 1 indicates
the expected overestimation error assuming no narrow-
band signal is present at each of the listed frequencies,
which is the worst-case scenario. These results indicate
that an overestimation error between 2 and 7m s~! is
not unrealistic for the tides and the quasi-two-day wave.
It should be noted that these values are computed from
a rough estimate of the average noise value and that
because the noise is a stochastic process which depends
upon season and geographic location, these results must
be interpreted simply as a guideline and should be

Table 1. An estimate of the amplitude offset due to the presence of
geophysical noise. The bandwidth is consistent with an observing
interval of 10 days and the noise power is estimated from Vincent
and Lesicar (1991)

period noise power band width Ba?(w)
h m? s—?Hz™! Hz ms™!

48 2 x 107 2314 x 10°¢ 6.8

24 1 %107 2.314 x 10~° 4.8

12 3% 10° 2.314 x 10~° 2.6

considered as such when making comparisons with
models which are not biased by this noise component.

2.3 Monthly versus 10-day average

One difficulty in performing a study such as this one is
that typically campaigns only last a few days. When
performing comparisons from data collected during the
campaign period with climatalogical models such as the
GSWM, a concern is that the observations during the
campaign period may not accurately represent the mean
structure observed during a full month or season. To
provide some indication as to how well the observations
taken during the campaign period represent the state of
the atmosphere during January 1993, data from selected
sites were analyzed for the full month of January 1993.
The results of this analysis are shown in Fig. 4. The
zonal (east/west direction with eastward positive) results
(top) are shown for Adelaide, Saskatoon, and Christmas
Island, and the meridional (north/south direction with
northward positive) results (bottom) are shown for
Urbana, Robsart, and Kauai. While there are some
differences between the results obtained from the two
time-periods, as one would expect, these differences are
typically less than 5m s~! for the amplitudes and 1 h for
the phases. From Fig. 4 it can be argued that the mean
and tidal structure observed during the campaign period
represents the structure of these components during the
month of January 1993.

3 Results

As was discussed previously, all of the ground-based
data presented herein were analyzed utilizing a linear
least-squares fit. The model which was fitted to a
majority of the data consisted of a mean and 12-h, 24-h,
and 48-h sinusoidal components. In cases where a full
24-h of local-time coverage was not available a modified
model was fitted to the data. For Millstone Hill and
Arecibo, only mean and 12-h, and 48-h components
were fitted to the data, and for Jicamarca only a 48-h
component was fit to the data. It is possible that due to
the reduced local-time coverage, some aliasing may
occur. The amplitudes and phases which resulted from
these fits to the aforementioned components were
assumed to be associated with the semidiurnal and
diurnal tides and the quasi-two-day wave. In the
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Fig. 4a—f. A comparison of horizontal wind profiles versus altitude
analyzed 20-30 January 1993 (triangles) and 1-31 January 1993
(squares). The results are shown for: a Adelaide zonal mean winds, b
Saskatoon zonal semidiurnal tide, ¢ Christmas Island zonal diurnal
tide, d Urbana meridional mean winds, e Robsart meridional

following sections results from these fits in addition to
UARS data, which were analyzed separately, are
presented and compared with results from the GSWM.

3.1 Mean winds

Figure 5 shows a latitude cross section of the zonal mean
winds for an altitude of 105 km (top) and 90 km
(bottom). The data from the GSWM, HRDI, and
WINDII are shown for altitudes of 90 and 105 km while
the ground-based observations indicated in Fig. 5 are
for the closest available altitude within +5 km of the
indicated altitude. The GSWM data shown on these
plots are the zonal mean winds used for the quasi-two-
day wave simulations discussed later in this report and
were taken from the empirical model of Portnyagin and
Solov’yeva (1992a, b) between 80 and 110 km. This
empirical model is based upon ground-based meteor and

Amplitude (m s

Amplitude (m s

semidiurnal tide, and f Kauai meridional diurnal tide. Open symbols
represent mean or tidal amplitude (m s~!; bottom scale) while the
phases for the harmonic components are indicated by filled symbols
(hour of maximum in solar local time; top scale)

medium-frequency radar data. The assorted ground-
based measurements shown in this figure represent a
temporal average computed over 10 days of data, the
WINDII measurements are temporal/zonal averages
computed for December 1992 through February 1993
and the HRDI measurements are a temporal/zonal
average (Lieberman et al., 1993) computed for the
month of January 1993.

The zonal mean winds at 90 km (bottom panel of
Fig. 5) show surprisingly good agreement between the
empirical model, HRDI, and WINDII data at all
latitudes. The structure of the zonal mean wind is
indicative of a moderate eastward jet (35 m s~!) at mid-
latitudes in the southern hemisphere which reverses in
the subtropics and returns to a somewhat weaker
eastward flow in the northern hemisphere. A majority
of the ground-based observations lie within 5-10 m s~!
of the UARS observations and the empirical model; this
should be considered good agreement, as the estimated
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uncertainty of the satellite-derived zonal mean winds is
about 5 m s~!. Additionally, the uncertainty associated
with the satellite observations, due to systematic aliasing
effects, becomes larger towards the poles.

