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Abstract

We have derived new results concerning thermal tides on Mars from a combination of radio occultation measurements and numerical simulations
by a Mars General Circulation Model (MGCM). This investigation exploits a set of concurrent observations by Mars Express (MEX) and Mars
Global Surveyor (MGS) in mid-2004, when the season on Mars was midspring in the northern hemisphere. The MEX occultations sampled the
atmosphere near the evening terminator at latitudes ranging from 54° N to 15° S. The MGS occultations provided complementary coverage near
the morning terminator at latitudes of 35° N and 71° S. The geopotential field derived from these measurements contains distinctive modulation
caused by solar-asynchronous thermal tides. Through careful analysis of the combined observations, we characterized two prominent wave modes,
obtaining direct solutions for some properties, such as the amplitude and phase, as well as constraints on others, such as the period, zonal wave
number, and meridional structure. We supplemented these observations with MGCM simulations. After evaluating the performance of the MGCM
against the measurements, we used the validated simulation to deduce the identity of the two tidal modes and to explore their behavior. One mode
is a semidiurnal Kelvin wave with a zonal wave number of 2 (SK2), while the other is a diurnal Kelvin wave with a zonal wave number of 1 (DK1).
Both modes are known to be close to resonance in the martian atmosphere. Our observations of the SK2 are more complete and less ambiguous
than any previous measurement. The well-known DK1 is the dominant solar-asynchronous tide in the martian atmosphere, and our results confirm
and extend previous observations by diverse instruments.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction by zonally varying topography and surface thermal properties

(e.g., Zurek, 1976; Conrath, 1976; Wilson and Hamilton, 1996)

Solar heating of the martian surface and atmosphere ex-  and through nonlinear interactions (e.g., Angelats i Coll et al.,
cites an assortment of global-scale atmospheric waves known 2004).

as thermal tides (e.g., Zurek et al., 1992; Wilson and Hamilton, Martian thermal tides have been observed by a variety of

1996). The direct response of the atmosphere to solar forc-  techniques both at fixed locations on the surface and from or-

ing takes the form of classical modes that are phase locked to  biting satellites. The foundation for current understanding of
the Sun, but the spectrum of tides on Mars includes important  the solar-locked tides comes from the Viking Landers, which
contributions from many modes that do not follow the Sun’s  amassed an invaluable record of surface pressure during several
apparent westward motion. These solar-asynchronous modes  martian years of operations. These data have supported numer-
arise indirectly through modulation of the solar-locked tides  oys investigations of the diurnal and semidiurnal solar-locked
modes, allowing characterizations of their general behavior,
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and Hamilton, 1996; Bridger and Murphy, 1998). Mars Global
Surveyor (MGS) has extended our understanding of the solar-
asynchronous tides by acquiring highly complementary obser-
vations with global coverage across a wide range of altitudes.
For example, measurements of neutral density at aerobraking
altitudes (110-160 km) by the MGS accelerometer have re-
vealed surprisingly strong modulation caused by a combination
of solar-asynchronous modes (e.g., Forbes and Hagan, 2000;
Wilson, 2002; Withers et al., 2003; Wang et al., 2006). In the
lower atmosphere (0—40 km), the global structure and seasonal
evolution of several prominent solar-asynchronous modes have
been characterized through analysis of extensive temperature
measurements by the MGS Thermal Emission Spectrometer
(TES) (e.g., Wilson, 2000; Banfield et al., 2000, 2003). We will
return to these results in Sections 5.3 and 6.3.

Radio occultation experiments conducted with MGS are an
important and underutilized source of information about mar-
tian thermal tides. Though lacking in global coverage, these
experiments have several unique attributes that complement the
capabilities of other instruments. For example, electron den-
sity profiles derived from occultation measurements contain
distinctive longitude-dependent vertical displacements caused
by solar-asynchronous tidal modes (e.g., Bougher et al., 2001;
Cahoy et al., 2006). In addition, the occultation experiments
sound the lower neutral atmosphere at much finer vertical res-
olution than the TES, enabling an investigation of nighttime
tropical temperature inversions associated with thermal tides
(Hinson and Wilson, 2004).

In this paper we derive an improved understanding of ther-
mal tides on Mars through further analysis of radio occultation
data. We focus on a set of measurements obtained concurrently
with MGS and Mars Express (MEX) in mid-2004, taking ad-
vantage of the complementary coverage in latitude and local
time by the two spacecraft. Section 2 discusses the implemen-
tation of these experiments, the retrieval algorithms, and the
coverage in longitude, latitude, and local time of the resulting
atmospheric profiles. These profiles include unique measure-
ments of geopotential height on surfaces of constant pressure,
which have been exploited previously to investigate baroclinic
eddies (Hinson, 2006). The results reported here demonstrate
the sensitivity and utility of the measured geopotential field for
investigations of thermal tides.

