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[1] We use vertical profiles of Martian atmospheric density, pressure, and temperature
from the Mars Express SPICAM UV spectrometer to study thermal tides in the poorly
studied middle atmosphere region at 70–120 km. Here we show that nonmigrating tides
cause zonal pressure variations of tens of percent and zonal temperature variations on the
order of 10 K in these observations. Wave‐2 and wave‐3 components are dominant,
consistent with previous work at lower and higher altitudes and with theoretical
predictions. Normalized pressure amplitudes tend to increase with altitude for the cases
and altitudes studied here. Phases of the pressure variations vary little with altitude,
indicating long vertical wavelengths for the underlying tidal modes. We derive theoretical
relationships between zonal variations in temperature and in pressure and find that they are
generally satisfied. Failure of these relationships can be used to infer the presence of
multiple tidal modes contributing to a single observed wave component. The wave‐2
component is dominated by the diurnal Kelvin wave 1 (DK1) above about 80 km but
contains multiple tidal modes below this altitude. In one unusual instance, 40°S–30°S,
Ls = 150°–180°, and local time of 22–24 h, the usually strong wave‐2 component is
extremely weak. The wave‐3 component is always dominated by a single tidal mode, which
for tropical and extratropical latitudes we identify as the diurnal Kelvin wave 2 (DK2).

Citation: Withers, P., R. Pratt, J.‐L. Bertaux, and F. Montmessin (2011), Observations of thermal tides in the middle atmosphere
of Mars by the SPICAM instrument, J. Geophys. Res., 116, E11005, doi:10.1029/2011JE003847.

1. Introduction

[2] Global‐scale oscillations in atmospheric state vari-
ables, such as density, pressure, and temperature, that are
driven by periodic solar forcing are known as thermal tides
[Chapman and Lindzen, 1970; Forbes, 1995]. Thermal tides
are particularly prominent on Mars due to its rapid rotation
rate and the low atmospheric density at its surface [Zurek,
1976; Wilson and Hamilton, 1996; Zurek et al., 1992].
[3] Tides are important to atmospheric science and related

disciplines because they can (1) be responsible for a signifi-
cant fraction of an atmosphere’s variability, (2) strongly
influence variations in surface pressure, (3) affect zonal‐mean
winds and thermal structure in regions where they dissipate,
and (4) affect atmospheric stability. They also possess
intrinsic scientific value as a basic phenomenon in geophys-
ical fluid dynamics.
[4] In addition, tides are particularly important for under-

standing the Martian atmosphere because (1) they are pre-
dicted to be prominent contributors to the dynamics of the
Martian atmosphere [Forbes et al., 2002]; (2) they affect the
transport of suspended dust, water, and other atmospheric

constituents that in turn affect the chemistry, dynamics, and
thermal structure of the atmosphere [Zurek et al., 1992]; and
(3) they are predicted to affect the zonal mean structure
and dynamics of the middle and upper atmospheric regions
[Moudden and Forbes, 2008a].
[5] The 50–150 km region of the atmosphere is an impor-

tant part of the Mars system [e.g., Barth et al., 1992; Zurek,
1992; Zurek et al., 1992; Magalhães et al., 1999]. The
nominal thermal structure at these altitudes is dominated by
the cold mesopause at 90–120 km and the transition to the
isothermal exosphere around 180 km [e.g., Bougher et al.,
2002; Forget et al., 2009; McDunn et al., 2010]. Large
lapse rates occur above the mesopause, since temperatures
can increase from 100 to 120 K at the mesopause to 160–
180 K several scale heights higher up. The mesopause lies
between the lower atmosphere, which is heated by visible
solar radiation and infrared emissions from suspended dust
and CO2 gas, and the upper atmosphere, which is heated by
solar UV/EUV radiation. The global circulation patterns
between 50 km and 150 km have not been directly observed.
Strong global‐scale thermal tides are present, as are smaller‐
scale gravity waves [Forbes et al., 2002;Withers et al., 2003;
Tolson et al., 2005; Creasey et al., 2006]. These vertically
propagating disturbances interact with each other and with
the mean circulation, transferring energy and momentum as
they ascend [Forbes et al., 2002]. The 50–150 km region
of the atmosphere contains the homopause (∼120 km) and a
significant portion of the ionosphere (100–200 km); it also
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plays a major role in controlling the transport of light
species up into the exosphere (>180 km) [Chamberlain and
Hunten, 1987]. Some of the major questions related to this
part of the atmosphere are as follows. How variable are the
mesopause’s altitude and temperature and what causes
those variations? What is the global circulation? How does
the middle and upper atmosphere respond to dust storms in
the lower atmosphere? How are waves/tides in the lower
and upper regions of the atmosphere related?
[6] Several previous investigations have discussed obser-

vations of thermal tides below 50 km [e.g., Zurek, 1976;
Wilson and Hamilton, 1996; Zurek et al., 1992; Banfield
et al., 2000] and above 100 km [e.g., Forbes and Hagan,
2000; Wilson, 2002; Withers et al., 2003; Angelats i Coll
et al., 2004] in the Martian atmosphere. Few have dis-
cussed observations at intermediate altitudes [Cahoy et al.,
2006; Forget et al., 2009; Lee et al., 2009; Heavens et al.,
2010], although thermal tides are anticipated to be impor-
tant in the middle region of the atmosphere. Atmospheric
properties in this atmospheric region are difficult to measure
because densities are too small to be accessible by typical
infrared remote sensing techniques, yet too large for safe
operation of a deep‐dipping orbital spacecraft, which pre-
cludes in situ measurements by accelerometers or other
instruments. Hence the middle atmosphere had not been
comprehensively observed prior to the Mars Express (MEX)
and Mars Reconnaissance Orbiter (MRO) missions.
[7] The objectives of this work are to use observations

from the Spectroscopy for the Investigation of the Char-
acteristics of the Atmosphere of Mars (SPICAM) UV spec-
trometer instrument on MEX [Bertaux et al., 2004, 2006;
Quémerais et al., 2006] to characterize the most significant
tidal components in the middle atmosphere and to relate tides
in the middle atmosphere to tides at other altitudes. A par-
ticular goal is to determine whether a given tidal component
comprises one or more underlying tidal modes. We use
individual stellar occultation profiles of atmospheric density,
pressure, and temperature to construct two dimensional cross
sections of pressure and temperature as functions of longi-
tude and altitude at fixed season, latitude, and local time.
Tides can cause these atmospheric state variables to vary
with longitude and for the amplitudes and phases of these
zonal variations to depend on altitude. Section 2 introduces
thermal tides, section 3 summarizes relevant previous work
on Martian tides, and section 4 introduces the SPICAM data
set. Sections 5 and 6 describe zonal pressure and temperature
variations in SPICAM profiles. Section 7 summarizes our
conclusions.

2. Introduction to Atmospheric Thermal Tides

[8] Here we summarize the key characteristics of thermal
tides that are relevant for this work. Further details are pro-
vided in Appendix A for interested readers. An atmospheric
tide has a true zonal wave number, s, a frequency nW from
which a period can be found, and a zonal wave number in a
fixed local solar time reference frame of m, where s is an
integer, n is a nonnegative integer, W is the planetary rotation
rate, and m is a nonnegative integer. In idealized tidal theory,
the variation of each (s, n) tidal component with latitude can
be represented as the sum of a series of Hough functions,
where each Hough function is identified by a label i

[Chapman and Lindzen, 1970; Forbes, 1995]. An (s, n) tidal
component is often dominated by the one (s, n, i) Hough
mode whose meridional dependence approximates that of
solar heating (symmetric about the equator, no nodes close to
the equator, and maximized at the equator rather than the
poles). Also, each Hough function has a specific dependence
on altitude, either exponential decay (evanescent) or har-
monic oscillation (propagating), that is characterized by a
single vertical wavelength. Many different tidal modes can
cause the same variations with longitude in a fixed local solar
time reference frame, which describes the SPICAM obser-
vations used here. One of the goals of this work is to use
theoretical expectations of how the properties of a tidal mode
vary with altitude and latitude to infer which tidal mode
(or modes) is (or are) responsible for the zonal variations
apparent in SPICAM observations. The dependence of tidal
properties on local solar time will also be used to discrimi-
nate between diurnal and semidiurnal modes. The value of
identifying the physical process responsible for producing
a particular observed atmospheric feature is that it then
becomes possible to make predictions about atmospheric
behavior at unobserved conditions and to firmly relate
these observations to other data sets.

