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The na lidar-observed temperature diurnal tidal perturbations, based on full-diurnal-cycle observations

from 2002 to 2008, are compared with tidal wave measurements by the TIMED/SABER instrument to

elucidate the nature of diurnal tidal-period perturbations observed locally. The diurnal amplitude and

phase profiles deduced by the two instruments are in very good agreement most of the year. However,

the lidar-observed diurnal amplitudes during winter months and early spring are considerably larger

than SABER observations, leading to the existence of a significant amplitude maximum of 12 K near

90 km in February and a different seasonal structure of temperature diurnal amplitude from the two

instruments. The lidar-observed diurnal phase shows propagating wave characteristics during

equinoctial months, but exhibit ‘‘evanescent wave’’ behavior in winter months, whereas SABER diurnal

tidal phase exhibits propagating diurnal tidal character all year long with small seasonal variation. This

anomalous tidal characteristic from the lidar observations repeats almost every winter. The exact

mechanism behind this tidal feature is not fully understood, therefore further investigation and more

experimental observations are necessary.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Solar thermal tidal waves are global scale waves that are
harmonics of a solar day, consistently modulating the MLT
(Mesosphere and Lower Thermosphere) region of the atmosphere
with considerable amplitudes, and are one of the most important
dynamic effects within the middle and upper atmosphere. Among
them, the migrating tides, which are mostly generated due to
solar energy absorption by water vapor in the troposphere and
ozone in the stratosphere and, therefore, synchronized with the
relative motion of sun, have been known as the dominant tidal
component within most parts of the MLT region (Chapman and
Lindzen, 1970, Forbes and Garrett, 1978). Its seasonal variations
within this region are largely controlled by the combination of the
variation in solar heating and zonal mean winds (McLandress,
2002). Hagan (1996) pointed out that the seasonal variations of
the phase difference between IR (infrared by water vapor within
troposphere) and UV (ultraviolet by ozone within stratosphere)
forcing could also impact the seasonal change of tidal wave
amplitudes. The nonmigrating (not sun synchronous) tides were
ll rights reserved.
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also thought to be an important contributor to tidal variability in
the MLT region (Forbes and Garrett, 1979; Kato, 1980; Forbes,
1984, 1995; Volland, 1988; Hagan, 2000). The invaluable satellite
observations during the past decade (Talaat and Lieberman, 1999;
Oberheide et al., 2006; Wu et al., 2008; Forbes and Wu, 2006;
Forbes et al., 2008), provide signatures of nonmigrating tides,
resulting in their intensive investigation giving insight to tidal
wave modulations of the mean atmosphere. However, the tidal
forcing for nonmigrating tides is complex. The latent heat
released due to rain drop formation in the troposphere is long-
known to be one major nonmigrating tidal source (Lindzen, 1978;
Hong and Wang, 1980; Forbes et al., 1997; Hagan et al., 1997;
Hagan and Forbes, 2002). In addition, nonlinear interactions of
migrating tidal waves with global scale planetary waves (Miya-
hara and Miyoshi, 1997; Hagan and Roble, 2001; Mclandress,
2001; Mayr et al., 2003; Lieberman et al., 2004) and with gravity
waves (Mclandress and Ward, 1994; Walterscheid, 1981; Mayr
et al., 2001) can also excite significant nonmigrating tidal
components.