Although a majority of the ground-based observa-
tions agree well with the empirical model, HRDI, and
WINDII data, there are three notable exceptions:
Arecibo (18°N), Christmas Island (2°N), and Adelaide
(35°S). The discrepancy at Arecibo can be explained by
the moderate vertical shear in the zonal mean wind field
between 85 and 96 km as measured by HRDI and
WINDII. The closest measurement to 90 km at Arecibo
was 94 km and if this point is compared with HRDI and
WINDII measurements near 94 km the difference in
estimates of the zonal mean wind is about 5 m s~

Examination of the vertical profiles of the zonal
mean wind field at Christmas Island and Adelaide (not
shown) indicate that in both cases the HRDI, WINDII,
and the empirical model data are in excellent agreement
below 105 km but that the MF measurements deviate
significantly (20-35 m s~!') from these data between
85 and 100 km. It is of interest to note that at the lowest
few heights, 76-82 km, the Christmas Island and
Adelaide MF data are almost identical to the HRDI,
WINDII, and empirical model data, but that above
82 km the MF measurements begin to diverge. This
divergence is characterized by amplitudes which are
significantly smaller for the MF data than the UARS
and empirical model at Adelaide above 85 km. Con-
versely, at Christmas Island the MF winds are signifi-
cantly larger (more westward) than the UARS and
empirical model results between 82 and 95 km. In the
meridional mean wind field the Adelaide, WINDII, and
HRDI data are all within a few meters per second of
each other above 80 km, while at Christmas Island the
MF data are larger (5-15 m s~!) than the UARS and
empirical model data between 85 and 95 km. Burrage
et al. (1996) has found that between 85 and 105 km the
MF radar observations were systematically smaller than
the HRDI observations. Additionally, Vincent et al.

60 75 NP

(1994) have shown that if receiver saturation of the MF
radar system is a problem then the observed wind
velocities will be systematically smaller than the actual
wind velocities. However, even in cases of severe receiver
saturation the estimated velocity is only biased too low
by 30% (Vicent et al., 1994). Such a bias would only
serve to account for half of the difference observed at
Adelaide. Further investigation of this issue is beyond
the scope of this paper.

At Christmas Island, where the MF data are larger
than the UARS data, receiver saturation is not a valid
explanation for the differences, as it would only serve to
bring the MF and UARS data into better agreement.
One possible reason for this difference is that the zonal
winds change rapidly near the equator and these
variations cannot be resolved by the UARS instruments
due to the inherent latitudinal averaging. A second
possibility is that our 10-day interval may be biased by a
long-period intraseasonal oscillation which would be
suppressed in the UARS climatologies. Eckermann and
Vincent (1994) have reported on the existence of such
intraseasonal oscillations with significant amplitudes at
Christmas Island.

The top panel of Fig. 5 shows the zonal mean winds
at an altitude of 105 km. Clearly evident in this figure is
a substantial disagreement in the morphology of the
zonal mean winds. Both the HRDI and WINDII
measurements indicate a strong latitudinal gradient in
the zonal mean winds which progresses from strongly
westward winds in the northern hemisphere to strongly
eastward winds in the southern hemisphere. Alterna-
tively, the empirical model, used in the GSWM for
quasi-two-day wave simulations and labeled GSWM in
Fig. 5, indicates a moderate eastward jet peaking at mid-
southern-hemisphere latitudes which reverses to a weak
westward flow in the subtropics and virtually no zonal
flow poleward of 30°N. With the exception of Millstone
Hill and Arecibo, the ground-based radar observations
agree with the empirical model. However, this is not
surprising, as the empirical model was constructed from
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ground-based radar observations. Some care must be
taken in interpreting the empirical model at these
altitudes since the MF and meteor radar data used to
construct the empirical model are most reliable between
90 and 100 km, while above 100 km the observations
become sparse and the uncertainties in the observations
are increased.

The large deviation in the zonal winds at 105 km
observed in the HRDI winds poleward of 40° in both
hemispheres is most likely due to contamination from
the semidiurnal tide. The semidiurnal tide becomes a
dominant feature in the mid- and high-latitude lower
thermosphere poleward of 35°. As the semidiurnal tidal
amplitude becomes large, even minor errors in correctly
estimating its amplitude from the UARS data can
induce significant errors in the estimated zonal wind
field. It is also possible that the Millstone Hill and
Arecibo results could be affected by a similar aliasing
problem. Figure 2 shows the presence of a sidelobe in
the Millstone Hill and Arecibo aliasing spectra sepa-
rated in frequency by one cycle per day from the main
lobe. As a result any significant diurnal tidal activity
could bias estimates of the zonal mean winds.

3.2 Semidiurnal tide

Figure 6 is a latitudinal cross section of the zonal
semidiurnal tide at 95 km. Between 45°S and 30°N the
HRDI and WINDII estimates of the zonal semidiurnal
tidal amplitude are predominantly larger than the
GSWM simulations, in some cases by more than
10 m s~'. However, as the combined systematic and
random errors for the UARS measurements may reach
10 m s~! for the semidiurnal tide, it is not clear that this
difference 1is statistically significant. Excluding the
ground-based observations between 45°N and 60°N,
the other ground-based observations are in reasonable
agreement with the GSWM and UARS measurements.
Examining the data between 45°N and 60°N we find the

Zonal semidiurnal tide at 95 km
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mid-latitude ground-based observations of the semidi-
urnal tide in the northern hemisphere are significantly
weaker (~50%) than simulations by the GSWM.
Poleward of 45°N the WINDII observations appear to
follow the GSWM results, while the HRDI data agrees
better with the ground-based data. However, this is a
region where the local-time coverage for UARS is
reduced and the errors in the UARS measurements
become larger relative to the errors equatorward of these
latitudes. The observed phases (bottom of Fig. 6) at
these sites show reasonable agreement with the GSWM.
A similar trend is found in the meridional semidiurnal
tide (not shown).