3. Previous Work on Martian Tides

[9] Tides may vary with season, so we introduce the
symbol Ls, the areocentric longitude of the Sun, to describe
Martian seasons [Kieffer et al., 1992; Zurek et al., 1992]. Ls,
which is 0° at the northern spring equinox, varies between 0°
and 360° during a Mars Year. Tides in the Martian atmo-
sphere have been previously studied using observations and
simulations. Observations have shown that thermal tides are
significant at the surface, in the lower atmosphere, and in the
upper atmosphere. The most comprehensive analyses of tidal
effects in surface pressure data have used data from the long‐
lived Viking 1 and 2 landers [Seiff, 1976; Hess et al., 1977].
Tidal variations in temperatures in the lowest few scale
heights of the atmosphere have been studied in data sets from
the Mariner 9 infrared interferometer spectrometer (IRIS),
Viking Orbiter infrared thermal mapper (IRTM), Mars
Global Surveyor (MGS) Thermal Emission Spectrometer
(TES), and Radio Science (RS) instruments on MGS and
MEX [Hanel et al., 1972; Martin et al., 1979; Hinson et al.,
1999; Smith et al., 2001; Pätzold et al., 2004]. Tidal varia-
tions above the lowest few scale heights of the atmosphere
have been studied in data sets from the MRO Mars Climate
Sounder (MCS), MGS RS, and MGS, Odyssey (ODY) and
MRO accelerometer (ACC) instruments [McCleese et al.,
2007; Hinson et al., 1999; Keating et al., 1998; Tolson
et al., 2005; Withers, 2006; Tolson et al., 2008]. Pertinent
numerical simulations have also been performed by a range
of authors.
[10] The most well‐studied Martian tidal modes are

migrating tidal modes, stationary tidal modes, and three
other nonmigrating tidal modes (n = 1, s = −1; n = 1, s = −2;
and n = 2, s = −1). Since migrating tides do not cause zonal
variations in a fixed local time reference frame, we do not
discuss them further in this study. The dominant Hough
modes for these three nonmigrating tidal modes are the
diurnal Kelvin wave known as DK1, the diurnal Kelvin wave
known as DK2, and the semidiurnal Kelvin wave known as

WITHERS ET AL.: THERMAL TIDES IN THE MARTIAN ATMOSPHERE E11005E11005

2 of 17



SK1, respectively, where the numeral following the DK/SK
prefix is |s| [Chapman and Lindzen, 1970; Andrews et al.,
1987; Forbes, 1995]. In a fixed local time reference frame,
DK1 causes wave‐2 zonal variations and DK2 and SK1
cause wave‐3 zonal variations. All three of these have been
observed throughout the Martian atmosphere. We now
summarize previous work on these three nonmigrating tidal
modes and stationary waves to provide context for subse-
quent interpretation of SPICAM observations.

3.1. DK1

[11] The n = 1, s = −1 nonmigrating tidal mode that is
dominated by DK1 is present in Viking surface pressure
data during dusty conditions [Zurek and Leovy, 1981; Zurek,
1988; Wilson and Hamilton, 1996; Bridger and Murphy,
1998]. From a comprehensive tidal analysis of TES lower
atmospheric temperatures over a range of seasons, Banfield
et al. [2000] and Banfield et al. [2003] found that this mode
is concentrated in the tropics, varies little with season, and
has an amplitude of 1–2 K in the lowest four scale heights.
From analysis of MGS RS profiles and numerical simula-
tions, Hinson et al. [2008] found that its near‐surface
amplitude at Ls = 35°–70° in the tropics is on the order of
200 m in geopotential height or about 2% in density or
pressure. From analysis of MGS thermospheric densities at
Ls ∼ 90°, Withers et al. [2003] found a wave‐2 component,
which they interpreted as DK1, with a density amplitude of
20% in the tropics and midlatitudes and a diurnal period at
midlatitudes. The numerical simulations of Bougher et al.
[2004] at Ls ∼ 90° predicted that DK1’s thermospheric den-
sity amplitude is 15% and that it is confined to the tropics, the
numerical simulations of Angelats i Coll et al. [2004] at Ls ∼
65° found density amplitudes of 20% in the tropics, and the
numerical simulations of Wilson [2002] at Ls = 80° found
density amplitudes of 40% in the tropics. The numerical
simulations of Forbes and Miyahara [2006] at Ls = 30°–80°
found density amplitudes of 20% at 125 km in the tropics that
decreased toward the poles more rapidly than amplitudes did
in observed MGS thermospheric densities. They also repro-
duced the observed phases successfully.

3.2. DK2

[12] The n = 1, s = −2 nonmigrating tidal mode that is
dominated by DK2 was found by Banfield et al. [2000] and
Banfield et al. [2003] to be concentrated in the tropics, to
vary little with season, and to have an amplitude of ∼1 K in
the lowest four scale heights. This tidal mode was not
detected in the lower atmosphere by Hinson et al. [2008].
Bougher et al. [2004] (Ls ∼ 90°) found that DK2 is strong in
the northern hemisphere only. Angelats i Coll et al. [2004]
(Ls ∼ 65°) found amplitudes of 16% in the tropics. Wilson
[2002] (Ls = 80°) found DK2 amplitudes that are about
half those of DK1. Forbes and Miyahara [2006] (Ls = 30°–
80°) found amplitudes of 20% at 125 km in the tropics.
Simulated amplitudes decreased toward both poles, but
amplitudes observed in MGS thermospheric densities
decreased less rapidly than simulated in the northern
hemisphere. Observed phases varied much more with lon-
gitude than simulated phases did.

3.3. SK1

[13] Bougher et al. [2001], who compared radio occulta-
tion and accelerometer data sets, deduced that the wave‐3
component at thermospheric altitudes, 60°N–65°N and Ls =
30°–75°, which has density or pressure amplitudes of 15%–
20%, is produced by the n = 2, s = −1 nonmigrating tidal
mode that is dominated by SK1. From analysis of MGS
thermospheric densities at Ls ∼ 90°, Withers et al. [2003]
found a wave‐3 component with an amplitude of 20% in
the tropics and midlatitudes and a semidiurnal period at
midlatitudes, which they interpreted as SK1. Using local
time variations in MGS RS ionospheric electron density
profiles, Cahoy et al. [2007] found that wave‐3 structure is
dominated by SK1 at 85°N and Ls ∼ 150°. Bougher et al.
[2004] (Ls ∼ 90°) and Angelats i Coll et al. [2004] (Ls =
65°) found that SK1 is strong at high northern latitudes only.
Wilson [2002] (Ls = 80°) found SK1 amplitudes comparable
to DK2. This mode was not detected in the lower atmo-
sphere by Banfield et al. [2000], Banfield et al. [2003], or
Hinson et al. [2008].

3.4. Stationary Waves

[14] Stationary waves that can create the wave‐2 and
wave‐3 components of zonal variations are generally pre-
dicted to be weaker than these nonmigrating tidal modes at
thermospheric altitudes [Angelats i Coll et al., 2004].Withers
et al. [2003] had difficulty interpreting the wave‐1 compo-
nent of observed thermospheric zonal variations in terms of
specific tidal modes and the theoretical simulations of
Angelats i Coll et al. [2004] indicated that a stationary wave
may contribute to this component. Wave‐wave interactions
may play a role in producing appreciable stationary wave
amplitudes at thermospheric altitudes, since their ability to
propagate from the surface to the thermosphere is extremely
limited [Hollingsworth and Barnes, 1996; Angelats i Coll
et al., 2004]. Moudden and Forbes [2008b], who also
numerically simulated the wave‐1 component of thermo-
spheric density variations, found that the diurnal zonally
symmetric tidal mode (n = 1, s = 0) may be significant.