We supplement these observations with numerical simu-
lations by the Mars General Circulation Model (MGCM) of
the Geophysical Fluid Dynamics Laboratory (GFDL/NOAA)
(Wilson and Hamilton, 1996). Section 3 describes the version
of the model used here. Our strategy is to evaluate the perfor-
mance of the MGCM against the occultation measurements,
and then to derive a more complete characterization of selected
tidal modes from the validated simulation. When used in this
way the MGCM helps circumvent inherent limitations of the
data, which are discussed in Sections 2.3 and 4.1.

The combined results derived from the occultation measure-
ments and the MGCM simulation allow clear identification of
two solar-asynchronous tidal modes. Both are Kelvin waves,
one with a semidiurnal period and a zonal wave number of 2,
as discussed in Section 5, and the other with a diurnal period

and a zonal wave number of 1, as described in Section 6. These
eastward traveling Kelvin waves circle Mars with a zonal phase
speed of about 240 m s~ at the equator, moving at the same rate
but in the opposite direction as the westward traveling solar-
locked tides.

Zurek (1988) investigated the planetary-scale normal modes
of the martian atmosphere within an idealized theoretical
framework. His calculations indicate that the Kelvin waves
identified here are close to resonance, and this conclusion
was substantiated by subsequent MGCM simulations (Wilson
and Hamilton, 1996). Hence, the lowest-order Kelvin waves
are excited efficiently on Mars through resonant amplifica-
tion of tidal forcing (Zurek, 1988). The first evidence for the
diurnal Kelvin wave was obtained from analysis of temper-
ature measurements by the Mariner 9 Infrared Interferome-
ter Spectrometer (Conrath, 1976), and it was later character-
ized in far greater detail by the MGS TES (Wilson, 2000;
Banfield et al., 2003) and the MGS accelerometer (Forbes
and Hagan, 2000; Wilson, 2002; Withers et al., 2003). Both
the diurnal and semidiurnal Kelvin waves make a signifi-
cant contribution to the oscillations in surface pressure ob-
served by the Viking Landers (Wilson and Hamilton, 1996;
Bridger and Murphy, 1998). This paper demonstrates that the
same Kelvin waves are readily identified in radio occultation
measurements of geopotential height, which yield valuable new
insight.

We close our introductory remarks by defining a few para-
meters. The areocentric longitude of the Sun, L;, measures the
seasons on Mars, with Ly = 0° at the vernal equinox of the
northern hemisphere. In assigning numbers to martian years we
adopt the convention that Mars year 1 (MY 1) began at Ly = 0°
on 11 April 1955. The term sol denotes the mean solar day of
88,775 s. Each sol is subdivided into 24 true solar hours, and
we will refer to these as hours for short.

2. Radio occultation measurements

Radio occultation experiments were conducted routinely
with MGS between May 1999 and September 2006, yield-
ing more than 21,000 profiles of the neutral atmosphere (e.g.,
Hinson et al., 1999; Tyler et al., 2001; Hinson, 2006). MEX
began performing radio occultation experiments in April 2004
and has completed several seasons of observations, which will
continue as part of an ongoing extended mission (Pitzold et
al., 2004). This section describes the main characteristics of
these experiments and summarizes the results obtained in mid-
2004.

2.1. Equipment

Radio occultation experiments are designed to measure the
refractive bending caused by a planetary atmosphere in a limb-
sounding geometry. MGS performs these experiments in a sim-
ple “one-way” mode of communication, using coherent mi-
crowave radiation transmitted by the spacecraft and received
at tracking stations of NASA’s Deep Space Network (DSN)
(Hinson et al., 1999; Tyler et al., 2001). The radio link consists
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of a single, unmodulated signal with a frequency of 8.4 GHz
(a wavelength of 3.6 cm). The accuracy of these measurements
depends critically on frequency stability, and measurements in
the one-way mode require stable frequency references at both
ends of the radio link. The MGS payload therefore includes
a temperature-controlled, ultrastable oscillator (USO) with a
fractional frequency stability (Allan deviation) of about 10~ '3
for integration times of 1-1000 s. The DSN receivers are ref-
erenced to cryogenic hydrogen masers, with a fractional fre-
quency stability of about 10~13 at 15, 107'% at 10 s, and 10~ 13
at 100-1000 s.

