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[1] Coupling between the troposphere and lower thermosphere due to upward propagating
tides is investigated using temperatures measured from the SABER instrument on the
TIMED satellite. The data analyzed here are confined to 20—120 km altitude and +40°
latitude during 20 July to 20 September 2002. Apart from the migrating (Sun-synchronous)
tidal components, the predominant feature seen (from the satellite frame) during this period
is a wave-4 structure in longitude with extrema of up to £40—-50 K at 110 km.
Amplitudes and longitudes of maxima of this structure evolve as the satellite precesses in
local time and as the wave(s) responsible for this structure vary with time. The primary
wave responsible for the wave-4 pattern is the eastward propagating diurnal tide with
zonal wave number s = 3 (DE3). Its average amplitude distribution over the interval is
quasi-symmetric about the equator, similar to that of a Kelvin wave, with maximum

of about 20 K at 5°S and 110 km. DE3 is primarily excited by latent heating due to deep
tropical convection in the troposphere. It is demonstrated that existence of DE3 is
intimately connected with the predominant wave-4 longitude distribution of topography
and land-sea difference at low latitudes, and an analogy is drawn with the strong presence
of DE1 in Mars atmosphere, the predominant wave-2 topography on Mars, and the wave-2
patterns that dominate density measurements from the Mars Global Surveyor (MGS)
spacecraft near 130 km. Additional diurnal, semidiurnal, and terdiurnal nonmigrating tides
are also revealed in the present study. These tidal components are most likely excited

by nonlinear interactions between their migrating counterparts and the stationary planetary
wave with s = 1 known to exist in the Southern Hemisphere during this period just prior to

the austral midwinter stratospheric warming of 2002.
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1. Introduction

[2] Except for occasional intervals of extreme planetary
wave activity, atmospheric tides represent the dominant
dynamical component of the 80—120 km height region
(hereafter referred to as the MLT, or mesosphere-lower
thermosphere). Many of the prevalent tidal oscillations
originate from periodic variations in troposphere and strato-
sphere heating due to daily variations in the absorption of
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solar radiation. These waves propagate into the MLT and
reach relatively large amplitudes in the 100—150 km region,
where they undergo molecular viscous dissipation. The
excitation of diurnal and semidiurnal tides due to solar ra-
diation absorption by tropospheric H,O and stratospheric
O are the most well-known sources of tidal excitation
[Chapman and Lindzen, 1970; Groves, 1982a, 1982b;
Forbes and Garrett, 1979] and are mainly responsible for
the Sun-synchronous or ‘“migrating” components of the
MLT tides, although in situ absorption of UV and EUV ra-
diation and perhaps even chemical heating [Mlynczak and
Solomon, 1993; Smith et al., 2003] at these altitudes cannot
be overlooked. Forbes et al. [1997a] also demonstrate that
latent heating connected with deep tropical convection con-
tributes to the migrating tidal fields at these altitudes.

[3] It is now recognized, through relatively recent obser-
vational analyses [e.g., Lieberman, 1991; Hagan et al.,
1997b; Talaat and Lieberman, 1999; Oberheide and Gusev,
2002; Forbes et al., 1995, 2003a, 2003b; Huang and Reber,
2004; Manson et al., 2002, 2004] and modeling studies
[e.g., Ekanayake et al., 1997; McLandress, 1997; Miyahara
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etal., 1999; Forbes et al., 2001; Grieger et al., 2002; Hagan
and Forbes, 2002, 2003; Hagan et al., 1997a; Oberheide et
al., 2002; McLandress and Ward, 1994; Ward et al., 1999]
that there is a whole spectrum of tides propagating from the
troposphere to the MLT, that are related to longitudinal var-
iations in the heating rates due to variations in absorbing gas
concentrations, land-sea differences and their influence on
latent heat release, topography, and other factors. Nonlinear
tide-tide interactions [7Zeitelbaum and Vial, 1991; Smith and
Ortland, 2001] and tide-planetary wave interactions [Hagan
and Roble, 2001; Yamashita et al., 2002; Angelats i Coll
and Forbes, 2002; Lieberman et al., 2004; Grieger et al.,
2004] in the stratosphere and mesosphere are also known to
play a role in explaining the spectrum of waves observed in
the MLT region. Of particular importance is the recognition
that interannual variability of low-latitude MLT tides is cor-
related with the El Nino-Southern Oscillation (ENSO)
[Gurubaran et al., 2005]. These authors provide evidence
that large-scale convective systems originating over the wes-
tern Pacific region in response to the El Nino Southern Os-
cillation (ENSO) facilitate excitation of nonmigrating tides
through latent heat release or large-scale redistribution of
water vapor. Thus observations of MLT tides may provide
new constraints on convective parameterizations and hydro-
logic cycles in general circulation models used for weather
and climate predictions. At the same time, MLT tidal vari-
ability induced by tropospheric processes may have impor-
tant impacts on ionospheric variability [Forbes et al., 2000],
with interesting scientific and practical space weather (i.e.,
communications and navigation) implications. These per-
spectives provide the underlying motivation for the present
paper, which focuses on troposphere-MLT tidal coupling.
[4] The SABER instrument was launched onboard the
TIMED satellite on 7 December 2001. Among other param-
eters, SABER provides measurements of kinetic tempera-
ture from approximately 20 km to 120 km altitude, during
both day and night, and extending to latitudes as high as +82°
with close to 100% duty cycle. This type of coverage pro-
vides unprecedented opportunities for the study of tides and
planetary waves, and their roles in coupling the troposphere,
stratosphere, mesosphere, and thermosphere. In this paper we
explore the capabilities of SABER to elucidate solar ther-
mal tides in the 20—120 km height regime, focusing on the
20 July to 20 September time period, and particularly on
those waves thought to originate in the troposphere. This
period covers a complete yaw cycle for the TIMED space-
craft, wherein SABER made measurements from approxi-
mately +53° to —83° latitude. This interval of time is of
particular interest since middle to late summer is thought to
be a period of strong troposphere-thermosphere coupling, as
suggested by the relatively large amplitudes of the eastward
propagating diurnal tides uncovered in previous studies
[Talaat and Lieberman, 1999; Forbes et al., 2003a, 2003b;
Huang and Reber, 2004; Manson et al., 2004]. The con-
sequences of this coupling on the lower thermosphere con-
stitutes the primary focus of this paper, although aspects of
other tidal oscillations during this period are also examined.
[5s] Before proceeding further, we now define the nomen-
clature utilized throughout this paper. The global tempera-
ture, density, and wind fields induced by the daily cyclic
absorption of solar energy in an atmosphere are referred to
as solar thermal tides. Assuming continuity in space and