4. SPICAM Atmospheric Profiles

[15] Recent measurements of hundreds of vertical profiles
of atmospheric density, pressure, and temperature between
∼20 km and ∼120 km by the SPICAM instrument on ESA’s
MEX spacecraft are well‐suited for studies of thermal tides in
the middle atmosphere [Bertaux et al., 2004, 2006;
Quémerais et al., 2006]. SPICAM is a UV spectrometer that
can record a star’s spectrum during a stellar occultation
[Bertaux et al., 2004, 2006]. Attenuation of starlight along the
raypath is controlled by the altitude‐dependent slant column
density of atmospheric constituents and the wavelength‐
dependent absorption cross sections of these constituents. A
vertical profile of CO2 number density has been determined
from each stellar occultation observed by SPICAM and ver-
tical profiles of mass density, pressure, and temperature have
been determined from each profile of CO2 number density
[Quémerais et al., 2006]. Although formal results have been
obtained down to ∼20 km, the effects of dust make the derived
atmospheric densities and temperatures unreliable below
50 km and 70 km, respectively [Quémerais et al., 2006;
Forget et al., 2009]. Forget et al. [2009] and McDunn et al.
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[2010] have analyzed the SPICAM profiles to study the
thermal structure and dynamics of the middle atmosphere of
Mars, as well as the processes that control them.
[16] Atmospheric profiles have been obtained for a range

of latitudes, longitudes, local solar times (LSTs), seasons
(Ls), and Mars Years (MYs), where our usage of Mars Years
follows the convention introduced by Clancy et al. [2000]. A
typical atmospheric profile is shown in Figure 1. Typical

vertical resolution in the raw data is about 1 km, although
some of the profiles used in this work have been smoothed to
a resolution of 2–3 km to reduce noise. Typical uncertainties
in the derived atmospheric properties are approximately 10%
in density and pressure, and 10 K in temperature [Forget
et al., 2009]. In this paper, we use the 491 profiles that are
publicly available from http://bdap.ipsl.jussieu.fr/. Most
were obtained between 22 February 2004 (orbit 134, Ls =
353.4°, MY 26) and 12 March 2006 (orbit 2779, Ls = 23.3°,
MY 28), with one earlier profile on 14 January 2004 (orbit
17, Ls = 332.8°, MY 26) and one later profile on 11 April
2006 (orbit 2888, Ls = 37.6°, MY 28). The latitude, LST, and
Ls coverage of these profiles is shown in Figure 2 of Forget
et al. [2009] and Figure 1 of McDunn et al. [2010].
[17] We have identified four cases in which multiple SPI-

CAMprofiles were obtained within narrow ranges of Ls, LST
and latitude, yet sampled all longitudes (Table 1). Thermal
tides, if present, will produce zonal variations in each of these
cases.

5. Variations in Pressure With Longitude
in SPICAM Observations

[18] Figure 2 uses data at 110 km altitude from Case C to
illustrate that substantial variations in pressure with longi-
tude at fixed altitude are apparent in SPICAM observations.
These variations are caused by nonmigrating thermal tides.
Figure 2 also displays a harmonic fit to the data (Tables 2–3).
The wave‐2 component is strongest and the wave‐3 com-
ponent is also significant, but the wave‐1 component is
weak.
[19] The fitting procedures used were outlined by Withers

et al. [2003] and Withers [2003]. The fitted harmonics were
truncated at wave‐3 because the amplitudes of higher order
terms, when included, were rarely significant. We adopted
the convention that the phase of a given harmonic is the
longitude of its first peak east of 0° longitude. Thus the
phase of the wave‐n harmonic must lie between 0°E and
360°E/n. Individual measurement uncertainties were not
used in the fitting procedure, as discussed by Withers et al.
[2003]. Day‐to‐day variability in the atmosphere, not the
characteristics of the SPICAM instrument, is the main rea-
son why repeated measurements at a given longitude are not
identical.
[20] The effects of thermal tides vary with season, latitude,

and LST, as illustrated for the four cases in Figures 2–5.
Fitted harmonic amplitudes and phases are reported in
Tables 2–3. Zonal variations in pressure can be observed
over a broad altitude range (about 70 km to 120 km) using
SPICAM data, as shown for case A in Figures 6–7. Despite
nonmigrating tides being produced at low altitudes by
atmosphere‐surface interactions, zonal pressure variations

Figure 1. Atmospheric density, pressure, and temperature
profiles obtained from SPICAM stellar occultation 0906 at
42.44°S, 58.09°E, LST = 3.4 h, and Ls = 95.77° of Mars
Year 27 (3 October 2004).

Table 1. Cases Where Multiple SPICAM Profiles Were Obtained
Within Narrow Range of Ls, LST, and Latitudea

Case N Latitude Ls LST (h)

A 53 60°S–30°S 90°–120° 1.0–5.0
B 29 15°N–45°N 240°–270° 0.8–3.5
C 34 20°S–10°S 90°–120° 2.6–4.8
D 27 40°S–30°S 150°–180° 22.0–24.0

aN is the number of profiles in each case.
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are not detectable at 50–70 km. We conclude that tidal
amplitudes at these altitudes are too small for tidal effects to
stand out above other, more stochastic atmospheric varia-
tions and the uncertainties in individual measurements.
Although tidal effects are strong above 120 km, SPICAM
profiles do not extend to higher altitudes.

5.1. Dominant Components

[21] The wave‐2 and wave‐3 components of zonal pres-
sure variations in Figures 3–5 are generally stronger than the
wave‐1 component, consistent with previous work at ther-
mospheric altitudes and theoretical predictions concerning
the importance of DK1, DK2, and SK1 (section 3). Between
70 km and 110 km altitude, the fitted amplitude of the
wave‐1 component only exceeds 0.2 in case B, whose
seasonal extent differs greatly from those of the other cases
(Table 1). This is also the only northern hemisphere case.
However, the wave‐1 component in density observations
at 130 km, 10°N–50°N, and Ls≈50° by the MGS acceler-
ometer instrument had a relative amplitude of less than 0.1
[Withers et al., 2003]. It is therefore probable that the root
cause of the strong wave‐1 component in case B lies with
this case’s season, not its latitude. The season of case B, Ls =
240°–270°, is a much dustier one than Ls ≈ 50° [Smith, 2004]
and atmospheric tides are sensitive to the thermal effects
of atmospheric dust.
[22] The amplitude of the wave‐2 component is unusually

small, 0.013 ± 0.047 at 110 km, in case D. This compo-
nent’s fitted amplitude exceeds 0.2 at 110 km in cases A—C
and is also large in most MGS accelerometer density

observations at 130 km [Withers et al., 2003]. The unprec-
edented weakness of the wave‐2 component extends over all
altitudes in this case. It may well be connected with the
significant and unusual dust storm that occurred around Ls =
130° [Smith et al., 2006; Forget et al., 2009]. Since thermal
tides are significantly weaker in case D than in cases A—C,
the remainder of this work focuses on cases A—C.

5.2. Dependence of Phase on Altitude

[23] Figures 8–10 show how the amplitudes and phases of
the three components of zonal pressure variations depend on
altitude for cases A—C. The first impression is that these
phases vary little with altitude, yet upon further inspection,
it is clear that the phases of the wave‐2 and wave‐3 com-
ponents are not completely insensitive to altitude. This has
implications for the vertical propagation of the underlying
tidal modes responsible for these zonal pressure variations.
Patterns in the phase of the wave‐1 component, which often
has large uncertainties, are unclear.
5.2.1. Wave‐2
[24] In cases A—C, the wave‐2 phase varies little with

altitude both below and above a narrow transition region
centered around 90 km altitude. Yet in each of these three
cases, the wave‐2 phase shifts eastward by about 20° over a
vertical distance of 5–10 km as the altitude increases past
about 90 km. In each of these three cases, this slight phase
shift is accompanied by a change in the amplitude of the
wave‐2 component. Below the transition region, this
amplitude is relatively constant at about 0.1. Above the
transition region, this amplitude is much larger than 0.1 and
tends to increase with increasing altitude. This is interpreted
in section 5.5.2 as suggesting that dominance of the wave‐2

Figure 2. Crosses show pressure measurements at 110 km
for case C. The solid line is a harmonic fit to the data and the
two dotted lines indicate the 1s uncertainty envelope about
the fit.