The phase of the zonal semidiurnal tide observed by
HRDI and WINDII exhibits a similar structure in the
southern hemisphere, where the phase progresses to-
wards earlier local time from the pole towards the
equator. The phase predicted by the GSWM in this
region is noisy near the pole, which is a numerical
artifact, then moves towards later local time, and near
20°S begins to progress to earlier local times. This
progression to earlier local times becomes more pro-
nounced with increasing latitude. Between 5°N and
25°N, where the semidiurnal tide is weak, the GSWM,
HRDI, and WINDII data indicate the presence of a
large latitudinal gradient in the phase of the zonal
semidiurnal tide. In this region, the ground-based radar
observations tend to agree with the WINDII estimates
of the phase, with the exception of Kauai. However,
because the amplitude of the semidiurnal tide is small at
Kauali, little if any confidence can be placed on the phase
estimate.

To investigate further the large differences in the
amplitude of the semidiurnal tide between the GSWM
and ground-based radar measurements in the northern
hemisphere we have included Fig. 7. In it the vertical
structure of the meridional semidiurnal tide, both the
amplitude (left) and phase (right), are shown for a
latitude band from 49°N-55°N (top) and 40°N-45°N
(bottom). Evident in the amplitude results (49°N-55°N)
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Fig. 6. A latitude cross section of the zonal
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Fig. 7. The amplitude (top left) and phase (top right) of the meridional
semidiurnal tide from 49-55°N are shown for Sylvan Lake,
Saskatoon, Collm, Robsart (all filled circles), Obninsk, Juliusruh
(diamonds), WINDII at 50°N (triangles) and the GSWM (amplitude:
solid line, phase: dots). The amplitude (bottom left) and phase (bottom
right) of the meridional semidiurnal tide from 40-45°N are shown for
Urbana (below 103 km), Millstone Hill (above 103 km), Durham
(diamond at 95 km), WINDII at 40°N (triangles), WINDII at 45°N
(asterisks), HRDI at 42.5°N (square at 96 km) and the GSWM
(amplitude: solid line, phase: dots)

is that the ground-based measurements are in good
agreement and about 50% weaker than the WINDII
measurements, which are about 30% weaker than the
GSWM simulations above 100 km. However, excluding
Obninsk, the ground-based radar measurements of the
phase are nearly identical to the GSWM simulations.
The slope of the WINDII phase is close to that indicated
by the GSWM, but the absolute position of the phase
occurs about 2 h earlier than the GSWM simulations or
ground-based radar measurements.

The bottom two plots in Fig. 7 are similar to the top
two except for latitudes from 40°N to 45°N. The
GSWM simulations indicate that the amplitude of the
meridional semidiurnal tide possesses a strong latitudi-
nal gradient in the lower thermosphere. This latitudinal
gradient is also present in the WINDII data, and can
also be observed in the GSWM simulations shown in
Fig. 6. Between 90 and 108 km the ground-based and
HRDI observations of the amplitude of the meridional
semidiurnal tide lie between the amplitude estimated
from the WINDII data at 40°N and 45°N with the
observations at 40°N as the lower bound on the tidal
amplitude and the observations at 45°N as the upper
bound. The GSWM simulations are similar in shape to
the WINDII observations as the amplitude of the
semidiurnal tide increases with increasing latitude.
Additionally, the WINDII and ground-based radar
measurements indicate that the amplitude of the semi-
diurnal tide is growing with increasing altitude until
~102 km, where a maximum of 40 m s~ ! is observed. A
similar feature is observed in the GSWM simulations;
however, the GSWM simulations indicate a more rapid
growth with altitude than the observations and peak at
108 km with an amplitude near 65 m s~'.

Comparisons of the estimated phases of the meri-
dional semidiurnal tide, shown in the lower right panel
of Fig. 7, indicate a reasonable agreement in the slope of
the phases; however, there again appears to be a
systematic offset in the absolute location of the phase
estimated from the WINDII observations. As was
observed between 49°N and 55°N the WINDII phases
occur 1-2 h earlier than the GSWM simulations. At
95 km the HRDI measurements also agree with the
WINDII measurements. The ground-based measure-
ments, although somewhat scattered, do lie within a few
hours of the GSWM simulations.

The vertical structure of the semidiurnal tide shown
in Fig. 7 is not unlike previous observations of the
semidiurnal tide. Portnyagin et al. (1994) reported on
the structure of the semidiurnal tide in this latitude and
altitude region using data collected during the DYANA
campaign. The DYANA campaign ran from 15 January
to 15 March 1990. The amplitude structure of the
semidiurnal tide observed during this period (Fig. 7;
Portnyagin et al., 1994) between 50°N and 55°N
indicates the amplitude of the semidiurnal tide is
increasing with altitude from 80 through 105 km. This
is consistent with the GSWM simulation presented in
Fig. 7. However, the estimated semidiurnal amplitudes
ranged from ~10 m s~' at 80 km to between 15 and
35 m s~ ! at 105 km, which is about 50% smaller than
the GSWM simulations at the upper altitudes. Addi-
tional measurements of the zonal semidiurnal tide taken
at Collm (52°N) (Schminder et al., 1989) from 1983
through 1988 indicate a tidal amplitude between 15 and
20 m s~' at 93 km during January. Observations made
at Saskatoon (52°N) during 1985 (Manson et al., 1989)
indicate the presence of a larger semidiurnal tide in the
lower thermosphere than was observed at Collm during
the same tide period. Manson et al. (1989) observed a
semidiurnal tidal amplitude during January 1985, that
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grows vertically and reaches a maximum amplitude
35m s~! at an altitude between 100 and 105 km. Other
comparisons made between a medium-frequency radar
and a Fabry-Perot interferometer at Saskatoon (Phillips
et al., 1994; Manson et al., 1997) indicate that similar
tidal amplitudes are obtained from the two instruments.
Again the vertical structure of the semidiurnal tide
observed at Saskatoon during January 1985 is similar in
structure to that simulated by the GSWM, but the
observed amplitudes are about 50% smaller than the
model simulations.