From a single ground-based station (Tsuda et al., 1988; Vincent
et al., 1989; Manson et al., 1989; Avery et al., 1989; Franke and
Thorsen, 1993), one may easily observe local oscillations of
atmospheric variables at sub-harmonics of the diurnal frequency
but is unable to identify whether these oscillations are global
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(migrating or nonmigrating) wave modulations, local oscillations,
or superposition of the two. The characteristics of solar tidal
waves may be deduced either from full-diurnal-cycle observa-
tions near the same latitude but at multiple longitudes, or from
the combination of satellite observations, providing partial local-
time global coverage, and ground-based full-diurnal-cycle ob-
servations at a fixed location. However, these joint observations
are rare, especially for temperature diurnal tidal wave studies due
to the shortage of the full diurnal cycle temperature observations
from ground-based stations. Colorado State University (CSU) Na
lidar accomplished the full-diurnal-cycle observations of tem-
perature, zonal and meridional winds within the mesopause
region in May 2002. Since then, the system has accumulated close
to 5000 h of data by 2008, part of which are used to deduce
monthly climatologies of the mean temperature, zonal and
meridional wind (Yuan et al., 2008a) and semidiurnal period
tidal perturbations (Yuan et al., 2008b) of the three atmospheric
parameters. Considerable data are necessary to extract major
diurnal tidal modulations and to average out the transient
variability due to interactions with gravity waves and due to
modulation in mean-state by planetary waves (Liu et al., 2007).
The Sounding of the Atmosphere using Broadband Emission
Radiometry (SABER) instrument onboard the Thermosphere–
Ionosphere–Mesosphere Energetic and Dynamics (TIMED) satel-
lite has been able to sample atmospheric neutral temperature
from 20–120 km above the surface on a global scale and, thus,
provides a global view of temperature tidal wave structures
(Zhang et al., 2006). In this paper, the monthly temperature
diurnal tidal period perturbations measured by CSU Na lidar will
be compared to the temperature diurnal tide deduced from
TIMED/SABER measurements during almost the similar period,
marking the first such comprehensive comparison between the
tidal temperature wave observations from ground-based and
satellite observations.
2. Data analysis

2.1. Colorado State University Na lidar

The technique for using CSU Na lidar data set to extract
temperature tidal period perturbations is in a previous paper (She
et al., 2002). The climatology of nocturnal temperature measure-
ments by lidar was compared with TIMED/SABER observations
(Xu et al., 2006), showing good agreement between the
temperature measurements by the two instruments. Since May
2002, the CSU lidar has been upgraded, and is now capable of
simultaneous temperature, zonal and meridional winds measure-
ments over a full diurnal cycle (She et al., 2003). Full-diurnal cycle
Table 1
Number of hours of continuous observations for each month by CSU Na lidar from

2002 to 2008 with observation time longer than full diurnal cycle.

2002 2003 2004 2005 2006 2007 2008 Total

January N/A 60 N/A 117 53 103 32 365

February N/A 40 73 N/A 134 41 28 316

March N/A 117 96 N/A N/A N/A N/A 213

April N/A 83 95 N/A N/A 65 54 297

May 108 39 72 96 N/A N/A N/A 315

June 56 147 36 73 N/A N/A N/A 312

July 85 68 60 187 49 N/A 34 483

August 83 92 100 N/A 36 32 56 399

September 70 241 83 144 78 103 N/A 719

October 73 95 57 92 97 113 83 610

November 88 107 70 N/A 77 N/A 61 403

December 70 128 76 N/A 132 N/A N/A 406
lidar data distributions from 2002 to 2008 are listed in Table 1.
Harmonic analysis is applied at each altitude of the hourly mean
temperature profiles built from the data sets with continuous
observations of 24 h or longer. In such analysis, the least-squares
fitting method is done on such continuous hourly data to deduce
the amplitude and phase of the monthly mean diurnal,
semidiurnal, terdiurnal and quarterdiurnal tidal components
simultaneously. For multi-year analysis, lidar observations
within the same month of different years are binned according
to the UT time sequence of respective years. Then harmonic
analysis is performed to deduce the mean fields and tidal
components. By doing so, short term variability is minimized
and only consistent tidal signatures are retrieved.
2.2. TIMED/SABER

