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[1] The SABER instrument on the TIMED satellite provides unprecedented geographical
coverage for the determination and study of atmospheric tides. However, the slow
local time precession rate of TIMED can cause longer-term temperature variations to alias
into the tidal signals. A new method of analyzing satellite data for tides has been
developed to circumvent this difficulty, but at the expense of temporal resolution of the
tidal fields, i.e., 120-day mean tidal structures are obtained. In this work, we apply
this method to SABER temperature data to derive a series of 120-day mean tidal
structures, extending between 20 and 120 km altitude, 50�S–50�N latitude, and centered
on each month from September 2003 to September 2004. In addition to the migrating
(Sun-synchronous) diurnal and semidiurnal tides, a number of nonmigrating tides are
revealed in the SABER measurements. Some of these waves are thought to originate via
nonlinear coupling between the migrating tides and the stationary planetary wave
with zonal wave number s = 1. Other nonmigrating tidal components appear to be forced
by latent heating due to deep tropical convection. Of the latter, the eastward propagating
diurnal tide with s = 3 is dominant and is as large as the migrating diurnal tide during
some months. Of particular interest is the wave-4 structure with respect to longitude
that characterizes both the diurnal and semidiurnal total tidal fields. This feature is a result
of the predominant wave-4 topography/land-sea longitude dependence at the surface,
which is reflected in the diurnal and semidiurnal components of the latent heating rates
due to deep tropical convection. The ability of the global-scale wave model (GSWM)
to approximate the observed tidal fields, including the wave-4 total tidal structures, is also
assessed.
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1. Introduction

[2] The global temperature, density, and wind fields
induced by the daily cyclic absorption of solar energy in
an atmosphere are referred to as solar thermal tides. As one
progresses upward into the more tenuous regions of the
atmosphere, the importance of tides to the dynamical state
of any solar-driven atmosphere increases significantly.
Tides are usually global-scale oscillations, and therefore a
satellite perspective of the tidal fields presents distinct
advantages. Herein, we pursue this global view with the
following specific objectives: First, we derive a new method
for extracting atmospheric tides from satellite-based meas-

urements that formally eliminates aliasing introduced by a
changing mean state over the fitting interval. Applying
this methodology to temperature measurements from the
SABER instrument on the TIMED satellite, we then seek to
provide, for the first time, monthly mean tidal temperature
structures extending between 20 and 120 km altitude,
50�S–50�N latitude, and centered on each month from
September 2003 to September 2004. Here much attention
is devoted to the 80–120 km height region of the atmo-
sphere, often referred to as the MLT (mesosphere-lower
thermosphere). The MLT is particularly interesting as it is
where the tidal oscillations are so large as to govern the
dynamics of the region. However, the MLT is also where
many tidal oscillations transition from freely propagating
(exponentially growing) waves to those undergoing signifi-
cant dissipation, and wherein the upward propagating tides
give way in importance to those forced in situ by EUV solar
radiation absorption. For these reasons, it is also the
optimum altitude region to ‘‘view’’ the full spectrum of
tides propagating upward from the lower thermosphere.
Third, it is our intention to provide some perspective on
the current status of atmospheric tidal modeling by com-
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paring the derived tidal temperatures with those simulated
by the global-scale wave model (GSWM) [Hagan and
Forbes, 2002, 2003]. In this context it is also our goal to
better understand the origins of the measured tidal temper-
atures. Finally, we specifically seek to illuminate and
understand the characteristics of the wave-4 longitude
structures of diurnal and semidiurnal tides that have their
origins in the predominant wave-4 variation in topography
and land-sea differences at low latitudes. In the following
subsections of this introduction, we provide additional
background and motivations for pursuing each one of these
objectives.
[3] Even though this paper only addresses tidal variations

in the temperature field, delineation of our results is a
multidimensional task. The tidal fields to be described are
a function of height, latitude, longitude (or zonal wave
number), and month. Therefore it is only possible to
illustrate a small fraction of our results in this paper. The
authors can provide additional figures that depict the full
range of our results upon request. In addition, in order to
keep the length of this paper within reasonable limits, it is
not possible to provide all of the Hough functions from
classical tidal theory that are alluded to throughout this
paper. The general features of these tidal modes are noted
where necessary. To understand these segments of our
presentation, some a priori knowledge of classical atmo-
spheric tidal theory is required [i.e., see Chapman and
Lindzen, 1970; Forbes, 1995].

1.1. Atmospheric Tides Measured From the Ground
and Space

[4] Atmospheric tides often constitute the dominant dy-
namical component of the MLT. Tidal winds in the MLT are
measured from the ground using medium-frequency (MF)
and meteor radars at various locations around the globe.
These measurements are usually made between 80 and
100 km, are nearly continuous, and have been accumulated
for decades at some stations. Passive optical methods are
capable of providing MLT temperatures in addition to
winds, but are restricted to nighttime and ‘‘effective alti-
tudes’’ associated with specific emission layers. Resonance
lidars can often measure temperatures and winds both day
and night but not continuously and only at limited locations.
Incoherent scatter radars extend acquisition of MLT temper-
atures and winds to 100–120 km, but these usually only
extend over ‘‘campaign’’ intervals of 2–10 days and are
available at only a handful of sites. Each of the above
methods has its own shortcomings and makes its unique
contributions, whether it be in the continuity of its wind
measurements (MF and meteor radars), measuring temper-
atures for extended periods (i.e., weeks to months) in
remote polar locations (passive optical), providing excellent
temporal and vertical resolution of the temperature field
(lidars), or providing a perspective on the dynamics of the
100–120 km height region (incoherent scatter radars). A
major advantage of ground-based methods is their ability to
distinguish various waves in the time domain, i.e., to
characterize the various frequencies of oscillations during
a given time period. They are also often able to provide
detailed information on vertical structure, including vertical
wavelengths and direction of propagation. A disadvantage
of ground-based methods in the context of global dynamics

is their ability to provide only very coarse information on
latitudinal and longitudinal dependences of waves and their
inability to distinguish between global and local signatures.
[5] Satellite-borne remote sensing instruments, i.e., on