At slightly lower latitudes, observations of the zonal
semidiurnal tide from Garchy (47°N) and Monpazier
(44°N) using meteor radars indicate an amplitude which
maximizes between 95 and 100 km with an amplitude of
nearly 30 m s~ during January (Manson et al., 1989).
However, a very different vertical structure was ob-
served during the DYANA campaign at Durham (42°N)
Bologna (45°N), and Khabarovsk (49°N). During this
period the amplitude of the semidiurnal tide was nearly
invariant with altitude and the observed amplitude was
typically 15 m s~! between 85 and 100 km.

Figure 8 is a comparison between the GSWM and
incoherent-scatter radar observations of the meridional
semidiurnal tide at high latitudes. From these observa-
tions at EISCAT (69°N) and Sondrestrom (67°N) it is
difficult to obtain a clear picture of the semidiurnal tide
during this time-period. Between 100 and 105 km the
EISCAT and Sondrestrom data agree well with the
GSWM simulations. Above 105 km the observations
diverge where the Sondrestrom data agree with the
GSWM simulations up to 112 km and above this
altitude the GSWM tends toward the EISCAT obser-
vations. One marked difference in these data are that the
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high latitudes (65°N-71°N) with observations from the EISCAT
(69°N) and Sondrestrom (67°N) incoherent-scatter radars

Sondrestrom observations indicate the presence of a
semidiurnal tide which is growing with altitude through-
out the altitude range from 105 to 125 km and exceeds
70 km above 120 km. Conversely, the EISCAT mea-
surements indicate the presence of a semidiurnal tide
which obtains a peak amplitude of 50 m s~! near 105 km
and is suppressed above this altitude. One possible
reason for the difference between the observed ampli-
tudes and the GSWM results is that the GSWM does
not include any auroral forcing at the high latitudes.

The phase structure of the semidiurnal tide observed
at the high latitudes, shown in Fig. 8, is not particularly
well organized. While the observed semidiurnal phases
are within 3 h or so of the GSWM simulations, their
vertical structure is not in agreement with the GSWM
simulations. In particular, the Sondrestrom measure-
ments indicate the presence of a very long vertical
wavelength disturbance, while the EISCAT measure-
ments possess a similar vertical phase structure as the
GSWM simulations below 110 km, but above 110 km
there is a dramatic phase shift.

Previous observations of the semidiurnal tide at high
latitudes have been made by Tetenbaum er al. (1986)
and Brekke er al. (1994) during January. The observa-
tions made by the former were collected using the MST
radar located at Poker Flat, Alaska (65°N, 147°W)
where the MST radar was operated as a meteor radar.
Data were collected for 4 years and results for the
semidiurnal tide are shown for January—February 1983
and the three winter months of 1984 (DJF). These data
indicate the presence of a semidiurnal tide between 75
and 105 km with a well-defined vertical phase structure
and an amplitude between 5 and 15 m s~!. The phase of
the semidiurnal tide observed at Poker Flat is indicative
of an upward-propagating disturbance, with a progres-
sion towards earlier local times with increasing altitude,
where the amplitude maximum occurs at 11 SLT for an
altitude of 75 km and 6 SLT for 95 km. These phases
agree very well with the GSWM simulations. The
observations described by Brekke er al. (1994) were
collected using the EISCAT incoherent-radar system
between 1987 and 1991. These data were selected to
include only quiet-time data and as a result only 3 days
of winter data were available. The results of this study
indicate the presence of a semidiurnal tide of 35—
85 m s~ ! between 80 and 120 km. However, due to the
minimal amount of data available it is difficult to assign
a high level of confidence to these results.

As the vertical wavelength associated with the meri-
dional semidiurnal tide near its peak amplitude at
mid-latitudes appears to agree well with the vertical
wavelength predicted by the GSWM (Fig. 7), a simple
linear least-squares analysis has been performed to the
observed and modeled phases between 85 and 100 km to
estimate these vertical wavelengths. Figure 9 shows the
results of these fits where north latitude is indicated on
the vertical axis and the estimated vertical wavelength is
indicated on the horizontal axis. The vertical wavelength
associated with the (2,4), (2,5) and (2,6) semidiurnal
tidal modes computed from the classical linearized
perturbation equations (Forbes, 1995), assuming an
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Fig. 9. Estimated vertical wavelength of the meridional semidiurnal
tide between 80 and 110 km. The vertical wavelength for the (2,4),
(2,5) and (2,6) semidiurnal tidal modes computed from classical tidal
theory are provided as a reference (dashed lines)