FORBES ET AL.: TROPOSPHERE-THERMOSPHERE TIDAL COUPLING BY SABER

A10S06

time around a latitude circle, solar thermal tidal fields are
represented in the form

Ay cos(nQt + s\ — b, ) (1)

where ¢ = time (days), {2 = rotation rate of the Earth = 2~
day ', \ = longitude, n(=1, 2, . ..) denotes a subharmonic of
a solar day, s(=.... =3, =2, ...0, 1, 2, ....) is the zonal
wave number, and the amplitude A4, and phase ¢, are
functions of height and latitude. At any height and latitude
the total tidal response is obtained as a sum over n and s.
The phase is defined as the time of maximum at zero lon-
gitude; in other words, the local time at Greenwich. (The
alternative definition of longitude of maximum at # = 0 is
not used for tides, since the phase is undefined for s = 0). In
the above context, n = 1, 2, 3 represent oscillations with
periods corresponding to 24 hours, 12 hours, 8 hours, and
hence are referred to as diurnal, semidiurnal, and terdiurnal
tides, respectively. From (1) a zonal phase speed can be
derived: C,;, = d\/dt = —n{)/s. Eastward (westward) prop-
agation corresponds to s < 0 (s > 0). Note that when s = n,
Con = =€, i.e., westward migration with the apparent mo-
tion of the Sun (to an Earth-fixed observer). Historically,
these Sun-synchronous components are referred to as
“migrating” tides, and the components corresponding to s
# n are referred to as ““‘nonmigrating tides.” It is simple to
show that local time dependences of atmospheric fields (i.c.,
temperature, winds, etc.) associated with migrating tides are
independent of longitude. Local time structures that are
longitude-dependent can be represented mathematically as a
sum of terms (1) with various values of s and n and hence as
a superposition of solar thermal tides propagating to the east
(s < 0), to the west (s > 0), or standing (s = 0) [Chapman
and Lindzen, 1970]. The nonmigrating tides that give rise to
longitude-dependent local time structures can arise either
from (1) a zonally asymmetric excitation source, such as la-
tent heating associated with deep tropical convection [Hagan
et al., 1997a; Forbes et al., 2001; Hagan and Forbes, 2002,
2003]; (2) by propagation of migrating tides through a zon-
ally asymmetric stationary background atmosphere [Angelats
i Coll and Forbes, 2002; Hagan and Roble, 2001]; (3) via
tide-tide nonlinear interactions [Teitelbaum and Vial, 1991];
or (4) interactions between a zonally asymmetric distribution
of gravity waves and the migrating tidal field [McLandress
and Ward, 1994].

[6] Throughout the remainder of this paper we utilize the
notation DWs or DEs to denote a westward or eastward
propagating diurnal tide, respectively, with zonal wave
number s. For semidiurnal and terdiurnal oscillations “S”
and “T” replaces “D.” The standing oscillations are de-
noted DO, SO, TO, and stationary planetary waves with zonal
wave number m are expressed as SPWm.

[7] DE3 is one of several nonmigrating tides recently
found to exhibit fairly large amplitudes (~10—15 ms™ ') in
the 90—110 km altitude range from wind measurements by
the High Resolution Doppler Imager (HRDI) instrument on
the Upper Atmosphere Research Satellite (UARS) [7alaat
and Lieberman, 1999; Forbes et al., 2003a, 2003b; Huang
and Reber, 2004; Manson et al., 2004]. Analyses of lower-
atmosphere heating rates from the NCEP-NCAR Reanalysis
Project [Forbes et al., 2001] demonstrate that the predom-
inant forcing mechanism for this wave is condensation or
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latent heating in the tropical troposphere, with secondary
excitation resulting from radiative forcing. Furthermore,
Forbes et al. [2001] calculate the global response of the
atmosphere to these DE3 heating rates during July. They
obtain more than a factor of two larger lower-thermosphere
wind amplitudes than those noted by the aforementioned
observational studies, and predict temperature oscillations
approaching 40 K over the equator between 120 and 150 km
altitude. Current evidence indicates that DE3 and other tides
excited in the troposphere may have a significant impact on
the dynamics of the MLT, and the SABER measurements
offer an opportunity to gain further insight into troposphere-
MLT tidal coupling. It is the purpose of this paper to provide
this deeper perspective.