The TIMED satellite was launched on December 7th, 2001 and
the SABER instrument began its observations in January 2002, just
before the CSU Na lidar started its full diurnal cycle observations.
SABER measures CO2 infrared limb radiance from approximately
20 km to 120 km altitude and the kinetic temperature profiles are
retrieved over these heights using a full non-LTE inversion
(Mertens et al., 2001, 2004). The retrieval errors, in addition to
those associated with instrumental noise, are estimated by
Remsberg et al. (2008) and Garcı́aComas et al. (2008). The method
for extracting tidal waves from SABER temperature observations
has been described in detail in a recent paper (Forbes et al., 2008).
The uncertainty of the SABER tidal amplitudes varies from 0.6–
0.9 K at 76 km to 2–3 K near 116 km. The SABER temperature
measurements (version 1.07) between March 2002 and December
2007 are employed for the present study. However, due to the
sampling rate of the TIMED satellite and the dual-node sampling
of the SABER instrument, full 24 h coverage for each day is
obtained from averaging over a 60 day window centered about
that day with a horizontal interval of 241 in longitude, 51 in
latitude. SABER tides with the vertical interval of 2 km, therefore,
represent 60-day running means that are vector averaged into
monthly mean composites for tidal analysis, which includes 13
diurnal-period global components with zonal wavenumbers from
�6 to 6. The negative wavenumbers are for eastward propagating
waves.
3. Temperature diurnal tidal seasonal variations by lidar and
TIMED/SABER

3.1. SABER reconstructed diurnal tidal comparisons with lidar

To compare the satellite and ground-based tidal observations,
we reconstruct the total diurnal tidal wave modulations as the
superposition of the SABER migrating (DW1) plus nonmigrating
tides of wavenumbers from �6 to +6 evaluated near the lidar site
at 401 N, 2551E. Because of the 60-day running means, these
should provide the representative tidal wave characteristics over
the ground based station without the day-to-day tidal variability.

Fig. 1 shows comparisons between the amplitude profiles of
temperature diurnal tidal period perturbation observed by CSU Na
lidar (asterisks) and the reconstructed temperature diurnal tidal
amplitude (solid line) at 401N, 2551E deduced from SABER. Also,
the migrating component of temperature diurnal tide (DW1-dash
line) is plotted, and we will discuss its contributions to total
diurnal tide in the next section. From the comparisons between
the lidar diurnal tidal period perturbations and the reconstructed
total diurnal tide of SABER, the most salient feature of seasonal
variations is the much larger amplitude observed by lidar from
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Fig. 1. Temperature diurnal amplitude profiles from 80 to 105 km for each month of the year: TIMED/SABER reconstructed diurnal tide (solid line), TIMED/SABER migrating

diurnal tide (dash line) and CSU Na lidar diurnal period perturbations (asterisks).
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November to March within significant part of the mesopause
region. The lidar diurnal tidal measurements show a dramatic
maximum near 90 km in February with the peak amplitude over
12 K. This maximum, along with the 10 K peak value near 94 km
altitude in March, forms a remarkable temperature diurnal
amplitude peak. It is worth mentioning here that the lidar
observed zonal wind diurnal tidal amplitude (not the topic of
this paper) has quite similar seasonal variation with its significant
maximum in February. Diurnal amplitudes within the mesopause
region during summer months are small from the measurements
of both instruments, with the minimum amplitude below 2 K near
85 km. SABER observations indicate a similar magnitude of tidal
amplitude in winter solstice condition to that in the summer with
the amplitude value of 2–3 K for most part of the region. Near
equinoctial months (March and September), SABER diurnal
amplitudes are around 6–7 K. This, along with the two
minimum at solstice, gives rise to tidal seasonal variations that
are in general agreement with earlier tidal model studies (Forbes,
1982a; Hagan et al., 1999). The lidar observations, as discussed
above, show considerably larger winter diurnal amplitudes than
in the summer months. In fact, the lidar observations show that
the amplitude of temperature diurnal tidal perturbation, which
stays near or above 6 K during the winter months, is about twice
that of the amplitudes during summer months (less than 3 K).
Therefore, winter solstice minimum of diurnal tidal amplitude as
predicted by classical theory and seen in the SABER data is not
obvious in the lidar observations. This makes the annual variation
dominant in lidar observed diurnal amplitude seasonal variation
as opposed to a dominant semiannual variation observed in
SABER and predicted by classical theory. The larger tidal
amplitudes observed by CSU Na lidar (from January to March
and October to December) could be because of an overestimation
of the climatological mean due to inadequate sampling by the
lidar or because of some local tidal-period oscillations that are
captured by the lidar but missed by SABER due to its sampling
scheme.