isothermal atmosphere of 256 K, are indicated in Fig. 9
by the vertical lines (dashed). It should be noted that
strictly speaking, classical tidal theory is invalid in the
mesosphere and lower thermosphere due to mean winds,
temperature gradients and viscous dissipation. There-
fore, the vertical wavelengths indicated in Fig. 9 should
be interpreted for reference only. The vertical wave-
length of the semidiurnal tide predicted by the GSWM
(filled circles) decreases with increasing latitude from
62 km at 40°N to 40 km at 60°N. The estimated vertical
wavelength of the semidiurnal tide measured by WIND-
IT and at Robsart agree very well with the vertical
wavelength predicted by the GSWM. Additionally the
estimated vertical wavelength from the other ground-
based measurements are reasonable when one considers
the sensitivity in estimating a 49-60-km vertical wave-
length from 15 km of observations. Clearly evident in
Fig. 9 is the agreement between the WINDII estimates
of the vertical wavelength of the semidiurnal tide and
the GSWM model simulations. At both 45°N and 50°N
the WINDII estimated vertical wavelengths are sepa-
rated from the GSWM simulation only by a few
kilometers.

Based upon the observations reported in this paper
and previous observations we conclude that the semidi-
urnal tide near its peak amplitude (~105 km, 55°N) in
the lower thermosphere is overestimated by the GSWM.
The degree of overestimation ranges from 25% to 50%
and depends upon which observational data set is used
for the baseline. To understand why the GSWM
amplitudes are too large, four numerical experiments
were performed. In two of these the background zonal
mean winds were modified using observational data
from the National Meteorlogical Center (NMC) (Ran-
del, 1994) in the stratosphere and UARS data in the

mesosphere. In these two experiments the amplitude of
the semidiurnal tide at 95 km was slightly increased. A
third experiment consisted in removing the forcing
associated with the secondary ozone peak, which occurs
near 88 km (Hagan et al., 1995). Again the results of this
simulation indicated an increase in the amplitude of the
semidiurnal tide at 95 km in the mid-latitude northern
hemisphere. Moreover, the amplitude increase was
between 20 and 30 m s~!, indicating that the response
due to the secondary ozone peak during January is out
of phase with the upward propagating semidiurnal tide.
Our final experiment consisted in modifying the speci-
fied coefficient of eddy diffusivity. The eddy diffusivity
profiles used for the GSWM simulations are shown in
Fig. 2 of Hagan et al. 1995) and are derived from the
work of Garcia and Solomon (1985). The values of eddy
diffusivity range from 75 to 125 m’s~! in the lower
thermosphere. However, these values do not exceed
75 m?s~! in the mid- and high-latitude winter hemi-
sphere. These values may be too low, since more realistic
eddy diffusivity may approach 200 m?s~! (Burrage et al.,
1995; Geller et al., 1997). A numerical experiment has
been performed to determine the role an increased eddy
dissipation profile will play in the structure of the
semidiurnal tide in the lower thermosphere. Figure 10
illustrates the altitude profile of the latitudinally invari-
ant eddy diffusivity profile used for our numerical
experiment. To quantify the change in the amplitude of
the meridional semidiurnal tide due to the modified eddy
diffusivity profile, Fig. 11 illustrates the amplitude of the
vector difference between the base case and the case with
the modified eddy diffusivity profile. Positive values in
Fig. 11 indicate that the base-case semidiurnal tide was
larger than the case with the constant eddy diffusivity
and hence the increased diffusivity caused a decrease in
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Fig. 10. The vertical profile of modified eddy dissipation used for our
numerical experiments regarding the semidiurnal tide. This profile is
latitudinally invariant
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Fig. 11. Amplitude of the vector difference in simulated meridional
semidiurnal tide from the GSWM using the base-case eddy diffusivity
profile and a modified eddy diffusivity profile with a maximum value
of 200 m?s~! (see text for details). The amplitude contours are in
m s~! and a positive value indicates the base-case amplitude is larger,
while a negative value indicates the base-case amplitude is smaller
than the case with the modified eddy diffusivity profile. The shaded
region indicates the geographic region shown in Fig. 7

the amplitude of the semidiurnal tide. From Fig. 11 it is
obvious that the largest absolute amplitude differences
occurred above 100 km and the effect was to decrease
the amplitude of the semidiurnal tide. The shaded region
of Fig. 11 indicates the location of the geographic region
where the data from Fig. 7 were collected. Examination
of Fig. 11 in this region indicates that the increased eddy
diffusivity profile caused a decrease of about 15m s~! in
the amplitude of the meridional semidiurnal tide be-
tween 105 and 110 km. While the GSWM simulations
with the increased eddy diffusivity levels are in better

Meridional diurnal tide at 95 km

agreement with observations these results are still about
10 m s~! larger than the WINDII observations which
are significantly larger than the ground-based observa-
tions. In addition to changing the structure of the
semidiurnal tide, a modified eddy diffusivity profile will
also change the structure of the diurnal tide. This effect
has been examined by Geller et al. (1997).