Table 2. Fitted Amplitudes and 1s Uncertainties for Pressure
Measurements at 110 km in Cases A—Da

Case p0 (Pa) wp1 wp2 wp3

A 1.46E−04 ± 8.28E−06 0.05 ± 0.08 0.31 ± 0.09 0.14 ± 0.08
B 1.07E−03 ± 7.34E−05 0.23 ± 0.10 0.21 ± 0.10 0.35 ± 0.09
C 1.29E−04 ± 5.10E−06 0.08 ± 0.06 0.35 ± 0.06 0.18 ± 0.05
D 1.12E−03 ± 4.18E−05 0.12 ± 0.05 0.01 ± 0.05 0.15 ± 0.05

aThe term p0 is the fitted zonally uniform pressure (Pascals) and wpn is
the normalized amplitude of the wave‐n component (dimensionless).

Table 3. Fitted Phases and 1s Uncertainties for Pressure Measure-
ments at 110 km in Cases A—Da

Case �p1 �p2 �p3

A 319.2 ± 90.5 155.7 ± 7.5 38.8 ± 10.6
B 147.6 ± 22.4 118.6 ± 12.4 24.5 ± 4.9
C 230.2 ± 40.9 155.9 ± 4.4 42.2 ± 5.4
D 143.1 ± 21.9 24.2 ± 107.1 109.3 ± 6.1

aThe term �pn is the phase of the wave‐n component (degrees).

Figure 3. As Figure 2, but for case A.
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component by DK1 begins at this transition altitude, not
below.
5.2.2. Wave‐3
[25] Changes in the phase of the wave‐3 component are

more subtle. Broadly speaking, the wave‐3 phase moves
westward with increasing altitude until a transition altitude,
then reverses direction and moves eastward with increasing
altitude. This transition altitude is also approximately 90 km,
although it is somewhat lower for Case C than for Cases A
and B. Unlike the wave‐2 component, there is not a strong
association between these transition altitudes and increases
in the amplitude of this component.

5.3. Diurnal or Semidiurnal Tidal Modes?

[26] If the wave‐n component of observed zonal pressure
variations is caused by a diurnal tidal mode, then the phase of
this component will change by half of its full range (360°E/n)
if the local time changes by half a sol. If it is caused by a
semidiurnal tidal mode, then the phase will not change.
5.3.1. Wave‐2
[27] The phase of the wave‐2 component is almost iden-

tical for cases A and C, which have similar seasonal and
local time coverage. Case A covers the southern extratropics
and case C covers the southern tropics. MGS accelerometer‐
derived density observations at the same latitudes, a slightly
earlier season, and local times about half a sol later have a
wave‐2 phase around 70° at 130 km [Withers et al., 2003],
which differs by 85° ± 5° from the characteristic 155° ± 5°
phase of the wave‐2 component in cases A and C at 110 km.
This is consistent with the expected phase separation of 90°
for a diurnal tidal mode, which agrees with the earlier
conclusions of many investigators that the wave‐2 compo-
nent of zonal density/pressure variations is dominated by the
DK1 tidal mode. Dominance by a meridionally broad tidal
mode like DK1 would also tend to lead to similarities in
the phase over a wide range of latitudes, as seen in cases A
and C.
5.3.2. Wave‐3
[28] The phase of the wave‐3 component is also similar

for cases A and C. MGS accelerometer‐derived density
observations at the same latitudes, a slightly earlier season,
and local times about half a sol later have a wave‐3 phase

around 100° [Withers et al., 2003], which differs by 60° ± 8°
from the characteristic 40° ± 8° phase of the wave‐3 com-
ponent in cases A and C at 110 km. This is the expected
phase separation of 60° for a diurnal tidal mode such as
DK2. By contrast, the data analysis efforts of Bougher et al.
[2001], Withers et al. [2003], and Cahoy et al. [2007] found
that SK1, not DK2, dominated the wave‐3 component of
their observations (section 3). The simulations of Wilson
[2002] at Ls = 80°, although noting the sensitivity of their
results to uncertain damping processes, found the SK1 tidal
mode should be stronger than the DK2 tidal mode at high
northern latitudes, but not at other latitudes, which may
account for the difference between the results of this work
(60°S–10°S) and those ofBougher et al. [2001] (60°N–65°N)
and Cahoy et al. [2007] (85°N). If SK1 is also dominant at
high southern latitudes, then this would account for the dif-
ference between the results of this work (60°S–10°S) and
those of Withers et al. [2003] (70°S–50°S). The simplest
possible explanation for all these observations at Ls ∼ 90° is
that DK2 is dominant in the tropics, up to about 50° or 60°
latitude, and SK1 is dominant at more poleward latitudes.

5.4. Values of Phases

[29] If the phases of components of zonal density/pressure
variations vary little with altitude between 70 km and 160 km,
then the question that arises is are the values of these phases
primarily determined by processes in the lower atmosphere or
by the zonal inhomogeneities at the Martian surface that
create the nonmigrating tidal modes? Either options has
interesting consequences if the dominant tidal mode can be
determined. If the first option is true, then the phase of a
particular component provides information about conditions
in the lower atmosphere. If the second option is true, then the
phase of a particular component is relatively insensitive to
season and latitude, which would enable more efficient
aerobraking operations and would help scientists deal better
with longitudinal variations in a range of thermospheric and
ionospheric data sets.
[30] The phases of the wave‐2 component in cases A–C of

this work and the nightside case reported in Table 3 of
Withers et al. [2003], all of which have local times of a few
hours past midnight, are around 120°–150°, rather than
distributed across the full range of 180°. Hinson et al.

Figure 4. As Figure 2, but for case B.

Figure 5. As Figure 2, but for case D.
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[2008] reported a phase of 150°–160° at 0–40 km altitude
for a wave‐2 component dominated by DK1 at Ls = 35°–
70°, 35°N and LST = 4.2 h. The phase of the DK1 tidal
mode barely changes between the surface and the thermo-
sphere, confirming that it is fixed by surface characteristics
throughout the atmosphere. This is consistent with simula-
tions [e.g., Wilson, 2000]. It is also noteworthy that the
wave‐3 phases in cases A—C of this work and the nightside
case of Withers et al. [2003] are around 0°–40°, rather than
distributed across the full range of 120°.

5.5. Dissipation

[31] The rate of change of amplitude of a particular
component with altitude is determined by two factors.
Conservation of energy in an idealized, dissipationless
atmosphere should keep the product of atmospheric density
and the square of a tidal mode’s relative amplitude the same
at all altitudes [Chapman and Lindzen, 1970; Forbes, 1995].
However, dissipation in a real atmosphere reduces tidal
amplitudes below this limit. We define L, a dissipative
lengthscale, as follows:

A ¼ A0 exp
z

2H

� �
exp

�z

L

� �
ð1Þ

where A is the amplitude, A0 is a reference amplitude, z is
altitude, and H is the scale height. If L is positive, then a
larger value of L corresponds to weaker dissipation. If L is
negative, then the amplitude of this component is increasing

Figure 6. Normalized pressure variations with longitude (0°E–360°E) and altitude (60–120 km) for case
A. Pressure measurements for case A were extracted at 5 km intervals, then fitted by a series of harmonic
functions. The labeled contours show how the difference between the fitted pressure and the zonally uni-
form pressure term, normalized by the zonally uniform pressure term, varies with longitude and altitude.
The colored blocks show how the difference between the measured pressure and the zonally uniform pres-
sure term, normalized by the zonally uniform pressure term, varies with longitude and altitude. The ver-
tical extent of each block, 5 km, indicates the vertical spacing of the pressure measurements used. The
horizontal extent of each block has no significance.