[8] In the following, we briefly describe the SABER data
and method of analysis. Depictions of the SABER data are
then provided to gain insight into the longitudinal variations
in the local time structures of the temperature field that
results from the presence of nonmigrating tides. In section 3
we provide a typical frequency-zonal wave number decom-
position of the tidal field and discuss the possible origins of
these components. Section 4 is devoted to DE3, wherein it
is found to be nearly as large as the migrating (Sun-synchro-
nous) component, DW1. The abilities of current models to
predict DE3 are also assessed in section 4. DE3 is also
examined from the viewpoint of a wave-4 longitude struc-
ture, and its connection with the predominant wave-4 content
of the land-sea/topographic distribution of the surface. In this
connection, we draw an analogy to the strong presence of
DE1 in Mars atmosphere, the predominant wave-2 topogra-
phy on Mars, and the wave-2 patterns that dominate density
measurements from the Mars Global Surveyor (MGS) space-
craft near 130 km. In the final section 5, we utilize a
numerical model, calibrated with current observations, to
estimate the effects of DW1 and DE3 on the zonal mean
circulation of the thermosphere due to dissipation of this
wave.

2. Experimental Data and Method of Analysis

[v] The method of deriving kinetic temperatures from
CO, emissions is detailed by Mertens et al. [2001]. One of
the main difficulties is the determination of kinetic temper-
atures under conditions of nonlocal thermodynamic equi-
librium (non-LTE), which pertains above about 70 km
altitude. In the SABER version V1.04 temperatures ana-
lyzed here, non-LTE retrievals of 7 incorporate simulta-
neous determinations of CO, densities from the CO, 15 pm
emission. This eliminates a major source of uncertainty
since CO, is not well mixed above 75 km and therefore
cannot be specified in terms of a volume mixing ratio. The
CO, determinations, however, contain uncertainties con-
nected with knowledge of atomic oxygen densities and the
rate of CO, vibrational quenching. These errors, in addition
to those associated with instrumental noise are estimated by
Mertens et al. [2001], and in toto range between 1.4% at
80 km and 22.5% at 110 km. However, what is primarily
important for the present application is the fidelity with which
temperature variations can be determined. In this connection,
apparent variations introduced into the SABER temperatures
by unmodeled variability in the assumed atomic oxygen
densities is of prime concern. The [O] densities in the re-
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trieval are obtained from msise90 between 80 and 120 km.
Specifically, if there are variations in [O] that are not modeled
by msise90, then these oxygen variations can effectively
introduce variations into the retrieved SABER temperatures.
To our knowledge, msise90 does not include variations in [O]
due to migrating and nonmigrating tides. Given our uncer-
tainty of atomic oxygen variability apart from those included
in msise90, these effects are difficult to estimate for any
particular phenomenon under investigation (i.e., any given
nonmigrating tidal component). Our results at the upper
altitude of 110—120 km should therefore be viewed with
due caution, and at this point their acceptability is assessed
qualitatively by examining the continuity of amplitude and
phase relationships within the 80—120 km height regime. We
hope in the future to derive atomic oxygen densities from
other SABER data and to utilize these in the temperature
retrievals to reduce uncertainties accordingly.

[10] SABER views the atmosphere 90° to the satellite
velocity vector in a 550 km and 73° inclination orbit so
that latitude coverage on a given day extends from about
53° latitude in one hemisphere to 83° in the other. This
viewing geometry alternates once every 60 days due to
180° yaw maneuvers required for the TIMED satellite.
Within a yaw period, data from the ascending and descend-
ing portions of the orbit can include up to about 22 hours
of local time (data are not acquired by SABER near noon).
Noontime values were obtained by interpolation wherever
required in our data processing. During 20 July to 20
September 2002, TIMED was observing between +53° and
—83° latitude; however, during this period high latitudes in
the Southern Hemisphere experienced extreme planetary
wave activity throughout the vertical extent sampled by
SABER [e.g., see Kriiger et al., 2005]. As shown by Forbes
and Wu [2006], temporal variations in stationary planetary
waves alias into many of the nonmigrating tides relevant to
the present study. Therefore data poleward of —53° in the
Southern Hemisphere were rejected. In addition, in order to
maintain 22 hours local time coverage at all latitudes, only
data between +40° was considered (some local time coverage
is lost near the yaw boundaries at +53°). These restrictions do
not have a serious impact on the present study.