UARS and TIMED, have provided the opportunity to
measure MLT winds and temperatures from space. These
instruments usually scan the atmosphere and obtain mea-
surements of emissions or spectra that are integrated along
some slant path, often from the satellite to Earth’s limb.
Inversion methods are used to transform the raw optical
measurements to temperatures and winds and thus introduce
averaging along the slant path and in altitude. Vertical
scanning from a horizontally moving satellite also introdu-
ces latitudinal spread in vertical profiles that ultimately
emerge from the inversion process. The obvious advantage
of satellite-based atmospheric sampling is the latitude and
longitude coverage that is capable of being achieved. For a
satellite in a nominal 90-min period orbit, the ascending or
descending segment of the orbit samples 15 longitudes per
day at a nearly constant local solar time for any given
latitude. The maximum latitude reached by the orbit is
approximately equal to its inclination (i) with respect to
the equatorial plane. For UARS and TIMED, the inclina-
tions are 57� and 74�, respectively. Limb-viewing instru-
ments with solar angle requirements generally require the
satellite to perform yaw maneuvers at regular intervals
(yaw cycle) in order that these constraints are met. This
means that the maximum latitude limits for data acquisi-
tion shift between �i ± 10–15� in one hemisphere and
��i ± 10–15� in the other. Within a yaw cycle, ascending or
descending measurements precess through about 12 hours
of local time. In the case of UARS and TIMED, these
precession periods are 36 days and 60 days, respectively.
For measurements that are possible during both day and
night, 24 hours of local time coverage is attained
(in principle) over these intervals by combining ascending
and descending data together.
[6] The above local time precession periods bring to light

the major shortcomings of utilizing satellite-based measure-
ments to derive atmospheric tides: (1) If the local time
structure of the atmosphere at any given location evolves
over the precession period, then tides derived from these
data represent some sort of average over the period;
(2) Changes in the zonal mean during the precession period
are viewed as a local time variation in the satellite frame; in
this way, evolution of the zonal mean aliases into the
derivedmigrating (Sun-synchronous, longitude-independent)
tidal fields; and (3) In a similar way, temporal variations in
stationary and long-period planetary waves can alias into the
nonmigrating (non-Sun-synchronous, longitude-dependent)
tides [Forbes and Wu, 2006].
[7] Different methods of analyzing satellite data for tides

have been used to avoid or ameliorate the above effects
[e.g., Lieberman, 1991; Forbes et al., 1997, 2003; Talaat
and Lieberman, 1999; Huang and Reber, 2004; Oberheide
and Gusev, 2002], each with its attached deficiencies and
uncertainties. For instance, some methods [Lieberman,
1991; Oberheide and Gusev, 2002] estimate diurnal tides
on a daily basis by taking differences between ascending
and descending node measurements [Lieberman, 1991;
Oberheide and Gusev, 2002] that are 12 hours or less apart
in local time. This eliminates aliasing due to long-term
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trends, as described above. However, ambiguities in zonal
wave number can occur, particularly for westward propa-
gating tides, since several wave components can alias into
the same zonal wave number as viewed from space. The
same difficulty occurs when inferring tides from monthly
averaged daytime-only data from a satellite precessing in
local time [Talaat and Lieberman, 1999]. Studies that utilize
data over the full 24-hour local time precession period of the
satellite attempt to remove aliasing due to long-term trends
by subtracting a running mean from the data [e.g., Forbes et
al., 1997, 2003], or by fitting data over a full year using
functions that include annual and semiannual components in
addition to the tides [Huang and Reber, 2004]. However,
the degree to which such aliasing is eliminated is not known
with certainty. For both ground-based and space-based
methods of deriving tides, one must be cognizant of all
the above shortcomings when interpreting the experimental
data. In addition, model results must be cast into a frame-
work consistent with the means by which the ‘‘observed’’
tidal fields were acquired and constructed.
[8] In the present work, we present a new method for

deriving tidal fields from satellite data that formally (math-
ematically) separates trends (both zonal mean and at any
given longitude) from the tides, and apply it to temperature
measurements from the SABER instrument on TIMED.
This eliminates several of the aliasing issues noted above,
which are especially relevant to TIMED given its relatively
long precession period. Unfortunately, as we shall see, this
requires 120 days of data to perform a tidal analysis, which
doubles the time period over which the tides are averaged.
This effect is diminished somewhat by taking overlapping
120-day means centered on the 15th of each month. Despite
these shortcomings, the opportunity to provide the first
climatology of tidal temperatures up to 120 km is compel-
ling. The methodology is presented in section 2.

1.2. SABER Temperature Measurements

[9] 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
±83� with close to 100% duty cycle. SABER views the
atmosphere 90� to the satellite velocity vector in a 625 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 descending portions of the orbit can include
up to about 22 hours of local time (data are not acquired by
SABER near noon). This type of coverage provides un-
precedented opportunities for the study of tides and plane-
tary waves, and their roles in coupling the troposphere,
stratosphere, mesosphere, and thermosphere. Although we
determined tidal temperature perturbations throughout the
SABER measurement domain, we primarily present herein
results between 40 and 120 km because the perturbations
below 40 km are small.
[10] The method of deriving kinetic temperatures from

CO2 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 Tk incorporate simulta-
neous determinations of CO2 densities from the CO2 15 mm
emission. This eliminates a major source of uncertainty
since CO2 is not well mixed above 75 km and therefore
cannot be specified in terms of a volume mixing ratio. The
CO2 determinations, however, contain uncertainties
connected with knowledge of atomic oxygen densities and
the rate of CO2 vibrational quenching. As noted by Forbes
et al. [2006], unmodeled atomic oxygen variations can also
introduce errors into the retrieved temperatures, and for this
reason results above 100–110 km contain errors of un-
known magnitude due to this source and should be viewed
with due caution. However, we can say that no unusual or
unexpected tidal behavior is evident in any of our results up
to 120 km. In the future we hope to better validate temper-
atures in the region above 100 km and eventually to recover
atomic oxygen densities from other SABER measurements
and to nearly eliminate any associated uncertainties in the
temperature retrievals.