Unlike MGS, MEX carries no USO. In the absence of a high-
stability frequency reference on the spacecraft, MEX conducts
its occultation experiments in a “two-way” mode of commu-
nication (Pitzold et al., 2004). During the experiments con-
sidered here a tracking antenna on Earth transmits an unmod-
ulated signal at a frequency of 7.2 GHz (4.2 cm) to MEX.
Using this uplink signal as a frequency reference, MEX gen-
erates a pair of coherent downlink signals and transmits them
back to the tracking antenna on Earth, where the data are
recorded for subsequent processing. The frequency ratios of
the signals transmitted and received by MEX are 880/749 and
240/749, resulting in downlink frequencies of 8.4 GHz (3.6 cm)
and 2.3 GHz (13.1 cm), respectively. This two-way configu-
ration attains the frequency stability required for high-quality
atmospheric sounding by using a single hydrogen maser as the
absolute frequency reference for the signals transmitted and re-
ceived by the tracking station on Earth.

About one third of the MEX occultations were conducted
with a recently constructed tracking station of the European
Space Agency (ESA) in New Norcia, Australia. The others uti-
lized tracking stations of the NASA DSN, which collected data
when Mars was not visible from New Norcia.

2.2. One-way and two-way retrieval algorithms

We retrieved atmospheric profiles from both the one-way
MGS and the two-way MEX radio occultation data using the
standard “Abel-transform” algorithm (e.g., Fjeldbo et al., 1971),
which is based on the laws of geometrical optics. Despite im-
portant differences in implementation for the one-way and two-
way experiments, the fundamental characteristics of the result-
ing atmospheric profiles are essentially the same.

Within the framework of geometrical optics, a radio sig-
nal travels along a narrow “ray path” between the transmitter
and the receiver. The ray path curves gradually within the at-
mosphere of Mars in response to refractive index gradients,
causing an angular deflection between the incoming and out-
going rays and a Doppler shift in the frequency of the received
signal. Both the deflection and the resulting Doppler shift vary
with time as the ray path slices through the atmosphere (e.g.,
Hinson et al., 1999, Figs. 2 and 3).

The method used to retrieve atmospheric profiles from the
MGS occultation data is described by Hinson et al. (1999).
We limit discussion here to one key aspect of this procedure
that differs for one-way and two-way experiments. In the one-
way MGS experiments, the properties of a particular downlink

ray—the impact parameter and the amount of refractive bend-
ing caused by the atmosphere of Mars—can be determined
uniquely from the Doppler shift observed when the correspond-
ing radio signal arrived on Earth. This step requires an accurate
reconstruction of the spacecraft trajectory, which is provided
by the MGS Navigation Team. Analysis of the complete data
from each occultation experiment yields a profile of bending
angle versus impact parameter that is the basis for all subse-
quent steps of profile retrieval.

The situation with the two-way MEX experiments is more
complex. The uplink and downlink rays follow slightly different
paths through the atmosphere of Mars, so that their minimum
altitudes, impact parameters, and angular deflections are not the
same. The fundamental observation is now the net Doppler shift
resulting from the combined effects of the uplink and down-
link segments of the radio link. The distinct properties of the
two ray paths cannot be determined uniquely from this sin-
gle measurement, but a self-consistent solution can be obtained
through iteration (cf. Jenkins et al., 1994). In each pass through
the data, the difference between the impact parameters of the
uplink and downlink rays is required to be consistent with the
estimates of refractive bending from the previous pass. This al-
gorithm imposes no artificial constraints, and the solution for
the atmospheric profile is guided only by the ephemerides of
the spacecraft, Mars, and Earth, which are well known, and the
observed Doppler shift.

Each MGS occultation experiment yields a profile of temper-
ature 7' and pressure p versus planetocentric radius that extends
from the surface to a pressure of about 10 Pa, corresponding to
an altitude of about 40 km in the tropics. The vertical resolu-
tion is diffraction limited to about 0.5 km (Karayel and Hinson,
1997; Hinson et al., 1999). The fractional uncertainties in T
and p vary strongly with pressure, decreasing from about 5%
at 10 Pa to about 0.3% at 610 Pa, near the surface. The ra-
dius scale inherent in each profile has an uncertainty of a few
meters, commensurate with the accuracy of the MGS orbit re-
constructions (e.g., Lemoine et al., 2001). This allows accurate
registration of the retrieved profiles within the gravity field of
Mars, providing a unique measure of geopotential height Z on
surfaces of constant pressure. The uncertainty in p limits the ac-
curacy of Z to about 30 m at 610 Pa, increasing to about 80 m
at 200 Pa.