The associated monthly diurnal tidal phases are shown in
Fig. 2. From lidar results (asterisks), one can easily see the
seasonal variation of the temperature diurnal phase (vertical
wavelength). The vertical wavelength is over 100 km in January
and then drops to near 30 km around spring equinox (February
and March). It increases again in April to above 40 km before its
transition to a complex vertical structure in summer months. For
example, in May, it has a 6 h phase change near 90 km, below
which it has downward phase progression but becomes
independent of height above; in June, it has upward progression
from 85 to 92 km but, again, becomes height-independent above
92 km. All these irregularities in the tidal phase profiles are
possibly due to interference between propagating and evanescent
components of the diurnal temperature oscillation during
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summer. The diurnal phase profile changes back to propagating
behavior (tilted phase profile with downward phase progression)
during July and August with shorter vertical wavelengths (near
25 km). Approaching fall equinox (September), the lidar-observed
diurnal tidal vertical wavelength starts to increase again (to near
40 km), but it still shows propagating behavior. The evanescent
tidal character appears at both the upper and lower limits of the
mesopause region in October, but maintains propagating
character between 85 and 95 km with slightly longer vertical
wavelength (around 50 km) than that of September. However, it
exhibits evanescent character with very long vertical wavelength
in November and December having constant phase near 0100
local time. Since the Na lidar observations enjoyed high signal-to-
noise ratios from late fall through winter, the associated photon
noise errors are minimal during this time of the year. Due mainly
to day-to-day variability, the resulting uncertainty of the best fit
lidar temperature monthly mean diurnal amplitude is less than
1 K between 80 and 100 km in winter and between 84 and 95 km
in summer months. Since the photon noise of lidar measurements
is also altitude dependent, the amplitude uncertainly is about
0.7 K at the sodium peak and increases quickly beyond the
indicated altitude ranges.

Compared to the lidar results, SABER observed somewhat
shorter vertical wavelengths in January within the altitude range
of 84 to 94 km, along with a 12-h phase shift near 95 km. The
phase profile of SABER in February is quite similar to that of
January, and also agrees well with lidar profile below 94 km in the
same month. Although the SABER diurnal tide corresponds to a
propagating mode in March and April, its vertical wavelength
(20�25 km) is, again, shorter than what the lidar measured
(30�40 km). There is a difference in May and June between the
phases observed by the two instruments: lidar showing dom-
inance of evanescent behaviors, while above �90 km SABER
observing propagating behavior. On the other hand, from July to
September, the SABER tidal phase and amplitude profiles overlap
with lidar profiles extremely well with similar vertical phase
gradient. For the rest of the year (October to December), unlike
the lidar which observed very long vertical wavelength, SABER
observed diurnal tidal phase profiles still showing a propagating
character except in November. The November phase profile of
SABER is quite complex. Between 92 and 98 km, the vertical
wavelength is also quite long and about the same as the lidar
observation. Below 90 km, the SABER observed vertical wave-
length is around 50 km, which is still about twice as long as than
those observed in equinoctial months.