1.3. Global Scale Wave Model (GSWM) in the
Context of the SABER Tidal Climatology

[11] A monthly climatology of tidal temperatures can be
valuable for the evaluation of models. In general, data-
model comparisons often serve as a barometer for assessing
our knowledge of the underlying mechanisms that define
the structure and variability of the atmosphere. Following
on motivations for this study articulated at the beginning of
this section, in this altitude region data-model comparisons
also provide insight into the capability of models to simulate
the full spectrum of tides and their dissipation. In addition,
much can be learned about the presence, absence,
or inadequacy of forcing mechanisms for certain tidal
components.
[12] As with the methods of data acquisition and deter-

mination of tidal fields in the atmosphere (see previous
subsection), there exist a number of types of tidal models,
each with its own strengths and weaknesses. Further,
depending on the type and complexity of an atmospheric
model, different things might be learned through compari-
son of calculated tidal fields with observed ones. For
instance, some of the tides to be discussed in sections 3
and 4 are forced by some combination of H2O solar
radiation absorption and latent heating in the troposphere.
Both of these heat sources are dependent on the hydrologic
cycle, including the global distributions of clouds and water
vapor, the types of clouds, cloud depths, and parameter-
izations of convection and related processes. The inability
of a GCM to simulate certain tidal fields in the upper
atmosphere might, for instance, point to some deficiency
in one or more of the above processes not readily gleaned
from other measurements or methods.
[13] Several models have been reported in the literature

with specific focus on the tidal fields that they produce.
Some of these are first principles three-dimensional models
of various complexity that attempt to emulate realistic
tropospheric physics, wave-wave interactions, and self-con-
sistent wave-mean flow interactions [e.g., Grieger et al.,
2002, 2004; Miyahara and Miyoshi, 1997; Miyahara et al.,
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1999]. The global-scale wave model (GSWM) [Hagan et
al., 1995, 1999; Hagan, 1996; Hagan and Forbes, 2002,
2003], the model adopted for the present study, is formu-
lated from a different perspective. The GSWM solves the
linearized tidal equations; given the frequency, zonal wave
number and excitation of a particular oscillation, and a
specification of the zonally averaged atmospheric state, the
height versus latitude distribution of the atmospheric re-
sponse is calculated. The linear approximation is not con-
sidered to be a shortcoming of any significance in
calculating the wave response to any given forcing. How-
ever, the linear approximation precludes excitation of some
tidal oscillations by wave-wave interactions (see below).
The model includes in some form or another all other
processes of known importance to calculation of the global
atmospheric tidal response: surface friction, mean winds,
and meridional gradients in scalar atmospheric parameters,
radiative cooling, eddy and molecular diffusion, and ion
drag.
[14] The GSWM has several advantages that make it

particularly suitable for comparison with the SABER tidal
temperatures. First, it extends from the surface to >250 km,
and thus handles the dissipation region above 100 km very
well. Second, monthly mean heating rates are based upon
observed distributions of H2O, O3, and O2. Third, monthly
mean background (zonal mean) wind distributions are
similarly based on measurements, and the zonal mean
temperatures and densities are specified using an empirical
model [Hedin, 1991] that is also constructed from observa-
tional data. In addition, the GSWM is the only model that
utilizes latent heating rates (associated with deep tropical
convection) that are observationally based; i.e., satellite-
based cloud brightness temperature measurements are trans-
lated to rainfall rates through a parameterization validated
against rain gauge data [Forbes et al., 1997], and these are
in turn used to estimate latent heating. The GSWM is
specifically formulated to emulate ‘‘monthly mean’’ global
responses of individual tidal components to monthly mean
diurnal and semidiurnal excitations tidal excitations. So, in
this sense the GSWM has been optimized to provide the
best possible specification of thermally forced global tides
throughout the atmosphere on a monthly mean basis.
Current deficiencies of the GSWM are that it does
not include forcing due to nonlinear interaction between
migrating tides and stationary planetary waves [Forbes et
al., 1995; Hagan and Roble, 2001; Angelats i Coll and
Forbes, 2002; Yamashita et al., 2002; Grieger et al., 2004;
Lieberman et al., 2004], thermospheric heating due to EUV
solar radiation absorption (important above about 110 km)
on a monthly basis, or terdiurnal tides.

1.4. Brief Review of Nonmigrating Tides
and Their Sources

[15] Forbes and Wu [2006] and Forbes et al. [2006] go
into considerable detail reviewing the differences between
migrating and nonmigrating tides, how tidal structures
appear from quasi-Sun-synchronous orbit, current thinking
as to how nonmigrating tides are generated in the atmo-
sphere including numerous references on observational and
modeling results pertaining to nonmigrating tides. Therefore
only a cursory summary is provided here and in the
following subsection.