[11] To extract the tidal oscillations, the following proce-
dure was used. Temperature measurements between 20 June
2002 and 20 October 2002 were averaged in bins spanning
24° longitude, 5° latitude, and 1 hour in UT at increments
of 2 km altitude from 20 to 120 km. A standard deviation
was computed for each hourly data point, primarily provid-
ing a measure of geophysical variability. Sixty-day running
means were obtained for each longitude bin, and then sub-
tracted from the measurements to obtain a set of temperature
residuals. This step was performed in order to remove long-
term trends that could potentially alias into the tides [see
Forbes et al., 1997b]. At each altitude, latitude and longi-
tude, Fourier least squares fits were performed on the
temperature residuals with respect to UT to determine am-
plitudes and phases of diurnal, semidiurnal and terdiurnal
tidal components. Least squares fitting was performed over
any data gaps, which were very infrequent (occurring mainly
near noon due to SABER viewing constraints). Each fre-
quency component was then subjected to Fast Fourier Trans-
form (FFT) to perform the zonal wave number
decomposition for s = —6 to s = +6. Uncertainty estimates

3 of 15



A10S06

FORBES ET AL.: TROPOSPHERE-THERMOSPHERE TIDAL COUPLING BY SABER

lon=108°, Height=86Km

A10S06

lon=108°, Height=110Km

lon=108°, Height=70Km
=

(- 40 [ Vo)
,Z’L> S 0 WDO/
= = =S 20
L L L]
A A A
3 8 g 0
2 2 2 ©
= = = |
-40 -40
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
SLT (hour) SLT (hour) SLT (hour)
lon=276°, Height 70Km lon=276°, Height=86Km lon=276°, Height=110Km
40
5
Iy = - @ 20
L3 O
Z A =
] ] g 0
= 2 2
5 5 3 -20
[\ —-40
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
SLT (hour) SLT (hour) SLT (hour)
Figure 1. Latitude versus local time temperature structures at 108° longitude (top) and 276° longitude

(bottom) at altitudes of 70 km (left), 86 km (center), and 110 km (right).

were computed for each zonal wave number component,
taking into account the frequency-component uncertainties
from the previous stage of analysis. Average temperatures in
the longitude and UT bins were also subjected to a two-
dimensional FFT, determining the frequency and zonal wave
number decompositions simultaneously, with little change in
the results.

3. Local Time Structures

[12] In this section we provide some perspective on how
local time structures vary with longitude. This view is
relevant, for instance, to interpreting differences in temper-
atures measured by ground-based sites at the same latitude
but different longitudes. The point is illustrated in Figure 1,
which depicts temperatures as a function of latitude and
local time at longitudes 108° and 276°, and at altitudes of
70 km, 86 km, and 110 km. At a given height, differences in
these structures between longitudes is a measure of the
relative importance of nonmigrating versus migrating tides.
At 70 km, temperature perturbations are of order £2—6 K,
and the broad, salient features are similar at the two
longitudes. At both longitudes, structures are predominantly
semidiurnal at the higher latitudes. However, while the local
time variation at the equator is clearly diurnal at 108° lon-
gitude, a strong semidiurnal component is still present at
276° longitude.

[13] At 86 km, a diurnal oscillation still prevails near the
equator at 108° longitude, with 14 K temperature excur-
sions approximately out of phase with those at 70 km. This
is consistent with a ~32 km vertical wavelength for the
diurnal tide, which is slightly longer than the values (25—
30 km) usually associated with inviscid classical tidal theory
[Chapman and Lindzen, 1970]. A significant semidiurnal
oscillation exists near —30° to —40° latitude and persists at
276° longitude. At 276° longitude some mixture of diurnal
and semidiurnal components combine to produce the ob-
served structures. At 110 km, the patterns at the two longi-
tudes actually begin to look more similar, with semidiurnal

features clearly evident at all latitudes, and temperature
excursions of +20—30 K. However, this particular separation
of longitudes may not be optimum for revealing the impact of
DE3, which has an equatorial amplitude of =16 K at 110 km,
but with 4 maxima in longitude (hence separated by 90°) in
the satellite reference frame (see following sections). From
the above, we conclude that the relative importance of non-
migrating tides is highly dependent upon the relative phasing
of the various individual components comprising the tidal
field, and changes significantly with latitude, longitude, and
altitude within the MLT.

4. Overview of Spectral Components

[14] The variation of local time structure with longitude
as depicted in Figure 1 is embodied in a spectrum of zonal
wave numbers (i.e., s-values in equation (1)) for each nth
harmonic (i.e., diurnal, semidiurnal, etc.). While in theory
an infinite sum is required to capture the longitude variation
of each harmonic, in practice relatively few harmonics are
found to dominate. To illustrate, consider Figure 2, which
depicts the latitude versus zonal wave number amplitude
spectra of diurnal, semidiurnal, and terdiurnal nonmigrating
tides measured by SABER at 106 km. Migrating tides are
omitted from this figure in order to highlight the generally
smaller-amplitude nonmigrating components.