In summary, the lidar observed diurnal tidal temperature
consists of a combination of evanescent (trapped) and propagat-
ing characteristics. During summer, the tidal phases show trapped
behavior above 90 km, and it is mainly propagating during
equinoctial months with the vertical wavelength varying from
20 to 40 km. The lidar observed evanescent diurnal phase in
winter months appears contrary to model predictions and the
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SABER observations, which show the propagating tidal wave
behavior all year long with relatively small seasonal variations.
3.2. Migrating diurnal tide observed by SABER at 401N and 2551E

To further understand the tidal wave activity over Fort Collins,
CO, it would be very helpful if the relative contributions of
migrating and nonmigrating tides can be identified. With the
unprecedented temperature measurements from the SABER
instrument from space, one is able to separate and diagnose the
global contributions between the migrating and nonmigrating
temperature tidal waves, thereby helping to assess their relative
contributions in observed tidal-period perturbations at a local
(lidar) site. In Fig. 1, we also showed the diurnal tidal amplitudes
for westward wavenumber 1 component (DW1), which is the
migrating or Sun-synchronous component of the diurnal tide,
deduced from SABER data for each month. Although not shown,
the SABER tidal results reveal that the migrating amplitude is
much larger than the nonmigrating diurnal tidal components
(most of their amplitudes are close or less than 1 K within the
mesopause region during most part of the year at this location).
So, it is not surprising to see that the DW1 amplitude (dash lines
in Fig. 1) and phase profiles (dash lines in Fig. 2) show very small
difference from the total reconstructed diurnal tide (solid lines)
within the lidar detection range (80–105 km). However, the
considerable difference between the SABER total diurnal tide
profiles and lidar observations during winter and early spring may
imply that DW1 (migrating tide) may not be the dominant
contributor to the temperature diurnal tidal period perturbation
observed by the CSU Na lidar in this part of the year. Since SABER
Fig. 3. CSU Na lidar-observed monthly averaged temperature diurnal amplitudes (to

column) and January (right column) for each year, from 2002 (plus sign), 2003 (solid lin

2008 (diamonds).
cannot observe short-term tidal variability, the nonmigrating tidal
variability due to the change in convective activity and nonlinear
interaction included in the lidar observations, cannot be captured
by the 60-day averaged SABER observation. This observational
difference in day-to-day nonmigrating tidal variability may be the
main reason for the observed difference of temperature diurnal
tidal component in winter and early spring between the two
instruments. It is interesting to note that earlier satellite
observations of temperature diurnal tide by Microwave Limb
Sounder (MLS) experiment on UARS satellite (Forbes and Wu,
2006) did indicate that the trapped DS0 (Diurnal Stationary
wavenumber zero) and DW2 (Diurnal Westward wavenumber
two) components seem to be stronger than the other nonmigrat-
ing diurnal tides and have high year-to-year variations near
midlatitudes. The DE3 component, on the other hand, although
quite strong within the equatorial region, does not appear to have
significant amplitude near middle and high latitudes.
3.3. Na lidar observed anomalous tidal period oscillation in winter

To test the consistency of the lidar-observed evanescent
temperature diurnal tide in winter months, we plot the amplitude
and phase profiles in winter months, November, December and
January, of each year, from 2002 to 2008 in Fig. 3. As the figure
shows, although the winter diurnal tidal amplitude shows big
year to year variations (for example, in January at 98 km, it varies
from 10 K in 2003 to near 1 K in 2008 and 2007), its diurnal phase
during the same winter month in different years behaves quite
similarly (no clean downward phase progression). It is worth
mentioning here that a similar vertical tidal phase profile,
p row) and phases (bottom row) of November (left column), December (middle

e), 2004 (dotted line), 2005 (dashed line), 2006 (dash dot line), 2007 (triangles) and