[16] First, tidal variations in atmospheric temperature,
density, or wind fields can be represented mathematically
by

An;s cos nWt þ sl� fn;s

� �
ð1Þ

where t = time (days), W = rotation rate of the Earth =
2p day�1,l= longitude, n (= 1, 2, . . .) denotes a subharmonic
of a solar day, s (= . . .. �3, �2, . . . 0, 1, 2, . . ..) is the zonal
wave number (positive for westward propagation), and the
amplitude An,s and phase fn,s are functions of height and
latitude. Oscillations with periods corresponding to 24 hours,
12 hours, 8 hours are referred to as diurnal (n = 1), semidiurnal
(n = 2) and terdiurnal (n = 3) tides, respectively.When s = n, it
can be shown that the tide propagates westward with the
apparent motion of the Sun. These Sun-synchronous
components are referred to as ‘‘migrating’’ tides, and the
components corresponding to s 6¼ n are referred to as
‘‘nonmigrating tides.’’ In general, tides can propagate to the
east (s < 0), to the west (s > 0), or be standing (s = 0). It
is convenient to utilize the following notation when
distinguishing various tidal components: DWs or DEs
denotes 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 denoted D0, S0, T0, and stationary
planetary waves with zonal wave number m are expressed
as SPWm.
[17] It is also useful to express (1) in local time. Using the

relation tLT = t + l/W in (1), we have

An;s cos nWtLT þ s� nð Þl� fn;s

� �
ð2Þ

Thus from a Sun-synchronous satellite perspective (tLT =
constant), an oscillation with frequency nW and wave
number s appears as a zonal wave number js � nj structure
with respect to longitude. Alternatively, if one plots the
amplitude and phase of an oscillation in the local time frame
with respect to longitude (see section 5), one also obtains a
wave�js�nj structure. For instance, for DE3 (n = 1, s =
�3), we expect js � nj = 4.
[18] Following from the above, the superposition of

migrating tides (s = n) at any given latitude and height
gives rise to a local time variation in a tidal field that is
independent of longitude. Local time structures that vary
with longitude imply the existence of nonmigrating tidal
components. In other words, migrating tides are forced by
thermal sources that are zonally symmetric, whereas a
longitude-dependent source will additionally excite non-
migrating tidal components. Latent heating associated with
deep tropical convection is a zonally asymmetric source
known to be important for MLT tides [Hagan et al., 1997;
Forbes et al., 2001; Hagan and Forbes, 2002, 2003].
Nonmigrating tides can also be generated when migrating
tides propagate through a zonally asymmetric stationary
background atmosphere [Angelats i Coll and Forbes, 2002;
Hagan and Roble, 2001], for instance a stationary planetary
wave with zonal wave number s = 1 (SPW1). This mech-
anism was considered by Bernard [1981] in order to explain
longitudinal asymmetries in the semidiurnal tide and in-
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voked by Forbes et al. [1995] to explain observation of
SW1 over South Pole. The basic idea [Teitelbaum and Vial,
1991] is that if two ‘‘primary’’ waves with frequencies s1,
s2 and zonal wave numbers s1, s2 are directly forced in the
atmosphere, then through nonlinear terms in the primitive
dynamical equations, ‘‘sum and difference’’ secondary
waves are generated

cos s1t þ s1l� f1ð Þ cos s2t þ s2l� f2ð Þ
! cos s1 
 s2ð Þt þ s1 
 s2ð Þlþ f1 
 f2ð Þ½ �: ð3Þ

To first order, based on numerical simulations it appears that
if these waves are generated below the MLT, then they are
capable of propagating into the mesosphere and thermo-
sphere as linearly independent oscillations [cf. Palo et al.,
1999]. The situation is analogous to the excitation of tides
via ‘‘mode coupling’’ [Lindzen and Hong, 1974], i.e.,
wherein the main semidiurnal tide interacts with (or is
distorted by) the zonal mean flow to generate higher-order
shorter-wavelength modes that can be identified as linearly
independent waves in the thermosphere [Forbes, 1982].
Teitelbaum and Vial [1991] first introduced this concept in
connection with excitation of the terdiurnal migrating tide
vis-à-vis nonlinear interaction between the diurnal and
semidiurnal nonmigrating tides. Similarly, nonmigrating
tides can be generated by nonlinear tide-tide interactions,
including tide self-interactions [Angelats i Coll and Forbes,
2002]. In addition, it has been pointed out [McLandress and
Ward, 1994] that nonmigrating tides may also be generated
through interactions between a zonally asymmetric distribu-
tion of gravity waves, and a migrating tidal field that maps
the momentum deposition by the gravity waves into local
time space.

1.5. Wave-4 Longitude Structures in Atmospheric
Tides

[19] Forbes et al. [2006] noted rather extreme perturba-
tions (�±40–50 K) in the SABER temperatures at 110 km
during July–September 2002 with a distinct wave-4 depen-
dence in longitude. This feature was present in both
ascending and descending portions of the orbit, with quasi-
antiphase relationships between the two. These structures
changed in intensity throughout this time interval and shifted
their longitudes of maxima in a manner roughly consistent
with presence of DE3. Averaged over the whole interval, it
was determined that the DE3 maximum values at 110 km
were about 15–20 K. DE3 is primarily excited by latent
heating due to deep tropical convection in the troposphere. It
is shown by Forbes et al. [2006] 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.
[20] Given the average value of the DE3 maximum (15–

20 K) over the July–September 2002 period, considerable
variability in DE3, and/or contributions of other wave
components, are required to generate the observed extrema
(±40–50 K) in the wave-4 structure that regularly occurred

during this time. Other tidal components that can, in
principle, induce wave-4 longitude structures in the MLT
are SE2, SW6, and DW5. In fact, all of these waves are
forced by latent heating in the GSWM [Hagan and Forbes,
2002, 2003], and produce total diurnal and semidiurnal tidal
structures in the MLT with a distinctive wave-4 longitude
dependence. It is one of the objectives of this paper to better
understand this wave-4 pattern in both the SABER measure-
ments and in the GSWM, including several facets of the
associated phase structures.