[15] Figure 2 contains spectral components such as DE3,
DW2, DO, SW3, SWI, and TW2 that have been identified
in previous analyses of satellite data [e.g., Talaat and
Lieberman, 1999; Forbes et al., 2003a, 2003b; Forbes
and Wu, 2006; Huang and Reber, 2004; Manson et al.,
2004; Zhang et al., 2006] and are now well-accepted as
nonmigrating tides of importance in the MLT region. Here
we have also estimated the wave number resolution and RMS
noise levels for the illustrated spectra to provide a quantita-
tive basis for establishing the significance of these oscilla-
tions. Unfortunately, because the SABER data are irregularly
sampled in time and space there is no generalized theory that
can be applied to determine the spectral resolution of the
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Figure 2. Latitude versus zonal wave number (positive for westward-propagating) amplitude spectra
(K) for diurnal (left), semidiurnal (center), and terdiurnal (right) tidal temperature components from
SABER measurements (top) and global-scale wave model (GSWM) [Hagan and Forbes, 2002, 2003]
results (bottom) at 110 km. The only non-migrating tidal source in the GSWM is latent heating due to

deep tropical convection. No terdiurnal results are available for the GSWM.

results. Details on the theory of asynoptic sampling can be
found in the work of Sa/by [1982]. However, we can apply
basic signal processing concepts and a numerical approach to
aid in the interpretation of the spectral resolution. We know
from Fourier analysis that spectral resolution is proportional
to the inverse of the time series length. Therefore the longer a
signal is observed the higher the spectral resolution. The
spectral resolution in the frequency dimension will improve
with a longer time series but in the wave number dimension
the spectral resolution is largely controlled by the number of
orbits per day, which is constant and approximately 15 for
TIMED. To determine the spectral resolution in wave number
we sampled a monochromatic plane wave propagating in
time and longitude and computed the half power full-width
(HPFW), a typical measure of spectral resolution. The result
indicates that the HPFW = 0.7 for SABER sampling, imply-
ing that the spectral power for a monochromatic plane wave
with wave number » has dropped by 50% atn + 0.3 and n —
0.3. In viewing Figure 2, one must also be mindful that only
integer values of wave number are used in defining the
spectra, but color contouring gives the impression of conti-
nuity of power between zonal wave numbers.

[16] Computation of the RMS noise level was also com-
puted numerically, by filtering data around locations in the
spectra where spectral peaks are not expected a priori (e.g.,
22 hours, s = —5 and s = —6). The results, using the same
bandwidths as for the fits in Figure 2, indicate an RMS noise
level ranging from 0.5 K at 86 km to 1.8 K at 120 km. For
altitudes near 106 km the RMS noise level was about
1.2 K. Assuming the background noise structure is white
and the squared amplitude can be represented as a chi-
squared random variable with 1 degree of freedom, statistical

x2(a)(1.2)* where
(e is the 1000% percentage point for a normalized chi-
squared distribution with 1 degree of freedom [Mendenhall et
al., 1986] and T, is the temperature that the measurements
must exceed to achieve this level of significance. In Figure 2
the two lowest contour levels are for peak temperature
perturbations of 2.5 and 4.0 K, which are significant at the
3.7% and 0.088% levels, respectively. The interpretation is
that there is a 3.7% (0.088%) chance that random noise will
cause a peak amplitude in excess of 2.5 K (4.0 K). However,
since the observations and processing are independent of
latitude, any latitudinal coherence in Figure 2 will serve to
increase confidence in the results. Assuming the noise at each
latitude is independent, then if a peak exceeded 2.5 K at n
consecutive latitudes this would increase the significance
level to (0.037)n. As an example, if the peak amplitude
exceeds 2.5 K for two consecutive latitudes the statistical
significance would increase to 0.14%.

[17] Also shown in Figure 2 are results from the Global
Scale Wave Model (GSWM) [Hagan and Forbes, 2002,
2003] (http://web.hao.ucar.edu/public/research/tiso/gswm/
gswm.html). Results from this model are “climatological”
in that average specifications of heating, mean winds, etc.,
are utilized to drive the model. The only source of non-
migrating tides in the GSWM is latent heat release due to
deep tropical convection. Here we use the GSWM to assess
the plausibility that certain nonmigrating tidal components
revealed in the SABER data may or may not arise from this
source of excitation. To understand the specific zonal wave
number content of the spectra, refer to previous works [i.e.,
Conrath, 1976; Zurek, 1976; Tokioka and Yagai, 1987,
Yagai, 1989; Hendon and Woodberry, 1993; Williams and

significance can be calculated as T, =
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Figure 3. Horizontal amplitude (left) and phase (right) structures of SW2 (top) and SW3 (bottom) tidal
temperatures at 116 km. The solid lines represent fits to the SABER temperature amplitudes using the
first two Hough modes for these wave components. Dashed lines correspond to GSWM results from
Hagan and Forbes [2003], wherein latent heating due to deep tropical convection is the only source for
nonmigrating tides (i.e., SW3). Vertical bars represent 1-o uncertainty estimates.

Avery, 1996; Forbes et al., 2001; Teitelbaum and Vial,
1991] that demonstrate the following principle: Zonal
asymmetries in surface or atmospheric properties character-
ized by zonal wave number m modulate absorption of the
nth harmonic of diurnally varying solar radiation to excite
the “sum and difference” thermal tides with frequency nf2
and zonal wave numbers n + m. For instance, existence of
SW1 and SW3 in Figure 2 is consistent with nonlinear
interaction between SW2 and SPW1 [Forbes et al., 1995;
Angelats i Coll and Forbes, 2002]. These components can
in principle also be excited by latent heating in the tropo-
sphere, wherein a similar interaction between the SW2
component of solar radiation and the s = 1 component of
topography/land-sea contrast exists [Hagan and Forbes,
2003]. However, this does not appear to be the case, based
on the small GSWM amplitudes for these waves in Figure 2.
A similar interaction between TW3 and SPW1 likely pro-
duces the TW2 signal in Figure 2, although the TW4 com-
ponent of this wave pair is missing. No GSWM latent
heating results are available for the terdiurnal tide.