Figure 7. Pressure variations with longitude and altitude
for case A.
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faster than the theoretical limit for a tidal mode, which
demands an explanation. Table 4 reports best‐fit values of L
for the different wave components in cases A–C using data
from Figures 8–10.
5.5.1. Wave‐1
[32] The dependence of the wave‐1 amplitude on altitude

varies significantly between the cases. In case A, it tends to
decrease with increasing altitude. In case B, it increases with
increasing altitude above 95 km. In case C, it increases with
increasing altitude between 75 km and 90 km, reaching a
plateau at higher altitudes.
[33] If the altitude range used to find L is limited to the

region where the wave‐1 amplitude increases sharply, then
negative values of L are obtained in cases B and C. Spe-
cifically, L is −30 km between 95 and 110 km in case B and
−8 km between 75 and 90 km in case C, albeit with large
uncertainties. Thus the wave‐1 component of the zonal
pressure variations in these cases cannot be caused by a single
tidal mode. However, negative values of L can be explained
by the interaction of multiple tidal modes that combine to
produce the observed wave‐1 zonal variation. Although a
negative value of L implies the presence of multiple tidal

modes, a positive value of L does not necessarily require
dominance by a single tidal mode. A negative value of L is the
first of two techniques introduced in this work for inferring
the presence of multiple tidal modes. This topic is discussed
further in sections 6.3 and 7.2.
[34] The wave‐1 amplitude decreases with increasing

altitude in case A, yet increases with increasing altitude in
case C. The only significant difference between these two
cases is that case A spans 60°S to 30°S and case C spans 20°
S to 10°S. Dissipation is clearly important for the tidal mode
(s) responsible for the wave‐1 component in case A. If the
same tidal modes are responsible for the wave‐1 compo-
nents in these two cases, then the relevant dissipative pro-
cesses are much weaker in the tropics than at higher
latitudes. It is noteworthy that the behavior of the wave‐1
component in case C (southern tropics, southern winter) is
more similar to case B (northern tropics, northern autumn)
than to case A (southern extratropics, southern winter). In
both cases B and C, the wave‐1 phase is near 150°E and the
wave‐1 amplitude tends to increase with increasing altitude.
By contrast, in case A, the wave‐1 phase is near 90°E and
the wave‐1 amplitude decreases almost monotonically with

Figure 8. (a) Fitted phases and 1s uncertainties for pressure measurements at 5 km intervals for case A.
Black squares identify wave‐1, red crosses identify wave‐2, and blue triangles identify wave‐3. To min-
imize confusion caused by overlapping symbols, wave‐2 and wave‐3 symbols are plotted several km
above their actual altitudes. (b) The corresponding fitted normalized amplitudes and 1s uncertainties using
the same symbols as Figure 8a. (c and d) The same as Figures 8a and 8b, but for temperature measurements.
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altitude. This suggests that there is a distinct difference
between the tidal modes responsible for the wave‐1 com-
ponent of zonal pressure variations in the tropics and those
responsible at higher latitudes.
5.5.2. Wave‐2
[35] The wave‐2 amplitudes change little with altitude

below about 90 km in cases A–C but increase rapidly with
altitude at higher altitudes. This increase reaches a plateau at
high altitudes in case A. If the altitude range used to find L is
limited to the region where the wave‐2 amplitude increases
sharply, then values of L on the order of 30 km are obtained
in cases A–C, although the uncertainties are very large. Such
steep increases in amplitude are consistent with a tidal mode
that is only slightly affected by dissipation, which is a
characteristic of the DK1 tidal mode [Forbes and Hagan,
2000]. However, this poses the question of why the ampli-
tude of the wave‐2 component is appreciable, rather than
negligibly small, below these selected altitude ranges. The
likely explanation is that the amplitude of the DK1 tidal
mode is extremely small at lower altitudes, but that some
other tidal mode that is more sensitive to dissipative pro-
cesses is responsible for the observed wave‐2 component at
lower altitudes. This also provides a natural explanation for
the 20° eastward shift in the wave‐2 phase around 90 km
(section 5.2).

5.5.3. Wave‐3
[36] The wave‐3 amplitudes increase almost monotically

with increasing altitude in cases B and C. The data for case
A could also be consistent with this trend, but their uncer-
tainties are relatively large. Unlike the wave‐2 component,
there is no obvious separation between altitude regions
where the amplitude is fairly constant and where the
amplitude is increasing dramatically, which suggests that the
same tidal mode is responsible for the wave‐3 component at
all altitudes. This is also consistent with the observed steady
drifts in wave‐3 phase with altitude, as opposed to an
abrupt, step‐like change at some altitude (section 5.2).

6. Variations in Temperature With Longitude
in SPICAM Observations

[37] An important feature of the SPICAM data set is that
atmospheric densities, pressures, and temperatures are all
determined as functions of altitude. By contrast, data sets
provided by orbiting infrared instruments, such as the
Thermal Emission Spectrometer (TES) on MGS [Banfield
et al., 2000, 2003; Smith et al., 2001; Smith, 2004] or Mars
Climate Sounder (MCS) onMRO [McCleese et al., 2007; Lee
et al., 2009; Heavens et al., 2010], are limited to temperature
as functions of pressure. The additional information provided

Figure 9. As Figure 8, but for case B.
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by SPICAM’s absolute altitude scale is helpful for investi-
gating atmospheric properties and processes.
[38] Figure 11 illustrates that substantial variations in

temperature with longitude at fixed altitude are apparent in
SPICAM observations. As for pressure, these variations are
caused by thermal tides. Fitted amplitudes and phases are
reported in Tables 5–8. We now develop theoretical rela-
tionships between temperature and pressure variations,
before comparing specific predictions to observations in the
subsequent sections.

6.1. Theory

[39] The following theoretical analysis demonstrates why
zonal variations in pressure due to nonmigrating thermal
tides also cause zonal variations in temperature. Suppose the
dependence of pressure, p, on longitude, l, and altitude, z,
satisfies

p ¼ p0 zð Þ 1þ wp zð Þf �ð Þ� � ð2Þ

where wp (z) is a normalized amplitude (dimensionless) and
the maximum value of ∣f(l)∣ (also dimensionless) is unity.
We define a zonally uniform scale height, H0, by

d ln p0
dz

¼ �1

H0
ð3Þ

Since the scale height, H, is defined by dln p/dz = −1/H, it
can be shown that H satisfies

H ¼ H0 1þ H0
dwp zð Þ
dz

f �ð Þ
� �

ð4Þ

This result is valid if wp (z) is small, H0 dwp (z)/dz is small,
and f(l) does not vary greatly with altitude. Since temper-
ature, T, is proportional to H, a similar expression describes
zonal temperature variations. Specifically, H/H0 = T/T0.
Because equation (4) is linear in f(l), each wave‐n com-
ponent of zonal temperature variations is controlled by the

Figure 10. As Figure 8, but for case C.