2. A New Method for Analyzing Satellite Data
for Tides

[21] As noted in section 1, satellite missions like UARS
and TIMED have high-inclination, slowly-precessing low-
Earth orbits. Figure 1 shows the local time of tangent points
of SABER measurements on day 349, 2003. We see that the
local times for all the ascending or descending orbital
segments are almost constant for latitudes �70� to 30�,
i.e., about 1845 LT (ascending) or 0445 LT (descending) in
this case. The local time does shift a small amount each day,
accumulating to 24 hours for about 120 days for either
ascending or descending sampling at low to middle lati-
tudes. So from this point of view, UARS or TIMED orbits
may be considered quasi-Sun-synchronous. Because of this
quasi-Sun-synchronous feature, the SABER instrument can
only make measurements at two local time measurements
per day. That makes it impossible to accurately derive tidal
information on a day-to-day basis.
[22] Figure 2a shows 120 days of SABER zonal mean

temperatures measurements, solid red curve designating
ascending measurements and solid blue curve designating
descending measurements. The red and blue dotted lines
give the corresponding local times. Taking both the ascend-
ing and descending orbital segments into account, we see
that the local time coverage has 60 days as a period,
although the 
3 hour LT range near noon is not covered
by design. This means if we bin 60 days data into local time,
we can obtain a tide that is an average over the 2 months.
However, because we take the 
21 hour local time cover-
age from different days, longer-term variations can alias into
the tidal signals. To remove this aliasing effect, we propose
a new method of analysis enabled by the continuous nature
of SABER sampling. This method is described below.
[23] To simplify the description, we start with zonal mean

or migrating tide data. Let t1 and t2 denote the local times
(hour) of ascending and descending temperature measure-
ments of a single day, respectively. Then the temperature of
the day can be expressed as the summation of daily mean
and tides.

Tt1 ¼ M dð Þ þ
X
n

An dð Þ cos nWt1 � jn dð Þð Þ ð4Þ

Tt2 ¼ M dð Þ þ
X
n

An dð Þ cos nWt2 � jn dð Þð Þ; ð5Þ

where T denotes temperature, M denotes daily mean,
d denotes a daily index, and W = 2p

24
h�1. We refer to n as the

tidal harmonic, where n = 1, 2, 3 corresponds to diurnal,
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semidiurnal and terdiurnal, respectively, and An denotes
amplitude for that n, and n denotes phase for that n.
[24] Owing to the difficulties in deriving tidal information

for a day, we have to rewrite the above expressions as

Tt1 ¼ M dð Þ þ
X
n

An yð Þ cos nWt1 � jn yð Þð Þ þ D1 ð6Þ

Tt2 ¼ M dð Þ þ
X
n

An yð Þ cos nWt2 � jn yð Þð Þ þ D2 ð7Þ

where An(y) denotes the average amplitude of the tide n over
the yaw period we choose which is close to 120 days; y is an
index that denotes a particular yaw period. The D signifies
the difference between daily tides and yaw period mean
tides.
[25] Taking the difference between (6) and (7), we get

DT �tð Þ ¼
X
n

C1 y; nð ÞF1 �t; nð Þ þ C2 y; nð ÞF2 �t; nð Þ½ � þ D1 � D2

ð8Þ

where

F1 �t; nð Þ ¼ �2 sin nW�tð Þ sin nWDt=2ð Þ

F2 �t; nð Þ ¼ 2 cos nW�tð Þ sin nWDt=2ð Þ

are fitting functions, �t = (t1 + t2)/2, D t = t1 � t2, and

C1 y; nð Þ ¼ An yð Þ cosjn yð Þ

C2 y; nð Þ ¼ An yð Þ sinjn yð Þ

By linear regression fitting of F1(n) and F2(n) over a full
24-hour period of �t, we can get C1(y, n) and C2(y, n), and
then

An yð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C1

2 þ C2
2

q
; jn yð Þ ¼ tan�1 C2

C1

:

Note that the 120-day fitting period we choose covers a
full cosine period of �t for diurnal tide n = 1, and is close to
the yaw scanning pattern of both directions. The advantage
of (8) over (6) or (7) is that the daily mean (the daily mean
of zonal mean for migrating components so far) is
removed.
[26] The red dotted line in Figure 2b shows howDTt1� t2

(�t )
varies with. The black curve is DTt1 � t2

(�t ) and the thick solid
red curve is the fit of DTt1 � t2

(�t ) over the fitting functions.
The orange curve is the diurnal contribution and the green
curve is the semidiurnal contribution. Considering that the
set of fitting functions need to be orthogonal over the fitting
domain, terdiurnal fitting is not included.
[27] Now consider nonmigrating tides (migrating tides are

special cases included) by this method. Rewriting (4) and
(5) as

Tt1 ;l ¼ M d;lð Þ þ
X
n;s

An;s dð Þ cos nWt1 þ sl� jn;s dð Þ
� �

ð9Þ

Tt2;l ¼ M d;lð Þ þ
X
n;s

An;s dð Þ cos nWt2 þ sl� jn;s dð Þ
� �

ð10Þ

The data now in (9) and (10) are functions of both a day and
a longitude. The amplitudes and phases we are trying to