ARTICLE IN PRESS

T. Yuan et al. / Journal of Atmospheric and Solar-Terrestrial Physics 72 (2010) 541–549546
exhibiting evanescent behavior, was also observed in December of
1998 by the CSU Na lidar (She et al., 2002). In November, some of
the diurnal phase profiles do show propagating characteristics,
especially the one in the November of 2008, when it shows typical
propagating wave characteristic with vertical wavelength of
20 km, but a much smaller amplitude of 2–3 K compared to the
rest of lidar measurements in Fig. 3. Looking back to Figs. 1 and 2,
the amplitude and phase profiles of November 2008 are similar to
those of the SABER total tidal profiles in November. In December
and January, the diurnal phase profiles all show evanescent
behavior with a nearly constant phase near midnight. We also
note phase jumps or disturbances in the phase profiles in some
January observations accompanied by wavy amplitude profiles.
This lidar observed behavior may be the indication of some
interference pattern. This interference could be either caused by
two or more diurnal Hough modes or by migrating and
nonmigrating tidal components. However, it is extremely
difficult to uncover the real mechanism from the measurements
at a single location. At the same time, although the year-to-year
variations of the reconstructed diurnal amplitudes from SABER
measurements in winter months (not shown) are similar in
magnitude to the lidar amplitude profiles (top row of Fig. 3), the
reconstructed phase profiles are highly variable. For example, the
reconstructed diurnal phase profile for December of 2003 from
SABER is extremely similar to the lidar observation within the
mesopause region, but the phase profile for December 2006 of
SABER are out of phase relative the lidar profile.

To further evaluate this anomalous behavior, we show in Fig. 4
the Lomb periodogram analysis on 4 data sets of Na lidar diurnal
cycle observations in December to estimate the significance levels
Fig. 4. Lomb power contour plots of four CSU Na lidar full-diurnal-cycle temperature ob

of 2003; c: from December 21st to 22nd of 2003; d: from December 3rd to 6th of 200

correspond to the power of Lomb periodogram that give 50% (solid line), 95% (dash line

against period in hour. The asterisks show the corresponding diurnal tidal phases in h
of the tidal period oscillation signals. The resulting Lomb power
(Press et al., 1992) at the tidal periods, qualitatively mirrors the
corresponding tidal amplitudes deduced from the harmonic
analysis. A salient feature of the Lomb power lies in the fact
that a Monte Carlo simulation with the same temporal structure
may be used to assign a percent probability that a given Lomb
power could be produced by random noise, thus giving an
estimate of the significance level of the deduced Lomb power. In
this connection, we use the % confidence defined as one minus the
significance probability resulting from random noise, to represent
the goodness of the tidal component. For each data set, we
typically evaluate the Lomb powers required to give 50% (solid
line), 95% (dash line) and 99.5% (dot dash line) confidence in the
analysis. For example, in Fig. 4, we provide the Lomb power
contours for four multi-day Na lidar continuous measurements in
December. The calculated diurnal phase for each campaign is also
plotted in the figure. It is clear that at altitudes where the diurnal
signal is strong, a constant phase profile (around 24 h or midnight
local time) emerges. The contour plots in (a), (b) and (c) are lidar
measurements in December 2003, but separated by time gaps of
close to one day between the first two campaigns and of about
three days between the second and third campaign. The plot (d) in
Fig. 4 represents another December lidar measurement in 2004,
which was a continuous three-day observation from December 3–
6. This contour exhibits extremely similar structure as plot (b)
with significant 24-h period signal near 90 km (above 99.5%
confidence level, in other words, there is less than 0.5% of chance
that this signal is generated from random noise), except that the
oscillation period is close to 26 h. However, from plot (a) through
plot (c), it is evident that, within the same month of the same
servations (a: from December 15th to 16th of 2003; b: from December 17th to 19th

4), along with the diurnal phase profiles for each observations. The contour lines