Table 4. Values of L for the Wave‐1, Wave‐2, and Wave‐3
Components of Cases A–C

Case Wave‐n L (km)

A 1 9.0 ± 1.3
A 2 24.2 ± 7.5
A 3 17.8 ± 3.2
B 1 18.5 ± 0.9
B 2 21.4 ± 0.6
B 3 31.4 ± 15.7
C 1 24.8 ± 15.9
C 2 22.7 ± 3.1
C 3 29.0 ± 11.6
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corresponding wave‐n component of zonal pressure varia-
tions. Equation (4) leads to several testable predictions.
[40] First, the phase of a component of zonal tempera-

ture variations equals the corresponding pressure phase if
dwp (z)/dz is positive. Second, the phase of a component of
zonal temperature variations differs by half of its full range
(360°E/n) from the corresponding pressure phase if dwp (z)/dz

is negative. Third, the amplitude of a component of zonal
temperature variations is zero if the corresponding dwp (z)/dz
is zero (and vice versa). Fourth, the nonzero amplitude of a
component of zonal temperature variations equalsH0 dwp (z)/dz.
Fifth, the phase of a component of zonal temperature
variations changes by half of its full range if the sign of

Figure 11. (a–c) Case A, where Figure 11a shows temperature measurements at 0.005 Pa and fit with
symbols as Figure 2. Figure 11b shows temperature measurements at 90 km and fit. Figure 11c shows
pressure measurements at 90 km and fit. Pressure and temperature phases are anticorrelated for the wave‐1
and wave‐3 components. (d–f) Similar temperature and pressure data for case B at 0.005 Pa in Figure 11d
and 100 km in Figures 11e and 11f. Pressure and temperature phases are correlated for the wave‐1 and
wave‐2 components. (g–i) Similar temperature and pressure data for case C at 0.001 Pa in Figure 11g and
100 km in Figures 11h and 11i. Pressure and temperature phases are anti‐correlated for the wave‐1
component and correlated for the wave‐2 component. (j–l) Similar temperature and pressure data for case C
at 0.02 Pa in Figure 11j and 80 km in Figures 11k and 11l. Pressure and temperature phases are antic-
orrelated for the wave‐1 and wave‐3 components. In all four rows, zonal variations in temperature at fixed
pressure are similar to those at fixed altitude.
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dwp (z)/dz reverses with increasing altitude (and vice versa).
The subsequent parts of section 6 test these predictions.
[41] We say that a temperature phase and a pressure phase

are correlated if they are identical and anticorrelated if they
differ by half of their full range. Correlation is predicted to
occur if a particular dominant tidal mode intensifies (ampli-
tude increases with increasing altitude). Anticorrelation is
predicted to occur if a particular dominant tidal mode
attenuates (amplitude decreases with increasing altitude). An
intuitive sense of this relationship arises from the following
illustration. Suppose pressures at 80 km are greater than the
zonal mean at 0°E and less than the zonal mean at 180°E, and
that pressures at 120 km are zonally symmetric. The zonal
structure has attenuated, not intensified, between 80 km and
120 km. The change in pressure from 80 km to 120 km is
larger at 0°E than at 180°E, so the scale height must be
smaller at 0°E than at 180°E. Hence pressures and scale
heights/temperatures are anticorrelated in this illustration.

6.2. Variations in Phase With Altitude

[42] Figures 8–10 show variations in the phases and
amplitudes of harmonic components for temperature with
altitude for cases A–C. Although the uncertainties on the
fitted amplitudes are quite large for some of the points
plotted in Figures 8–10, the associated phases have clear
trends with altitude, which indicates that these zonal varia-
tions in temperature are meaningful, rather than fitted noise.
[43] In most instances, the phases shown in Figures 8–10

vary smoothly with altitude. There are three exceptions
where the phase changes abruptly with altitude, the wave‐1
component of cases A (80 km) and C (90 km) and the wave‐3
component of case A (85 km). In all three of these instances,
the phase changes by one‐half of its full range, 180° for the
wave‐1 components and 60° for the wave‐3 component, and
the value of the corresponding amplitude is consistent with
zero. The amplitudes of the corresponding pressure compo-
nents are local maxima, so the sign of dwp (z)/dz reverses in
each instance as well.

[44] Figure 11 shows several examples of zonal variations
in pressure and temperature at fixed altitude (discussed
further in section 6.4). It also illustrates that zonal variations
in temperature at a fixed pressure level are very similar to
the zonal variations at fixed altitude that our theoretical
discussions concentrate on. This excludes the possibility that
the zonal variations in temperature at fixed altitude reflect a
zonally uniform T(p) that is sampled at different pressures as
longitude changes at constant altitude, which could occur if
the only impact of tides was the rise and fall of the atmo-
spheric column. Therefore the zonal variations in tempera-
ture at fixed altitude result from adiabatic heating/cooling
caused by the atmospheric motions associated with non-
migrating tides.

6.3. Phase Reversals and Inferred Number of Tidal
Modes

[45] However, there are several other extrema in the
pressure amplitudes that are not associated with reversals in
temperature phase and zero temperature amplitude. For case
A, these include wave‐2 at 80 km and wave‐3 at 105 km.
For case B, these include wave‐1 at 80 km and 95 km and
wave‐2 at 80 km and 90 km. For case C, these include
wave‐1 around 100 km and wave‐2 at 90 km. It is likely that
some of the extrema in fitted amplitude may not correspond
to extrema in real amplitudes due to uncertainties in the fits,
but this explanation cannot eliminate all of these extrema in
fitted amplitude.
[46] The predictions derived from equation (4) require that

f(l) does not vary greatly with altitude. If two or more tidal
modes contribute to a particular component of zonal pres-
sure variations, then the individual amplitudes and phases of
both modes contribute to the net wp (z) and f(l). If their
individual amplitudes vary with altitude at different rates, as
is plausible, then the gradient in the net wp (z) can be zero
without the net temperature amplitude being zero and the
gradient in the net wp (z) can reverse sign without the net
temperature phase changing abruptly by half a cycle.

Table 5. Fitted Temperature Amplitudes and 1s Uncertainties for 90 km in Case A, 100 km in Case B, 80 km
in Case C, and 100 km in Case Ca

Case z (km) T0 (K) wT1 wT2 wT3

A 90 1.14E+02 ± 1.16E+00 0.06 ± 0.01 0.06 ± 0.02 0.03 ± 0.01
B 100 1.26E+02 ± 2.05E+00 0.06 ± 0.02 0.03 ± 0.02 0.09 ± 0.02
C 80 1.30E+02 ± 1.32E+00 0.04 ± 0.01 0.05 ± 0.01 0.04 ± 0.01
C 100 1.08E+02 ± 1.26E+00 0.04 ± 0.02 0.05 ± 0.02 0.05 ± 0.01

aThe term T0 is the fitted zonally uniform temperature (K) and wTn is the normalized amplitude of the wave‐n component
(dimensionless).

Table 6. Fitted Pressure Amplitudes and 1s Uncertainties for 90 km in Case A, 100 km in Case B, 80 km in
Case C, and 100 km in Case Ca

Case z (km) p0 (Pa) wp1 wp2 wp3

A 90 4.34E−03 ± 2.09E−04 0.16 ± 0.07 0.17 ± 0.07 0.12 ± 0.07
B 100 4.51E−03 ± 2.09E−04 0.10 ± 0.07 0.19 ± 0.06 0.23 ± 0.06
C 80 1.98E−02 ± 5.71E−04 0.07 ± 0.04 0.10 ± 0.04 0.11 ± 0.04
C 100 7.77E−04 ± 3.74E−05 0.13 ± 0.07 0.25 ± 0.07 0.19 ± 0.07

aThe term p0 is the fitted zonally uniform pressure (Pascals) and wpn is the normalized amplitude of the wave‐n component
(dimensionless).
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[47] We conclude, as long as the other assumptions
required by equation (4) are not violated, that the existence of
an extremum in the amplitude for a particular pressure
component that is not accompanied by a reversal in the
corresponding temperature phase and by a corresponding
temperature amplitude of zero strongly suggests that this
harmonic component is composed of multiple underlying
disturbances, not a single tidal mode. This is the second of
two techniques introduced in this work for inferring the
presence of multiple tidal modes. This topic is discussed
further in sections 5.5.1 and 7.2.