Figure 1. An illustration of the quasi-Sun-synchronous satellite orbits for SABER measurements during
day 349, 2003. Each color dot in the latitude-longitude coordinate represents the location where the
temperature was measured. The color code of the dot represents the local time at that location of that day.
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derive are functions of both tidal harmonic n and wave
number s. Referring to Figure 1, we see that within every
24� longitude increment, there is a pair of upleg (ascending)
and downleg (descending) measurements (not the same
orbit though). By taking an ascending and the closest
descending measurements as a pair, the longitudes in (9)
and (10) are assumed to be the same.
[28] Differencing (9) and (10) in a manner similar to what

was previously done for the migrating and diurnal mean
components, we get

C1 y; n;lð Þ ¼
X
s

An;s yð Þ cos jn;s yð Þ � sl
� �

C2 y; n;lð Þ ¼
X
s

An;s yð Þ sin jn;s yð Þ � sl
� �

or

C1 y; n;lð Þ þ iC2 y; n;lð Þ ¼X
s

CC1 y; n; sð Þ þ iCC2 y; n; sð Þð Þe�isl� �
ð11Þ

where

CC1 y; n; sð Þ ¼ An;s yð Þ cosjn;s yð Þ

CC2 y; n; sð Þ ¼ An;s yð Þ sinjn;s yð Þ

C1(y, n, l) and C2(y, n, l) are analogous to C1(y, n) and
C2(y, n) except that now the fitting over F1 and F2 is within
a particular longitude bin instead of for the zonal mean.
Then CC1(y, n, s) and CC2(y, n, s) can be derived based on
(11) by either FFT or some other complex fitting procedure.
[29] Note that the t1 and t2 in (9) and (10) are local time.

In the common definition of atmospheric tides:

X
n

X
s

A n; sð Þ cos nWtUT þ sl� j n; sð Þð Þ

where tUT is universal time. Since local time tUT = tLT � l
W ,

we have equivalent expression:

X
n

X
s

A n; sð Þ cos nWtLT þ s� nð Þl� j n; sð Þð Þ

This means that the s in (9), (10) and following expressions
are actually s � n if the time dimension is in LT (see also
section 1.4 and equation (2)).

3. Migrating (Sun-Synchronous) Tides

[30] A sample of results for the diurnal migrating tide
(DW1) are provided in Figure 3. Figures 3a and 3d illustrate
latitude versus month contours of DW1 temperature ampli-
tude derived from SABER measurements (Figure 3a) and
from the GSWM (Figure 3d). The SABER analyses were
performed using 120-day segments of data (centered on the
15th of the month) slipped through the year 1 month at a
time. The tidal amplitudes from GSWM were derived by
vector averaging monthly tidal fields in a similar fashion.
Figures 3a and 3d compare the latitude versus month
distributions of diurnal tidal temperature between SABER
and GSWM. Figures 3b and 3e compare height versus
latitude contours of DW1 temperature amplitude between
SABER and GSWM for March, and Figures 3c and 3f
compare the corresponding phases. Referring Figures 3a
and 3d, both reflect the distinctive signature of the first
symmetric propagating component of DW1, namely a
maximum at the equator and secondary maxima near ±35�
latitude, with 180� phase shift between the two maxima
(Figures 3c and 3f ). SABER indicates a primary equatorial
maximum 
16 K at February–March and a secondary
maximum 
12 K at August–September, whereas the
GSWM maxima are more nearly equal in amplitude and
occur during April and September, although these maxima
are smeared together due to the 120-day running averaging
used to construct Figure 3.

Figure 2. A fitting example for the 12� longitude,
0� latitude and 86 km height bin. (a) The solid red curve
is for temperatures of ascending measurements while the
solid blue curve is for descending. The dotted lines are for
the local times when the measurements were taken, red for
ascending and blue for descending. (b) The solid black
curve is for the temperature difference between ascending
temperature and descending temperature; the red solid curve
is the total fit of the temperature difference, the orange curve
is for the contribution from the diurnal tide while the green
curve is for the contribution from the semidiurnal tide. The
red dotted lines are for the average local time of the
ascending and descending orbital segments while the blue
dotted lines are for the local time difference between
ascending and descending.
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[31] The height versus latitude structures of both SABER
and GSWM in Figures 3b and 3e clearly carry the imprint of
the first symmetric propagating component of DW1 above
60 km, but there are notable differences. First, wave growth
with height over the equator is more rapid for SABER than
GSWM below about 80 km; i.e., note the difference in
spacing between the 2, 4, 8, 16 K contours. In fact, it
appears that the observed tide has undergone saturation
within the 80–100 km region, while it is still growing with
height in the model. This behavior suggests that the GSWM
may be overdamping the wave above 40 km (i.e., excessive
eddy diffusivity) but not sufficiently so to cause cessation of

exponential growth. Referring to Figures 3c and 3f, note
also that the vertical wavelength is significantly shorter
(
22 km) for SABER than GSWM (
30 km). A saturated
tide might suggest the onset of convective instability, which
would require the stability G to be near zero

G ¼ @T0
@z

þ @T 0

@z
þ g

cp

� 	
� 0 ð110Þ

where T0 is the background temperature, T 0 is the tidal
temperature amplitude, z is altitude, g is the acceleration due
to gravity, and cp is the specific heat at constant pressure. At

Figure 3. Diurnal migrating tide from (a–c) SABER temperature measurements and (d–f) GSWM
[Hagan and Forbes, 2002]. Figures 3a and 3d show latitude versus month contours of diurnal temperature
amplitude at 86 km. Figures 3b and 3e show height versus latitude contours of diurnal temperature
amplitude for March. Figures 3c and 3f show height versus latitude contours of diurnal temperature phase
(local time of maximum) for March. All depicted quantities represent 120-day means centered on the
given month.
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these altitudes, g/cp � +9.5 K km�1 and @T0/@z is of order
�2.0 K km�1 over the equator according to climatological
models ([Hedin, 1991]. The second term in (11) can be
approximated by jT 0j2plz

where lz � 22 km is the vertical
wavelength and jT 0j � 18 K. Thus we find that G can be as
small as �+2.4 km�1. While this is not zero, it is
sufficiently close to suggest that convective instability
might have occurred on a significant fraction of the days
comprising the fitting interval, such that the 120-day mean
structure depicted in Figure 3 is consistent with this
hypothesis. A similar type of behavior was noted in the
September GSWM and SABER profiles for the diurnal tide
over the equator. A statistical examination of individual
equatorial temperature profiles is required to gain better
insight into this possibility, although this is beyond the
scope of the present study.