3.3 Diurnal tide

Figure 12 shows a latitude cross section of the meri-
dional diurnal tide at 95 km. The amplitude (top) and
phase (bottom) plots have the same key as Fig. 6. The
most striking feature in Fig. 12 is the large discrepancy
between the amplitude of the diurnal tide as estimated
from the HRDI and WINDII instruments and that
simulated by the GSWM. However, discussion of this
large amplitude difference is deferred to later in this
section. Also evident in Fig. 12 is the latitudinal
asymmetry associated with the meridional diurnal tide,
which is characterized by a symmetric amplitude profile
and a 180° shift in the phase near the equator where the
amplitude becomes zero. Both the UARS data and the
GSWM indicate that the meridional diurnal tide is weak
near the equator, then increases in amplitude with
increasing latitude, maximizing near 20° latitude, and
decreases in amplitude towards the poles. In examining
the amplitude structure of the diurnal tide between the
equator and 40° latitude two features become apparent
in the GSWM simulations. First, the peak diurnal
amplitude in the northern hemisphere is larger than that
in the southern hemisphere, and secondly the amplitude
structure of the diurnal tide in the northern hemisphere
is broader than that seen in the southern hemisphere.
Similar features are observed in the WINDII observa-
tions and these features become more apparent when
comparing the WINDII observations with the HRDI
results, because the latitudinal structure of the HRDI
results is specified a priori to be antisymmetric about the
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equator (Hays et al., 1994). This latitudinal asymmetry
has also been discussed by Hagan et al. (1994) in relation
to GSWM simulations, and can be observed in an
assimilative analysis of the HRDI data (Khattatov et al.,
1994). To understand more clearly the observational
differences associated with the diurnal tide, the follow-
ing discussion on the extraction of the diurnal tide from
the HRDI and WINDII observations has been included.
The diurnal tide estimated from the HRDI data is
computed on a daily basis by assuming a latitudinal,
vertical, temporal, and longitudinal structure. In this
analysis, it is assumed that the migrating diurnal tide
observed in the mesosphere and lower thermosphere can
be described by the (1,1) mode of the migrating diurnal
tide computed from classical tidal theory. A model for
the diurnal tide is constructed based upon the latitudinal
structure of the (1,1) meridional wind expansion func-
tion (Forbes, 1995), an empirical vertical amplitude and
phase structure (Hays et al., 1994), a period of 1 day and
a zonal wavenumber of 1. The observed HRDI data is
then projected onto this model to obtain an estimate of
the diurnal tidal amplitude and phase. In contrast, the
WINDII diurnal tide is estimated by organizing the
observed data into latitude and local-time bins (McLan-
dress et al., 1996). This gridded data is then projected
onto a model of the diurnal tide which only enforces a
longitudinal and temporal structure (zonal wavenumber
= 1, period = 24 h) to obtain an estimate of the diurnal
tide. The results in Fig. 12 for HRDI are a vector
average of the estimated diurnal tide computed for each
day from 20 to 30 January 1993, while the WINDII
results are an estimate of the diurnal tide computed for
December through February 1993. Although processed
using very different procedures, the structure of the
HRDI and WINDII estimates of the meridional diurnal
tide are remarkably similar. However, there are some
differences, the broadening and amplification of the
diurnal tide in the northern hemisphere for example,
which is captured by the WINDII observations and the
GSWM simulations but not the HRDI results. Addi-
tionally, poleward of 45° in each hemisphere the GSWM
indicates an increasing diurnal amplitude. Clearly this
structure is not present in the HRDI results and serves
to indicate that the (1,1) mode assumption does not
capture the salient features of the diurnal tide poleward
of 45° during January.

A majority of the ground-based radar observations
of the meridional diurnal tide agree well with the
GSWM simulations. The agreement becomes even
better if the systematic bias of 5-7 m s~! (taken from
Table 1) from the underlying geophysical noise is
removed. The only major discrepancy in the estimated
diurnal tide is observed at Kauai (22°N), which is of
almost negligible amplitude when the geophysical noise
is taken into account. This tidal amplitude becomes
particularly confusing when compared with an estimate
of 20 m s~! by the GSWM and 50 m s~! by HRDI/
WINDII in this region. One possible explanation may
be related to the latitudinal effect of the non migrating
diurnal tide. This possibility will be discussed in more
detail later in this section.

The phase of the diurnal tide, shown in Fig. 12
(bottom), indicates very good agreement between the
WINDII estimates and the GSWM simulations. Both
the WINDII observations and GSWM simulations
indicate the phase of the diurnal tide possesses some
degree of latitudinal structure, while the phase estimated
from the HRDI observations is invariant with latitude.
This invariance is a result of the HRDI processing
scheme which enforces a latitudinally invariant tidal
phase due to the (1,1) assumption. The HRDI phase
occurs about 3—4 h later than the GSWM simulations
and the WINDII estimates between 40°S and 40°N.
Poleward of this region the GSWM simulations undergo
a 10-12-h phase shift which creates an 8-14-h phase
difference between the GSWM simulations and the
HRDI results. The tidal phases estimated from the
ground-based radar data are somewhat scattered, but
appear to lie within a few hours of either the HRDI,
WINDII, or GSWM data.

As was previously mentioned, the most evident
feature of Fig. 12 is the large difference in the amplitude
of the diurnal tide as observed by both HRDI and
WINDII in comparison with that modeled by the
GSWM. The Kauai observations are significantly smal-
ler than the GSWM simulations. While the Kauai
estimate of the diurnal tidal amplitude is quite different
from either the model simulations or satellite observa-
tions, the tidal phase at Kauai agrees well with the phase
of the diurnal tide estimated by HRDI at 95 km.
Unfortunately, this is just coincidental and is illustrated
in Fig. 13.