6.4. Phase Correlations and Anticorrelations

[48] When a component is dominated by a single tidal
mode and the pressure amplitude changes with altitude,
equation (4) predicts either correlation or anticorrelation
between the temperature and pressure phases. There are
many instances where clear changes in pressure amplitude
with altitude are associated with the expected phase rela-
tionship. For wave‐1, phase correlations are present in case
A at 70 km, case B at 100 km, and case C at 80 km and a
phase anticorrelation is present in case A at 90 km. For
wave‐2, phase correlations are present in case A at 90 km,
case B at 100 km, and case C at 100 km. For wave‐3, phase
correlations are present in case A at 80 km, case B at 80 km,
and case C at 80 km. Phase anticorrelations are also present
in case A at 90 km for wave‐3 and case C at 100 km for
wave‐1, although the gradient in the fitted wp (z) is not
clearly negative. Each of the three phase anticorrelations are
associated with one of the three temperature phase reversals
discussed in section 6.2.
[49] Figure 11 shows examples of phase correlations and

anticorrelations. Tables 5–8 report the corresponding fitted
amplitudes and phases.
[50] It is unclear why a phase correlation exists in case B

for wave‐1 at 100 km. Two pieces of evidence suggest that
multiple tidal modes contribute to this component, a pres-
sure minimum at 95 km is not associated with a reversal in
temperature phase (that would require phase anticorrelation
in the 80–90 km range) and L < 0 in the 95–110 km range.

The 90° change in wave‐1 phase with altitude for case B
also lacks a straight‐forward explanation. In addition, it is
unclear why a phase correlation exists in case C for wave‐1
at 80 km when L is negative around this altitude.

6.5. Predicted Temperature Amplitudes

[51] Equation (4) predicts the amplitude of a temperature
component. In most instances, the uncertainties on the pre-
dicted and observed amplitudes are so large that the accu-
racy of the predictions can scarcely be evaluated. Three of
the most successful predictions are summarized in Table 9.
All three instances correspond to significant increases in the
pressure amplitude with altitude that are sustained over an
appreciable vertical distance. All three are also associated
with phase correlations.

7. Summary and Conclusions

[52] Zonal variations at fixed altitude, latitude, season,
and local time can be seen in pressure and temperature
measurements at 70–120 km from the SPICAM instrument.
These are caused by nonmigrating thermal tides.

7.1. Dominant Modes

[53] Wave‐2 and wave‐3 components are usually the
strongest, consistent with higher altitude observations and
theoretical predictions. The amplitudes of the strongest
pressure variations have not begun to decrease significantly
by 110 km, yet the amplitudes of density variations in aero-
braking accelerometer observations decrease above 130 km.
Although most work using aerobraking accelerometer data to
study thermal tides has focused on 120 km or above, there are
substantial data in the 100–120 km range that might span the
peak amplitudes of the most significant tidal modes. As was
found in aerobraking density data at 130–160 km, phases of
harmonic components of pressure variations vary little with
altitude. Data from cases A–C of this work and the nightside
observations reported byWithers [2003] have similar density
or pressure phases for both their wave‐2 and wave‐3 com-
ponents. These four data sets sample the same local time, but
a range of latitudes and seasons. This raises the question of
whether the phases of the dominant nonmigrating tidal modes
in the Martian atmosphere are determined solely by char-
acteristics of the Martian surface and are thereby relatively
insensitive to atmospheric conditions.

7.2. Theoretical Relationships

[54] Straightforward theory leads to several testable pre-
dictions concerning relationships between zonal variations in
pressure and temperature for harmonic components domi-
nated by a single tidal mode. Each prediction has been
confirmed observationally in multiple instances. We have
developed and applied two techniques for testing whether a
given harmonic component contains contributions from

Table 7. Fitted Temperature Phases and 1s Uncertainties for
90 km in Case A, 100 km in Case B, 80 km in Case C, and
100 km in Case Ca

Case z (km) �T1 �T2 �T3

A 90 272.1 ± 13.7 140.6 ± 6.4 56.1 ± 10.2
B 100 149.7 ± 21.0 103.4 ± 20.9 33.2 ± 4.7
C 80 144.0 ± 19.5 126.6 ± 8.6 21.1 ± 7.0
C 100 308.4 ± 21.8 162.8 ± 9.3 61.1 ± 6.7

aThe term �Tn is the phase of the wave‐n component (degrees).

Table 8. Fitted Pressure Phases and 1s Uncertainties for 90 km
in Case A, 100 km in Case B, 80 km in Case C, and 100 km in
Case Ca

Case z (km) �p1 �p2 �p3

A 90 100.0 ± 25.9 155.4 ± 11.5 9.4 ± 11.1
B 100 150.4 ± 33.2 110.1 ± 9.3 20.2 ± 5.2
C 80 140.8 ± 34.1 166.4 ± 11.0 17.8 ± 6.3
C 100 138.5 ± 30.7 149.7 ± 7.6 29.3 ± 5.9

aThe term �pn is the phase of the wave‐n component (degrees).

Table 9. Predicted and Observed Normalized Temperature
Amplitudes With 1s Uncertainties for Three Instances

Case z (km) Wave‐n Observed Predicted

A 90 2 0.08 ± 0.02 0.06 ± 0.03
C 80 3 0.05 ± 0.02 0.04 ± 0.02
C 100 2 0.07 ± 0.02 0.09 ± 0.03
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several aliased tidal modes or is dominated by a single tidal
mode. A strong intensification in pressure amplitude that has
a negative value of the dissipative length scale, L, indicates
multiple tidal modes. Failure to satisfy the predicted rela-
tionships between pressure and temperature also indicates
multiple tidal modes. Satisfying these predicted relationships
indicates a single tidal mode.

7.3. Wave‐1

[55] The wave‐1 component is the most complex of the
three studied here. In case Bwe infer from pressure amplitude
extrema at 80 km and 95 km that are not accompanied by
temperature phase reversals and from its negative (−30 km,
but highly uncertain) value of L between 95 and 110 km that
its wave‐1 component contains multiple tidal modes at all
altitudes. In case C we infer from a pressure amplitude
extremum at 90 km that is accompanied by a temperature
phase reversal and from its negative (−8 km, but highly
uncertain) value of L at 75–90 km that its wave‐1 component
contains multiple tidal modes at low altitudes but is domi-
nated by a single tidal mode at high altitudes. In case A we
infer from a pressure amplitude extremum at 90 km that is
accompanied by a temperature phase reversal that its wave‐1
component is dominated by a single tidal mode at low alti-
tudes. The corresponding positive value of L and stable
pressure phase are also consistent with a single tidal mode.
[56] The behavior of the wave‐1 component differs

between the tropics (case C) and extratropics (case A). In the
tropics, it is dominated by a single tidal mode at 80 km, has
increasing pressure amplitude with increasing altitude at 90–
110 km, and a phase of 150° at 80–90 km. In the extratropics,
it contains multiple tidal modes at 80 km, has decreasing
pressure amplitude with increasing altitude at 90–110 km,
and a phase of 90° at 80–90 km. These characteristics are
constraints that must be satisfied by simulations that predict
which tidal modes are present in the atmosphere. The
behavior of the wave‐1 component in Case B is also atypical,
the pressure amplitude is unusually strong and the temper-
ature phase is consistent with a constant value below 90 km,
shifts westward 90° at 90 km, then settles at a constant value
above 90 km.

7.4. Wave‐2

[57] A transition in the behavior of the wave‐2 component
occurs at 80 km in case A and 90 km in cases B and C.
Pressure amplitudes are around 0.1 and vary little with
altitude below these transition altitudes but are larger and
increase strongly with increasing altitude above. Pressure
phases change abruptly eastward by 20° at these transition
altitudes. Pressure amplitude extrema at these transition
altitudes are not accompanied by a temperature phase
reversal, suggesting multiple tidal modes, but phase corre-
lations and accurate temperature amplitude predictions
occur at higher altitudes, suggesting a single tidal mode. We
conclude that the wave‐2 component contains multiple tidal
modes below this transition altitude but is dominated by a
single tidal mode, DK1, at higher altitudes. DK1 is also
favored by the meridionally broad extent inferred from the
similarities of the wave‐2 pressure phases at high altitudes
in cases A and C, by phase changes with local time between
nightside cases A and C observations and dayside aero-
braking density data, and the large, positive values of L at

high altitudes. Possible candidates for other modes con-
tributing to the wave‐2 component include the n = 1, s = 3
tidal mode [Hinson et al., 2008]. Although most observa-
tional and theoretical studies have concluded that DK1
always dominates the wave‐2 component of zonal density/
pressure variations, DK1 is not always strong above 90 km,
the wave‐2 pressure amplitude is very weak for case D.