[32] Between 40 and 60 km, one expects the effects of
absorption by solar radiation by ozone to dominate, giving
rise to an in situ diurnal temperature response that is
strongly influenced by the latitudinally-broad trapped (non-
propagating or evanescent) diurnal tidal modes [Forbes and
Garrett, 1979a, 1979b]. Note that the GSWM predicts a
symmetric temperature response of order 1–2 K at extra-
tropical latitudes in this height regime, with some latitudinal
phase shifts suggestive of nonnegligible presence of the
diurnal propagating component in addition to the trapped
tides. However, the SABER response is significantly asym-
metric, with amplitudes of order 2–4 K, and maxima away
from the equator. These differences are sufficient to warrant
a future reexamination of stratospheric tidal heating in the
model, as well as a more comprehensive look at the
measured temperature response and its consistency with
other observational data.

Figure 4. Same as Figure 3 except for semidiurnal migrating tide at 90 km for August.
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[33] Figure 4 is an analogous representation of the mi-
grating semidiurnal tide. The GSWM latitudinal structure at
90 km is simple and nearly seasonally symmetric, with
distinct maxima of order 3–5 K occurring in the winter
hemispheres near ±40�, with <2K response in the summer
hemispheres. Near equinox, the structures are nearly sym-
metric about the equator, with maxima of 2–3 K near ±20–
30� latitude. The SABER data also show maxima near ±40�
latitude during fall–winter, but up to a factor of two larger
in amplitude (�8 K). However, the SABER semidiurnal
amplitude distributions reveal additional distinctive fea-
tures. First, there is a second maximum in the southern
winter hemisphere, also about 4–8 K, in the 0–20� latitude
band. There is also a secondary maximum in the summer
hemisphere, about half the value (�4 K) of that in the
winter hemisphere. Thus the latitudinal distribution at 90 km
tends to be characterized by three maxima in the SABER
data, but only one winter maximum in the GSWM.
Moreover, the SABER distribution is more symmetric-like
during the solstices than GSWM.
[34] The above differences are also evident in Figures 4b

and 4e, where the height versus latitude distributions of
semidiurnal amplitude are compared for the month of
August. The symmetric nature of the SABER amplitudes

is clearly evident from 65 to nearly 120 km, whereas a clear
preference for much larger amplitudes in the winter hemi-
sphere is indicated for the GSWM over the same height
range. In the GSWM, the asymmetric behavior is either due
to inadequacies in in specifying the heating distribution,
or an overestimation of the effects of ‘‘mode coupling’’
[Lindzen and Hong, 1974] due to the asymmetric meso-
spheric mean wind distribution. The phase distributions in
Figures 4c and 4f show some similarities in terms of the
downward tilting of phase lines as one progresses from the
summer to winter hemisphere. Above 80 km in the winter
hemisphere at midlatitudes, a clear vertical wavelength of
order 34 km is seen for SABER and about 44 km for
GSWM. Both results indicate presence of high-order modes
generated by mode coupling, perhaps the third symmetric
and second antisymmetric modes, commonly known as (2,5)
and (2,6) in tidal nomenclature [Chapman and Lindzen,
1970]. A clearly distinguishable vertical wavelength is
difficult to identify in either the data or model at other
heights and latitudes.

4. Nonmigrating Tides

[35] In this section we provide some perspective on the
nonmigrating tides revealed in the SABER measurements.
Figure 5 presents amplitude spectra for the diurnal and
semidiurnal tides at 110 km for the 120 days centered on
day 267 0f 2004. Beginning with the diurnal tide, we see
that the most important nonmigrating diurnal tidal compo-
nents are DE3 and D0, followed by DW2, DW5, and DW3.
As noted previously, latent heating associated with deep
tropical convection is a zonally asymmetric source known
to be important for MLT tides. One way of qualitatively
visualizing how this asymmetry is manifested in the context
of tidal theory is as follows. Imagine that the solar heating
of Earth’s surface that subsequently leads to deep convec-
tion and latent heat release is modulated by surface prop-
erties in a way that is directly related to the longitudinal
distribution of land-sea difference (and topography):

X1
n¼1

An cos nWt þ nl� fnð Þ
X1
m¼1

Am cos ml� fmð Þ ¼

X1
n¼1

X1
m¼1

AnAm cos nWt þ n
 mð Þl� fn 
 fmð Þ½ �: ð12Þ

The first sum on the left-hand side of (12) is the Fourier
representation of the diurnal variation of solar flux
impinging upon the surface. Note that the n factor in front
of l of this expression means that this waveform is moving
westward with the phase speed of the Sun with respect to
the surface. The second sum on the left-hand side represents
the conversion to evaporative heating (a ‘‘transfer function’’
of sorts) represented as a longitudinal modulation of the
incoming solar radiation. In other words, the right-hand side
represents the longitudinal variation of evaporative heating
at the surface, which we assume to also reflect the variation
in longitude of the latent heating. Although the ‘‘transfer
function’’ referred to here is very complicated and the above
relations are not suitable for quantitative purposes, the
dominant zonal wave numbers of the heating distribution do
emerge. For instance, consider the diurnal (n = 1)