) and 99.5% (dash dot line) confidence for the deduced diurnal amplitude, plotted

our (LT).
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year, such 24-h oscillations are quite variable. It was quite weak
(below 50% confidence level with peak amplitude near 5 K) in the
first 30-h campaign (December 15–16). However, about 18 h
later, this diurnal period signal became significant (above 99.5%
confidence level and peak amplitude of 9 K near 90 km) during
the second lidar campaign (December 17–19). In a campaign
(December 22–23) that started a few days later, this oscillation
signal, although it was still above 95% confidence level, was
weakened with amplitude near 8 K around 90 km and the period
was only approximately 24-h. Similar variability is also evident in
November and January. Thus, this diurnal period signal in the
lidar observation, though robust enough to consistently exhibit
evanescent diurnal tidal phase in the monthly mean, has
considerable day-to-day variations and irregularity within the
winter months. This could be the principal reason that the SABER
instrument misses this winter feature, since it can only capture
consistent tidal wave activities over periods of about 60 days. We
note that compared with this 24-h period signal, the 12-h period
oscillation is much more significant and consistent for every lidar
observation (also shown in Fig. 4) and every year, mostly because
the semidiurnal tidal amplitude reaches its maximum in winter at
midlatitudes (Forbes et al., 2008). This may be the reason why the
semidiurnal amplitude and phase comparisons (not shown)
between the observations of the CSU Na lidar and SABER yields
greater agreement all year long. It is puzzling to note that the
simultaneous zonal wind diurnal tide lidar observations do not
reveal such robust quasi-trapped tidal wave behavior (meridional
wind diurnal tidal amplitudes in the winter months are too small
to generate meaningful phase values), but a propagating behavior
that is in good agreement with model predictions and radar
measurements in midlatitudes (Yuan et al., 2006).
4. Discussion

The features of propagating diurnal tidal behavior observed by
lidar near equinox, and trapped modes dominance during solstice
are in qualitative agreement with an earlier numerical experi-
ment by Forbes and Hagan (1988) accounting for atmospheric
mean wind and dissipation effects on migrating diurnal tide
propagation. They found that the difference in diurnal tidal
behavior between solstice and equinox seasons are most likely
due to the seasonal variations of atmospheric dissipation (Garcia
and Solomon, 1985 and Khattatov et al., 1997) with maximum
dissipation and significant mean wind asymmetry about the
equator under solstice conditions. Unlike classical linear tidal
theory, this simulation with dissipation reveals a spreading of
tidal oscillations to middle and higher latitudes instead of being
confined near the equatorial region. Such broadening to higher
latitude of the diurnal tide could be interpreted as the dominate
Hough mode (1, 1) coupling into the first symmetric and
asymmetric evanescent Hough modes (1,�2) and (1,�1) and,
therefore, increasing the total tidal vertical wavelength. At the
same time, the large dissipation factor during the solstice
condition could excite more evanescent modes via the mode
coupling mechanism and, therefore, could make evanescent mode
prevail around solstices. Unfortunately, due to limitation of
TIMED satellite’s yaw cycle period, SABER cannot provide enough
tidal analysis poleward beyond 501, where the major diurnal
trapped modes prevail, making it extremely difficult to estimate
their characteristics. In any event, Forbes and Wu (2006) did find
that trapped modes made important contributions to DW1 at
middle and high latitudes at 86 km by using the MLS experiment
on board the UARS satellite. Although mode coupling-induced
tidal structure broadening (Lindzen and Hong, 1974; Lindzen
et al., 1977; Forbes and Hagan, 1988) could explain some
observed diurnal trapped mode behavior in the mesopause region
above Fort Collins during solstice conditions, we cannot exclude
the possibility of tidal forcing contributions from in situ meso-
spheric ozone heating (Marsh et al., 2002) or chemical heating
(Mlynczak and Solomon, 1993, Smith et al., 2003).

On the other hand, the nonlinear interaction between the
migrating diurnal tide and stationary planetary wave with
wavenumber one (SPW1) can produce trapped diurnal tidal
components of DS0 and DW2 (Hagan and Roble, 2001). SPW1
peaks in the northern hemisphere winter and early spring at
middle and high latitudes, and it is intriguing to notice that it is
also the same time of the year when the lidar observes
considerably larger diurnal amplitude than SABER observations
and anomalous diurnal phase behavior. However, due to the
relative short life time of this planetary wave (compared with 60
days of sampling needed by SABER), it is difficult for the SABER
instrument to capture such tidal variability.