Figure 13 shows the vertical structure of the meri-
dional diurnal tide between 20°N and 23°N. Notice that
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near 95 km the phase (right) of the diurnal tide
estimated from the Kauai data agrees well with the
HRDI estimate. Clearly, the vertical structure of the
diurnal tidal phase estimated from the ground-based
radar data is vastly different from the model simulations
and satellite observations and the phase agreement at
95 km is merely coincidental. The satellite observations
and model simulations of the diurnal tide indicate a
vertical wavelength between 20 and 30 km, while the
radar observations indicate the presence of a wave
which exhibits little sign of vertical propagation.

The vertical amplitude structure of the diurnal tide,
shown in Fig. 13 (left), estimated from the ground-based
radar data, satellite observations, and model simulations
are, again, quite different from each other. The obser-
vations at Kauai are smaller than the UARS observa-
tions and GSWM simulations between 80 and 98 km.
Near 75 km the GSWM and HRDI results are in
agreement, but HRDI observations increase monoton-
ically to a maximum amplitude of 60 m s~! near 100 km,
while vertical amplitude structure from the GSWM
simulations is more variable with altitude and maximiz-
es near 105 km with a value of 30 m s~'. The WINDII
observations agree with the HRDI observations below
98 km but above this altitude the WINDII values are
15-20 m s~! weaker than that estimated from the HRDI
observations. This difference above 98 km may be due to
the different techniques used by WINDII and HRDI to
extract the diurnal tide.

The meridional diurnal tidal amplitudes observed at
Kauai for the month of January 1993 (Fig. 4, bottom
right) are larger than the amplitudes observed during the
campaign period by 5-7 m s~! between 82 and 94 km.
Additionally, the vertical phase structure observed
during the month of January 1993 is more indicative
of a vertically propagating wave feature than was the
phase structure observed during the campaign period. A
long-term analysis of the Kauai MF radar data has been
described by Fritts and Isler (1994); their analysis
included data from October 1990 through August

Amplitude of meridional quasi-two-day wave
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1992. The authors computed estimates of the vertical
structure of the diurnal tide for 30 days around the
winter solstice for 1990 and 1991 (top panels of Fig. 6 of
Fritts and Isler, 1994). These results indicate that the
amplitude of the diurnal tide, both zonal and meridion-
al, is between 5 and 20 m s~' from an altitude of 80 to
100 km. The estimated phases for these years were
similar to what we see in Fig. 4, where the phase
observed during 1990 is considerably more evanescent
than that during 1991.

Hagan et al. (1997b) quantify the effects of nonmi-
grating tidal signatures in the low-latitude mesosphere
and lower thermosphere. These migrating tidal results
suggest that the nonmigrating diurnal components,
when combined with the migrating diurnal tide, result
in a diurnal tide which is suppressed in the Pacific
longitude sector when compared with the migrating
diurnal tide. However, these results cannot explain the
phase discrepancies illustrated in Fig. 13.

3.4 Quasi-two-day wave

Figure 14 is a latitude cross section of the amplitude of
the quasi-two-day wave at an altitude of 95 km (top)
and 87 km (bottom). The key for Fig. 14 is the same as
the amplitude key for Fig. 6. The estimated quasi-two-
day wave amplitudes shown in Fig. 14 were determined
from a harmonic least-squares fit to a period of 48 h, as
was described earlier. Previous observations of the
quasi-two-day wave have reported quite a large range
of periods (45 to 55 h) associated with the quasi-two-day
wave and it is possible that during this 10-day campaign
the period of the quasi-two-day wave was not exactly
48 h. However, power spectra for this 10-day campaign
were described by Deng et al. (1996) and indicate that
the period of the quasi-two-day wave was close to 48 h,
and therefore we expect any errors due to a mismatch
between the “true” quasi-two-day wave amplitudes and
the observed amplitudes to be small. At 87 km (bottom)
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in the southern hemisphere, the HRDI, WINDII results,
and the GSWM simulations show good agreement in the
amplitude of the quasi-two-day wave. Additionally, with
the exception of a shift in the location of the maximum
estimated from the HRDI data poleward, the HRDI
data and GSWM simulations show good agreement in
the latitudinal structure of the quasi-two-day wave. In
the subtropics and equatorial region, the HRDI data
indicates the presence of a stronger quasi-two-day wave
at 87 km than the GSWM simulations indicate.
Comparison with the ground-based data is mixed, as
estimates of the quasi-two-day wave amplitude at
Jakarta and Jicamarca are smaller than the GSWM
simulation while the Christmas Island and Kauai
observations indicate an amplitude close to that esti-
mated from the HRDI observations. At mid-latitudes in
the northern hemisphere the ground-based radar data
agree with the WINDII observations and the GSWM
simulations, indicating that the quasi-two-day wave is
negligible in these regions during January. Additionally,
while not shown, the EISCAT data also indicates that
there is no significant quasi-two-day wave signature
present at the high latitudes.

Moving from 87 to 95 km (top) the differences
between the GSWM simulations of the quasi-two-day
wave and the HRDI/WINDII observations become
more pronounced. The amplitude differences vary
between 15 ms~! and 45°S to 50 ms~' near the
equator. The HRDI and WINDII data are similar in
latitudinal structure to what was observed at 87 km. A
peak amplitude of 50-60 m s~! in the HRDI and
WINDII data is observed near 7°S. With the exception
of Arecibo, the ground-based radar data between 35°S
and 35°N lie somewhere between the GSWM simula-
tions and the HRDI/WINDII observations of the quasi-
two-day wave amplitude. Examination of the vertical
profile of the quasi-two-day wave amplitude for Arecibo
(not shown) indicates that between 94 and 100 km there
is a large shear (~4 m s"'km™!) and above 100 km the
Arecibo results agree well with the WINDII data.