7.5. Wave‐3

[58] In the cases studied here, the wave‐3 component is
always consistent with dominance by a single tidal mode.
There are many instances where a predicted relationship
between pressure and temperature is satisfied, but none
where a prediction clearly fails. Its pressure amplitude tends
to increase steadily with increasing altitude between 70 km
and 110 km, rather than oscillating wildly. Its pressure phase
changes gradually with increasing altitude between 70 km
and 110 km, and its value of L is around 20–30 km. A
diurnal period is suggested by phase changes with local time
between nightside cases A and C observations and dayside
aerobraking density data, which makes DK2 the most likely
dominant tidal mode at these tropical and extratropical
latitudes. Other results suggest that SK1 is stronger than
DK2 at more poleward latitudes.

7.6. Anticipated Impact of Mars Climate Sounder Data

[59] The behavior of thermal tides in the middle and upper
atmosphere during dusty conditions, which may be important
for case B, can be further studied inMGSPhase 1 aerobraking
data that were affected by the Noachis dust storm. Although
most work to date on thermal tides in the upper atmosphere
has used MGS Phase 2 aerobraking data, useful comparative
data are also available from MGS Phase 1, Odyssey, and
MRO aerobraking observations. The problem of sparse
observations, which affects data sets from both occultation
and aerobraking instruments, can be overcome by the large
Mars Climate Sounder data set [McCleese et al., 2007;
Kleinböhl et al., 2009; Lee et al., 2009;Heavens et al., 2010],
which appears extremely well‐suited to studies of thermal
tides in the middle atmosphere. It offers near‐complete sea-
sonal and meridional coverage over an extended vertical
region at two local times separated by half a sol and provides a
sufficient number of observations for averaging to minimize
measurement uncertainties.

Appendix A

[60] The direct solar forcing can be represented as a series
of terms whose frequencies are integer multiples of the
reciprocal of the length of the Martian solar day (diurnal,
semidiurnal, ter‐diurnal, etc., terms), and hence thermal tides
are limited to the same set of temporal frequencies. Diurnal
and semidiurnal terms are typically dominant. Tidal oscil-
lations, which must contain an integer number of cycles per
360°, are also restricted in how they may vary with longi-
tude. Accordingly, any tidal oscillation can be represented as
[Forbes et al., 2002]

X
n

X
s

An;s z; �ð Þ cos nWt þ s�� �n;s z; �ð Þ� � ðA1Þ

where A is an amplitude, z is altitude, � is latitude, n is a
nonnegative integer, W is the planetary rotation rate, t is
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universal time, s is an integer, l is east longitude, and � is a
phase. Components with n = 0, 1, 2, … are stationary,
diurnal, semidiurnal, … components, respectively. The
absolute value of s is the number of cycles per 360° of
longitude. Components with s > 0, s < 0, and s = 0 are
westward propagating, eastward propagating, and zonally
symmetric, respectively. Since Wt = WtLST − l, where tLST is
local solar time, equation (A1) can also be written as

X
n

X
s

An;s z; �ð Þ cos nWtLST þ s� nð Þ�� �n;s z; �ð Þ� � ðA2Þ

Solar forcing contains only components with s = n, which
move with respect to an observer on the ground at the same
speed as the Sun in the sky. On a zonally symmetric planet,
only tidal components with s = n are present. Tidal compo-
nents that have s = n are “migrating” tides and those that do
not are “nonmigrating” tides. Migrating tides appear inde-
pendent of longitude in a reference frame in which local time
is fixed. To an observer whose position is fixed relative to the
surface of Mars, migrating tides have the same zonal phase
speed as the Sun. Nonmigrating components are produced by
the interaction of solar forcing with zonally asymmetric
conditions. For Mars, zonal asymmetries in topography,
surface thermal inertia, surface albedo, lower atmospheric
dust distribution and nonlinear wave‐wave interactions are
possible sources of nonmigrating tidal components [Forbes
et al., 2002; Withers et al., 2003; Forbes, 2004; Angelats i
Coll et al., 2004; Moudden and Forbes, 2008a].
[61] In this work, we focus on observations in a fixed local

solar time reference frame, where nonmigrating tides can
cause variations with longitude, but migrating tides cannot.
The variation with local solar time and longitude of a
migrating tidal component whose zonal wave number is sX
satisfies

cos sXWt þ sX�� �sX ;sX

� � ðA3Þ

cos sXWtLST þ sX � sXð Þ�� �sX ;sX

� � ðA4Þ

where terms like (sX − sX) are retained for clarity. If zonal
asymmetries are represented by

cos m�� �mð Þ ðA5Þ

where m is a positive integer and �m is a phase, then their
interactions with migrating tidal components generate sum‐
and‐difference components that satisfy

cos sXWt þ sX � mð Þ�� �sX ;sX � �m

� �� � ðA6Þ

cos sXWtLST þ sX � sXð Þ � mð Þ�� �sX ;sX � �m

� �� � ðA7Þ

[62] A tidal component described by equations (A6) and
(A7) has a period that is given by sX, a true zonal wave
number of (sX ± m) and a zonal wave number in a fixed local
solar time reference frame of ∣(sX − sX) ± m∣, which reduces
to m for all values of sX. An observer at a fixed longitude
who records the atmospheric response to a tidal component
over all local solar times is able to determine its period but

neither its true zonal wave number nor m. An observer
who records the atmospheric response to a tidal component
over all longitudes at a fixed local solar time is able to
determine m. This observer can place constraints on the
period and true zonal wave number but cannot uniquely
determine them [e.g., Hinson et al., 2008]. If these obser-
vations are extended to a second local solar time that differs
significantly from the original local solar time, then the
period of the tidal component can be determined. For a dif-
ference of half a day, the longitudes of tidal maxima and
minima are reversed for a diurnal tidal component, but
unchanged for a semidiurnal tidal component. Consider, for
example, a wave‐1 zonal harmonic in a series of observations
at fixed local solar time. It could be produced by any of the
following tidal components, assuming that only diurnal and
semidiurnal components are considered:

cos 1WtL þ 0�ð Þ ðA8Þ

cos 1WtL þ 2�ð Þ ðA9Þ

cos 2WtL þ 1�ð Þ ðA10Þ

cos 2WtL þ 3�ð Þ ðA11Þ

[63] The period and true zonal wave number often
strongly influence the vertical and meridional structure of A
(z, �) [Chapman and Lindzen, 1970; Forbes, 1995]. In
idealized tidal theory, the variation of each (s, n) tidal
component with latitude can be represented as the sum of a
series of Hough functions, where each Hough function is
identified by a label i [Chapman and Lindzen, 1970; Forbes,
1995]. An (s, n) tidal component is often dominated by the
one (s, n, i) Hough mode whose meridional dependence
approximates that of solar heating (symmetric about the
equator, no nodes close to the equator, and maximized at the
equator rather than the poles). Also, each Hough function
has a specific dependence on altitude, either an exponential
decay (evanescent) or harmonic oscillation (propagating),
that is characterized by a single vertical wavelength. Eva-
nescent Hough modes that have small vertical wavelengths
are rarely important at high altitudes. In the absence of
dissipation, the conservation of energy dictates that the
amplitude of a propagating Hough mode grows exponen-
tially with altitude as density decreases. Even so, amplitudes
cannot increase without limit. Idealized tidal theory is only
valid when amplitudes are small, and a Hough mode whose
amplitude monotonically increases eventually “breaks,”
distributing its energy and momentum into a range of dis-
turbances with smaller spatial scales.
[64] Identification of the underlying tidal component

responsible for an observed atmospheric oscillation is often
an objective in atmospheric science, and several methods can
be applied to accomplish this. Observations can constrain
periods and zonal wave numbers using equations (A6)–(A7).
Changes in the amplitude and phase of the observed atmo-
spheric oscillation with latitude and altitude can also be used
to distinguish between possible tidal components.
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