Figure 5. Spectra of (a) diurnal and (b) semidiurnal
nonmigrating tides versus latitude for September 2004 at
110 km. Migrating tides are not shown. Positive wave
numbers correspond to westward propagating waves and
negative wave numbers correspond to eastward propagating
waves.
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component of solar radiation interacting with the dominant
harmonic of the land-sea/topographic distribution at low
latitudes, which happens to be m = 4:

cos 4l cos Wt þ lð Þ ! cos Wt þ 5lð Þ þ cos Wt � 3lð Þ: ð13Þ

In other words, one would expect excitation of DE3 and
DW5 by this mechanism. Similarly, m = 1 modulation of the
diurnal component of heating gives rise to DW2 and D0:

cosl cos Wt þ lð Þ ! cos Wt þ 2lð Þ þ cos Wtð Þ: ð14Þ

As illustrated by Forbes et al. [2001], all four of the diurnal
waves in (13) and (14) 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. Note that DE3 is the largest wave component in
the diurnal spectrum of Figure 5 and that DW5 is
significantly smaller. This is due in part to the fact that
the first symmetric component of DW5 has a much shorter
vertical wavelength (<25 km) than that of DE3 (�60 km)
and is thus much more subject to dissipation. (Note that the
quoted wavelengths are in the absence of mean winds and
dissipation.) Owing to the slower zonal phase speed of
DW5, it is also more affected by zonal mean winds, and this
may also be impeding its propagation to higher altitudes
during some months.
[36] The GSWM predicts a DE3 with about the same

amplitude as displayed in Figure 5 but predicts much
smaller DW5 amplitudes than indicated by the SABER
measurements. This may be an additional indication (see
previous section) that eddy diffusivities may be too high in
some altitude regimes in the GSWM. Moreover, D0 and
DW1 are significantly underestimated in the GSWM, but

Figure 6. Same as Figures 3 and 4 except for DE3 at 110 km for September.
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this more probably reflects the absence of nonlinear wave-
wave interactions in the model (see below). The DE3
amplitudes and phases from SABER and GSWM are
compared in Figure 6, in the same format as the migrating
diurnal and semidiurnal tides in Figures 3 and 4. In Figures
6a and 6d, we see that the SABER DE3 distribution is
symmetric-like about �10� latitude, similar to a Kelvin
wave that is symmetric about the equator, with maximum
amplitudes (�12 K) between June and October, and min-
imum amplitudes between December and May. The GSWM
amplitudes are more nearly symmetric about the equator,
however, with maximum values during October–December
and minimum values during April–July. In the Figures 6b
and 6e, the height versus latitude amplitude distribution for
the GSWM during September is in reasonable accord with
the SABER result. Similar vertical wavelengths for the
observed and modeled DE3 are seen in the 90–110 km
height region where the amplitudes are largest. A signifi-
cantly more in-depth analysis of DE3, its consequences
in the thermosphere, and its comparisons to models is
provided by Forbes et al. [2006].
[37] Referring back to Figure 5, consider now the inter-

action between the semidiurnal component (n = 2) of solar
radiation and the zonally asymmetric surface through equa-
tion (12). For m = 4 we have

cos 4l cos 2Wt þ 2lð Þ ! cos Wt þ 6lð Þ þ cos Wt � 2lð Þ ð15Þ

and for m = 1,

cosl cos 2Wt þ 2lð Þ ! cos 2Wt þ 3lð Þ þ cos 2Wt þ 1lð Þ ð16Þ

Thus we anticipate excitation of SE2, SW1, SW3, and SW6,
and this combination of waves is exactly what is reflected in
the semidiurnal spectrum of Figure 5. In fact, GSWM

calculations [Hagan and Forbes, 2003] demonstrate that
SE2 and SW6 amplitudes at 110 km similar to those
depicted in Figure 5 can be accounted for by semidiurnal
variations in latent heating. However, SW1 and SW3
amplitudes in the MLT that are forced by tropospheric latent
heating [Hagan and Forbes, 2002] are too small to account
for observed amplitudes [see also Forbes and Wu, 2006;
Forbes et al., 2006]. This is also true for D0 and DW2
[Hagan and Forbes, 2002; Forbes and Wu, 2006; Forbes et
al., 2006].
[38] The reason that the GSWM underestimates observed

amplitudes for D0, DW2, SW1 and SW3 is that this model
is linear, and therefore neglects an important excitation
mechanism for nonmigrating tides. In section 4, we noted
how wave-wave interactions can generate nonmigrating
tides. On the basis of the work of Hagan and Roble
[2001], Lieberman et al. [2004], Grieger et al. [2004],
and Mayr et al. [2003, 2005a, 2005b], it is now generally
accepted that the primary mechanism for generating D0 and
DW2 in the atmosphere is through nonlinear interaction of
DW1 and SPW1. The mathematical representation (13) still
holds, except now the view is that DW1 is ‘‘modulated’’ by
the zonally asymmetric atmosphere, i.e., SPW1, as the tide
propagates upward. Similarly, numerical modeling efforts
[Angelats i Coll and Forbes, 2002; Yamashita et al., 2002]
indicate that nonlinear interaction between SW2 and SPW1
is likely to be the primary mechanism for generating SW1
and SW3 in the atmosphere. We conclude that of the
nonmigrating tides displayed in Figure 5, DE3, DW5,
SE2, and SW6 are primarily generated by latent heat release
in the tropical troposphere and that the dominant mecha-
nism for exciting D0, DW2, SW1, and SW3 in the atmo-
sphere is through nonlinear interaction between the
corresponding migrating tidal components (DW1 and
SW2) and SPW1.

Figure 7. Latitude versus month contours of SABER temperature amplitude at 110 km for (a) D0, (c)
DW2, (b) SW1, and (d) SW3.
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