Figure 15 shows the vertical amplitude (left) and
phase structure of the quasi-two-day wave near 7°S
(top) and 35°S (bottom). Near 7°S (top), the Jakarta
meteor radar data (filled circles) indicates very little
amplitude structure (left) as the amplitude is close to
20 m s~! throughout the altitude range from 75 to
98 km. Alternatively, both the HRDI and WINDII
observations indicate the presence of a strong shear in
the amplitude of the quasi-two-day wave with the largest
amplitude observed near 96 km. This is in contrast to
the GSWM simulations, which indicate a maximum
amplitude near 84 km. However, comparison of the
GSWM simulations with the medium-frequency radar
data at Adelaide shows excellent agreement (Fig. 15,
bottom left). The agreement in the absolute magnitude
of quasi-two-day wave is not particularly surprising
because the GSWM quasi-two-day wave results must be
calibrated. Unlike the GSWM tidal forcing, the forcing
mechanism for the quasi-two-day wave is unknown, and
the quasi-two-day wave response in the GSWM is
calibrated using MF climatalogical results to provide
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reasonable agreement with observed signatures at lower
thermospheric altitudes. This calibration is only to
specify the absolute magnitude of the source at the
lower boundary and plays no role in either the vertical
or latitudinal structure of the quasi-two-day wave
response aloft.

It is possible that the differences in the amplitude of
the quasi-two-day wave at 95 km between the model
simulations and the satellite observations are related to
the magnitude and position of the lower thermospheric
reversals in the zonal mean wind field. Hagan et al.
(1993) show in a set of numerical experiments relating to
the quasi-two-day wave that inclusion of the lower-
thermospheric reversals in the zonal mean wind field are
necessary to achieve a realistic quasi-two-day wave
response in the upper mesosphere. Additionally, it has
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been hypothesized that the reversals in the lower-
thermospheric jets serve to reflect the quasi-two-day
wave downwards setting up a standing wave. As a result
of this standing wave-pattern, the quasi-two-day wave
amplitude is increased in the upper mesosphere. There-
fore, if the position of the lower-thermospheric reversal
in the zonal wind field was shifted equatorward, one
might expect an increased quasi-two-day wave response
in the equatorial and subtropical regions, as was
observed by HRDI and WINDII.

4 Conclusions

We have presented observations of the mean winds,
tides and the quasi-two-day wave from the lower
thermosphere collected during the January 1993 World
Day (LTCS-9/MLTCS-5) campaign which lasted for 10
days. With data from 18 ground-based sites and two
instruments located on the UARS satellite this data set
provides the means to assess the ability of the GSWM to
simulate the solar tides and the quasi-two-day wave in
the lower thermosphere. Through this comparative
study we have found that the GSWM provides a
reasonable estimate of the tidal and quasi-two-day wave
structure through the lower thermosphere. There are,
however, notable exceptions.

The two most evident differences between the
observations and the GSWM simulations occurred in
the amplitude of the semidiurnal and diurnal tides. In
the case of the semidiurnal tide, the GSWM amplitudes
were two times larger than the semidiurnal amplitudes
measured by radars, utilizing three different techniques,
between 45°N and 60°N. Through a simple set of
numerical experiments using the GSWM we believe that
the eddy diffusivity profile used in the model calcula-
tions plays a major role in this difference. By increasing
the eddy diffusivity to 200 m?s~! the amplitude of the
semidiurnal tide was reduced by 25-35%. While this
does not account for the total difference in tidal
amplitude it does indicate that an increase in the eddy
diffusivity profile can account for much of the amplitude
difference. In contrast to the amplitude structure the
vertical phase structure observed in this geographic
region is nearly identical to that modeled by the GSWM.

The amplitude discrepancy in the diurnal tide
between the GSWM and the measurements is a more
difficult issue to resolve, particularly because there are
some observations which are weaker than the GSWM
simulations and some observations which are stronger.
However, it does appear that the nonmigrating diurnal
tide, which can play a significant role in the structure of
the total diurnal tide (migrating + nonmigrating) in this
region, may aid the description of some of these
differences. Again, while there are large differences in
the amplitude, the phase of the GSWM agrees very well
with the WINDII observations.

The agreement between the observations and the
GSWM simulations for the quasi-two-day wave is
latitude and altitude dependent. In the southern hemi-
sphere at altitudes below 90 km the GSWM simulations

and observations are in good agreement. However,
above this altitude and in the subtropics, the amplitude
of the quasi-two-day wave simulated by the GSWM is
significantly weaker than what is observed. It is believed
that this difference is due to inaccuracies in the zonal
mean wind field used for this simulation. In particular
there are very few reliable measurements at lower-
thermospheric heights where the zonal mean winds
reverse and the westward jet is set up. Because the quasi-
two-day wave is sensitive to the zonal mean winds,
especially in the lower thermosphere, any deviations in
the zonal mean wind field used in the model simulations
from the actual conditions during the campaign period
will create noticeable differences between the observed
and modeled amplitude structure.

In addition to the comparative results between the
GSWM simulations and observations we have also
described and quantified a number of difficulties which
could bias any model measurement comparison. Of
particular importance are the systematic amplitude bias
and the presence of aliasing. Both of these phenomena
are inherent to observational data and cannot be
avoided; however, we have provided some estimates of
how these phenomena will effect our comparative results.
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