[18] A comparison between GSWM results for SW2 and
SW3 and those derived from the SABER temperature
measurements is provided in Figure 3. The solid lines rep-
resent fits to the SABER temperature amplitudes using the
first two Hough modes for these wave components, which
capture most of the latitudinal variability quite well; devia-

tions between the fit and the data indicate the presence (in
the measurements) of higher-order Hough modes. For SW2,
the first two Hough modes have theoretical vertical wave-
lengths of >200 km (symmetric) and ~82 km (first anti-
symmetric). Some difference between the fit and data
between 20—40° latitude is indicated, suggesting presence
of higher-order modes. For SW3, superposition of the first
two modes reproduces the latitude structure, indicating dom-
inance of the first symmetric and antisymmetric modes, with
theoretical vertical wavelengths of ~105 km and ~62 km,
respectively (note that restriction of the Hough mode fits to
+40° latitude precludes scrutinizing the above results too
much). The dotted lines in Figure 3 correspond to the GSWM
results [Hagan and Forbes, 2003]. Reasonable data-model
agreement is obtained for the SW2 amplitude distribution and
the phase shift near 10—20° latitude, but the model indicates
much stronger phase gradients with latitude than the obser-
vations. Concerning SW3, it is clear that the model signifi-
cantly underestimates the observed amplitudes, especially at
low latitudes, indicating that latent heat release is probably
insufficient to serve as the main excitation source for this
wave. The modeled phase distribution is also unlike the ob-
served one. As noted in the previous paragraph, it is more
likely that SW3 is generated by nonlinear interaction between
SW2 and SPW1. During this period of time, a large SPW1
existed in the Southern Hemisphere, as part of the wave field
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preceding the first recorded midwinter austral stratospheric
warming [e.g., Kriiger et al., 2005].

[19] Returning to Figure 2, an obvious point revealed
therein is that DE3 is the largest nonmigrating oscillation
observed by SABER during this time period. Although the
only known source of significance for DE3 is latent heating
[Forbes et al., 2001], the GSWM underestimates the ob-
served maximum of DE3 (=16 K) by a factor of two. Com-
parison with other model results for DE3 are provided
below. GSWM similarly underestimates DE2 by about a
factor of 2. In addition to DE3, DE2, and DE1 also appear
to be predominantly generated by latent heating in the trop-
ical troposphere [Miyahara and Miyoshi, 1997; Miyahara
et al., 1999; Ekanayake et al., 1997; Forbes et al., 2003a,
2003b]. DE3 and DW5 comprise the wave pair due to in-
teraction between the DW1 component of solar radiation
interaction with the m = 4 component of topography/land-
sea contrast (see section 4), which is dominant at low lat-
itudes [Yagai, 1989]. Both of these waves are clearly evident
in spectra of tropospheric condensation (latent) heating
[Forbes et al., 2001], but the amplitude of DE3 is much
stronger than that of DWS in Figure 2. This is because DE3
theoretically possesses a much larger vertical wavelength
(<60 km) than DW5 (<25 km). Since the time constant for
eddy dissipation in proportional to the square of the vertical
wavelength, DE3 penetrates much more effectively into the
MLT than DWS5. The degree to which the above differences
occur also depends on how the vertical and latitudinal
structures of heating project onto the different Hough modes
comprising DE3 and DWS5.

[20] Similar arguments for the existence of DE2 and DEI
can be made with respect to the DW1 component of solar
radiation interacting with the m = 1 and m = 0 components
of topography, respectively. According to classical tidal
theory, these tidal components have significantly longer
vertical wavelengths than their westward propagating coun-
terparts, are thus less susceptible to dissipation, and hence
more likely to penetrate to the upper mesosphere/lower
thermosphere [Ekanayake et al., 1997]. Similarly, since the
GSWM reveals that latent heating is only able to account for a
~2 K contribution to DW2 at the equator, it is likely that
DW2 and DO in Figure 2 arise from nonlinear interaction
between DW1 and SPW1, as studies by Hagan and Roble
[2001] and Lieberman et al. [2004] indicate that such
amplitudes are easily achievable through this mechanism.
As noted previously, the Southern Hemisphere experienced
significant planetary wave activity at high latitudes during
this period. Thus it is possible that DW2 and DO achieved
much higher peak values during the 20 July to 20 September
2002 analysis period than the averages depicted in Figure 2.

[21] A few wave components in Figure 2 remain that
have not been discussed. DW6 and SW4 appear with
significant power only over very restricted latitude ranges;
combined with lack of any concrete physical explanation for
these waves, they are not discussed further. SW6 and SE2
exist in the GSWM due to interaction between the SW2
component of radiation and the m = 4 component of to-
pography. These waves do not appear to any significant
degree in the present SABER data, although they appear in
climatological fields derived from a full year’s worth of
SABER data [Zhang et al., 2006] and in fact play an im-
portant role in determining the longitude variability of the
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semidiurnal tide [Zhang et al., 2006]. We also note that SE3
appears with significant amplitudes and symmetric structure
about the equator. Mathematically, interaction between the
SW2 component of solar radiation and the m = 5 component
of topography is a possibility, but it is unlikely that this
combination would yield a tidal perturbation larger than the
more likely SW6-SE2 pair noted previously. Nonlinear
interaction between DE3 and DO is another mathematically
consistent option, but DO amplitudes do not exceed 4 K
during this time interval. The question regarding SE3 re-
mains open.