It is also possible that the ‘‘anomalous’’ diurnal tidal behavior
in winter is produced by some tidal-gravity wave interactions
(Walterscheid, 1981). Based on Walterscheid’s numerical simula-
tions, such interaction would greatly enhance the tidal amplitude,
and cause a change in tidal phase behavior below and near the
critical level. Below the critical level, it would shorten the vertical
wavelength of the tide. Near the critical level, the interaction
would lengthen the tidal wave’s vertical wavelength, leading to
the appearance of a constant phase profile, sometimes termed the
‘‘pseudo tide’’. The tidal-gravity wave interaction is expected to
occur locally with significant day-to-day variation and irregular
occurrence. However, the lidar observed monthly mean tidal
phase with evanescent behavior is quite robust, as it appears in
almost every year’s winter months, including temperature
observations in the late 1990s (She et al., 2002). The complete
story for the lidar observed winter anomaly and the difference
between lidar and SABER observations in winter months await a
more focused investigation in the future.
5. Conclusions

Since Na lidar in Colorado State University achieved the
capability of simultaneously measuring neutral temperature,
zonal wind, and meridional wind within the mesopause region
over a full diurnal cycle in May 2002, we collected nearly 5000 h
of such data by the end of 2008. The diurnal and semidiurnal tidal
period perturbations of each of these atmospheric dynamic
parameters within this layer of atmosphere above Fort Collins,
CO (411N, 1051W) are then deduced. The launching of TIMED/
SABER instrument and its 3-D global temperature mapping has
achieved an unprecedented view of solar thermal tidal activities
around the globe from 20 to 120 km in altitude, providing local
ground stations new opportunities to evaluate and understand
their local tidal observations. In this paper, the mesopause region
seasonal variations of temperature diurnal tide observed by the
two instruments above Fort Collins are compared and studied. For
most part of the year (April to October), the tidal amplitude
measurements by SABER and Na lidar show good agreement.
However, lidar observed considerably larger diurnal amplitudes in
winter and early spring than those of SABER. Although both
diurnal amplitude observations show summer minimum of 2–3 K,
the lidar observed diurnal amplitude shows a strong annual
variation and has a significant maximum in February near 90 km
altitude with the peak value of 12 K, whereas the SABER diurnal
amplitude shows semiannual variation with two maxima near
spring and fall equinox of a value around 7 K. The diurnal phase
profiles of the two instruments are again extremely similar during
most part of the year with a downward phase progression, except
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in the winter months, as well as in June, when the lidar observed
‘‘evanescent wave’’ behavior with the diurnal phase profiles
showing very long or infinite vertical wavelength. This near
evanescent characteristic with constant phase near midnight was
observed in almost every winter from 2002 to 2008, when the
lidar was operating, except in November 2008. The SABER-
detected tidal phase, however, shows propagating behavior with
downward progression all year long.

Although an early numerical experiment study by Forbes and
Hagan (1988) suggested that atmospheric dissipation prompts the
coupling of dominate (1, 1) mode into evanescent modes and
broadening the latitudinal structure of diurnal tide, we cannot
rule out the possibility of the nonlinear interaction between the
migrating diurnal tide and planetary wave, such as stationary
planetary wave, and tidal-gravity wave interactions. Both tend to
lengthen the vertical wavelength of diurnal tide and are more
active in winter months. All these tide-wave nonlinear interac-
tions generate some highly variable nonmigrating tidal compo-
nents with long vertical wavelength and, therefore, cause large
tidal variability of the total tide observed by a ground-based
instrument. The weakening of migrating diurnal tide in solstice
condition could make those nonmigrating tides more pronounced
in local tidal observations. However, the exact cause of the
temperature diurnal phase anomaly observed by lidar cannot be
presently determined. Since the observed phenomena is very
robust, occurring every winter the lidar had data, more observa-
tions and further investigations are necessary to fully understand
this anomaly.
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