[22] Finally, height versus latitude structures for the
migrating tides DW1, SW2, TW3, and the three nonmigrat-
ing tidal components DE3, SW3, and TW2, are illustrated in
Figure 4. DW1 reveals distinctive signatures of (1) trapped
components as indicated by broad latitudinal structures be-
tween 40 and 60 km and above 100 km, due to in situ
excitation by O; absorption of UV solar radiation, and O,
and N, absorption of EUV solar radiation, respectively; and
(2) the main propagating tide between 60 and 100 km, with
maxima at the equator and between ~20 and 30° latitude.
The latter wave is mainly excited by H,O solar radiation
absorption in the troposphere, but tropospheric latent heat-
ing [Forbes et al., 1997a] and ozone absorption [Hagan,
1996] make nonnegligible contributions. Note that DE3 is
as large as DW1 below about 110 km. This tidal component
is discussed in detail in the following section. SW2 and
TW3 are also comparable to DW1 throughout most of the
height regime accessible by SABER. Above 100 km, SW2
probably consists in part of an in situ component due to
EUV solar radiation absorption. TW3 is surprisingly large
(=32 K) at tropical latitudes in the Southern Hemisphere.
This tidal component is thought to originate both directly by
solar radiation absorption, and indirectly by nonlinear
interaction between DW1 and SW2 [Teitelbaum and Vial,
1991; Smith and Ortland, 2001]. Vertical propagation of
TW3 into the upper thermosphere may be relevant to
explaining existence of the midnight temperature anomaly.
As noted previously, SW3 and TW2 are probably excited by
nonlinear interaction between their migrating counterparts,
and SPWI is known to exist at high latitudes in the
Southern Hemisphere during this period [e.g., Kriiger
et al., 2005]. In this connection, it is not understood why
the amplitudes of SW3 are larger in the Northern than
Southern Hemisphere, but on the other hand, it must be
remembered that we are only obtaining a glimpse of this
wave structure between +40° latitude.

5. Eastward Propagating Diurnal Tide With
Zonal Wave Number s = 3 (DE3)

[23] DE3 is a prominent oscillation in the spectra of
Figure 2. Modeling studies [Forbes et al., 2001; Hagan
and Forbes, 2002] show that this oscillation is forced
primarily by latent heat release due to deep tropical con-
vection. DE3 was found to be the largest of all the non-
migrating diurnal tidal components in the tidal analysis of
UARS winds at 95 km by Talaat and Lieberman [1999],
Forbes et al. [2003a, 2003b], Huang and Reber [2004], and
Manson et al. [2004]. In this section we evaluate the ca-
pabilities of several models to reproduce the SABER DE3
amplitudes in Figure 3 and present alternative depictions of
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Figure 4. Height versus latitude temperature amplitudes for the migrating diurnal, semidiurnal, and
terdiurnal tides (DW1, SW2, TW3) (top), and the nonmigrating tides DE3, SW3, and TW2 (bottom).
Contour intervals are 0.5, 1.0, 2.0, 4.0, 8.0, 16.0, 32.0 K.

the SABER temperature measurements that focus on the
role of topography/land-sea differences in influencing lower
thermosphere structure. In addition, an analogy is provided
with respect to similar troposphere-thermosphere coupling
effects occurring in Mars’ atmosphere.

[24] We begin by comparing in Figure 5 the height versus
latitude amplitude distribution of DE3 derived from
TIMED/SABER, with three model results. The model de-
noted “GSWM” corresponds to global-scale wave model
(GSWM) results from Hagan and Forbes [2003] and
includes forcing exclusively due to latent heating due to
deep tropical convection. The GSWM predicts amplitudes
with very similar latitude-height distribution as SABER, but
approximately a factor of 2 too low in amplitude. The model
result labeled “GSWM/NCEP” utilizes heating rates from
the NCAR/NCEP Reanalysis Project [Forbes et al., 2001],
consisting of a combination of condensation heating, deep
and shallow convective heating, vertical diffusion heating,
and short and longwave radiative heating. Of these, the
combination of condensation and convective heating is by
far dominant for DE3 and is roughly comparable in defini-
tion to the latent heating derived by Hagan and Forbes
[2003]. These results again yield global structures similar in
shape to those of SABER but are a factor of 2 too large in
amplitude. The model labeled “Kyushu GCM” is described
by Miyahara and Miyoshi [1997] and Miyahara et al.
[1999] and contains full tropospheric physics with heating
rates of the type in the NCEP/NCAR reanalysis. This
model yields similar structures and amplitudes to those of
“GSWM.” Note that the SABER temperatures peak at
about 110 km, whereas GSWM peaks closer to 115 km, and
Kyushu GCM at a higher altitude. These differences are
probably attributable to differences between the DE3 vertical
wavelengths and molecular viscosity profiles in the models
and in the atmosphere.

[25] Figure 6 presents an alternative depiction of lower
thermosphere temperature structure that is strongly influ-
enced by the presence of DE3. Here we utilize 5 days of
data at 110 km centered on day 238 of 2002, and calculate
residuals from the mean values over this 5-day period.
Figure 6 illustrates the mean residuals over this period for
the ascending (LST = 18.1 hours) and descending (LST ~
3.08 hours) portions of the orbit. Note that the extrema in
Figure 6 are of order £30 K, i.e., greater than the 10-20 K
amplitudes for the DE3 averaged over the observation
interval (cf. Figure 5). This means that wave components
other than DE3 are contributing to the structures in Figure 6
and/or DE3 is changing with time during the interval.
Although the local times along the orbit change slightly
with latitude and time, for purposes of this discussion the
local times of ascending and descending portions of the
orbit can be assumed constant over days 236—240. We note
that the predominant feature in this depiction is a wave-4
structure that tends to be opposite in phase for the ascending
and descending portions of the orbit. The origin of this
structure is now discussed.

[26] Starting with equation (1), and converting from
universal time to local solar time using ¢ = t; 7 + N2 where
Q =2n/24h”", we obtain

Aps cos(nQpr + (s — n)N — d,,) (2)

For days 236-240, local time is constant in the satellite
frame for either the ascending or descending branch of the
orbit. For #;7 = constant in (2), we see that the wave-4
structure is consistent with any values of s and »n for which
|s — n| = 4; in other words, a stationary planetary wave with
s = 4; a diurnal tide (n = 1) with s = =3 or s = +5; a
semidiurnal tide (n = 2) with s = +6 or s = —2; and so on.
The fact that SABER observes two local times provides
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Figure 5. Comparison of height versus latitude amplitude structures of DE3 tidal temperature from
various sources. Upper left: TIMED/SABER (this analysis). Upper right: GSWM results using NCEP/
NCAR Reanalysis heating rates [Forbes et al., 2001]. Lower left: GSWM results from Hagan and Forbes
[2003]. Lower right: Results from the Kyushu University Middle Atmosphere General Circulation Model
[Miyahara and Miyoshi, 1997; Miyahara et al., 1999].

additional information that helps to resolve the ambiguity. If
the ascending and descending orbits were 180° apart and if the
structures in Figure 6 were exactly in antiphase, then it would
be reasonable to assume that they corresponded to a diurnal
tide since n{;(ascending) — nQl;(descending) = m.
However, mathematically a terdiurnal tide (» = 3) would also
be an admissible solution for s = —1 or s = +7. Under these
ideal conditions other mathematical possibilities would of
course exist. As we will see below, evolution of these
structures with respect to local time will provide the
additional information necessary to make an unambiguous
determination of DE3. The reader is referred to Oberheide et
al. [2000,2002] and Ward et al. [1999] for further insight into
extracting useful tidal information from ascending and
descending node data.

[27] As alluded to previously, the DE3 and DWS5 tidal
components are connected with the predominance of wave-4
topography and land-sea difference in the tropics. The basic
idea is that as the migrating diurnal harmonic of solar
radiation (proportional to cos(2z + sX\)) passes over the
surface of the Earth, characteristics of the surface (or over-
lying atmosphere) proportional to cos4X modulate the sur-
face heating so as to generate the “sum and difference”
waves, DW5 and DE3:

cos4Xcos(Q2 +N) — cos(Qf + 5X) + cos(Qt —3N)  (3)

Similarly, wave-1 modulation of the diurnal component of
heating gives rise to DW2 and DO,

cos A cos(Qr + N) — cos(2¢ + 2XN) + cos(£2¢) (4)

As illustrated by Forbes et al. [2001], all four of the diurnal
waves in (3) and (4) are prominently evident in the space-
time decomposition of NCEP/NCAR Reanalysis heating
rates, consistent with similar features seen in previous works
[Tokioka and Yagai, 1987; Yagai, 1989; Hendon and
Woodberry, 1993; Williams and Avery, 1996] and similarly
interpreted.

[28] Note also that wave-4 modulation of the semidiurnal
component of solar heating yields

cos4Xcos(2Q1 + 2X\) — cos(Q + 6X) + cos(Q2 —2X\)  (3)

Again, and referring back to the discussion in connection
with equation (2), the wave-4 topography yields tides with
|s — n| = 4 structures from Sun-synchronous orbit, in this
case with semidiurnal period. This result was generalized by
Forbes and Hagan [2000] in connection with interpretation
of lower thermosphere densities measured from Mars Global
Surveyor in a quasi-Sun-synchronous orbit. They showed
that “for any tidal frequency, the wave number m component
of topography yields nonmigrating tidal structures which
appear as wave number m stationary features from Sun-
synchronous orbit.”” In this connection, it is interesting to
compare the result in Figure 6 with an analogous result for
Mars, whose dominant topographic wave number at low
latitudes is s = 2, as opposed to s = 4 for Earth. The Mars
result is illustrated in Figure 7 and is based on identical data
displayed by Forbes et al. [2004]; namely, thermosphere
density residuals (from the zonal mean) normalized to
125 km during Phase I aerobraking of the Mars Global
Surveyor satellite from September 1997 to March 1998.
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