The profiles retrieved from the MEX occultation experi-
ments have the same characteristics, with two notable excep-
tions. First, the use of a two-way radio link offers increased
sensitivity by doubling the Doppler shift caused by the mar-
tian atmosphere. The measurement noise also increases but by
a lesser amount, so that the MEX profiles generally extend to
smaller pressures, about 5 Pa for the experiments considered
here. Second, the vertical resolution of the MEX profiles is
determined primarily by the separation in radius between the
uplink and downlink rays, which ranged from about 2 km in
the initial experiments at northern midlatitudes to about 0.6 km
in the final experiments in the southern tropics. These limits to
vertical resolution exceed the characteristic Fresnel scale of dif-
fraction effects, which decreased steadily from 1 km to 0.5 km
within this set of observations.
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Fig. 1. Results obtained from nearly coincident measurements by MEX and
MGS on 23 August 2005. In observations separated by 13 min, the two space-
craft sounded the atmosphere at essentially the same location near the winter
pole (70° E, 76° N, Ly = 274°). (A) Temperature profiles from MEX (dark
line) and MGS (light line) agree to within 1 K and exhibit nearly identical
small scale structure. The dashed line is the saturation vapor pressure of CO5.
(B) The difference in geopotential height, AZ, between the MEX and MGS
profiles (solid line) remains within the standard deviation of the measurements
(dashed line).

It is important to determine whether the one-way and two-
way experiments yield consistent results. We address this is-
sue with a direct empirical test. Fig. 1 compares profiles re-
trieved from nearly coincident radio occultation measurements
by MEX and MGS, which occurred by chance on 23 August
2005. These profiles are from 70° E, 76° N, at Ly = 274°,
near winter solstice of MY 27. For both spacecraft the line of
sight to Earth coincided with the north—south direction at the
limb of Mars, so that the horizontal resolution was about 5°
in latitude. The experiment geometries differed only in the dis-
tance between the spacecraft and the limb of Mars, 1800 km for
MGS and 11,400 km for MEX. The offsets in longitude (0.4°),
latitude (0.06°), local time on Mars (10 min), and time of obser-
vation (13 min) are negligible. The temperature profiles agree
closely, as shown in Fig. 1A, and the maximum difference of
about 1 K at 10-30 Pa is within the measurement uncertain-
ties. The agreement extends to small-scale vertical variations
in temperature, which are probably caused by vertically propa-
gating gravity waves. The profiles of geopotential height differ
by 16 m at 200 Pa, increasing to 89 m at 20 Pa, but the differ-
ence remains smaller than the standard deviation of the mea-
surements, as shown in Fig. 1B. This comparison confirms the
accuracy of the basic measurements as well as the consistency
of the retrieval algorithms applied to the two sets of observa-
tions.

2.3. Spatial and temporal coverage

Radio occultation measurements of the neutral atmosphere
of Mars were obtained simultaneously by MEX and MGS dur-
ing April-August 2004. This series of joint observations ex-
tends from the start of routine MEX science operations to solar
conjunction. The season on Mars was midspring of the northern
hemisphere, L; = 35°-70°, near aphelion of MY 27. During
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Fig. 2. (A) Areographic locations of radio occultation measurements by MEX
(diamonds) and MGS (dots) during mid-2004. (B) Distribution in local time of
the same measurements.

this interval, MGS sounded the atmosphere at both occultation
entry and exit, while MEX experiments were conducted only at
occultation entry. The two spacecraft provide complementary
coverage in latitude and local time as a consequence of their
dramatically different orbits.

Fig. 2A shows the locations in latitude and longitude of the
measurements considered here. The MEX measurements began
at northern midlatitudes and drifted steadily southward into the
southern tropics, while the MGS measurements remained at es-
sentially fixed latitudes of 35° N (entry) and 71° S (exit). The
longitude distribution is determined by the orbital periods of the
two spacecraft. MEX completes 11 orbits in 3 sols, which re-
stricts the occultation measurements to 11 discrete longitudes.
MGS completes 88 orbits in about 7 sols so that the measure-
ments drift steadily in longitude from sol to sol (e.g., Hinson
and Wilson, 2004, Fig. 1a). Over time this results in relatively
dense coverage in longitude within restricted ranges of latitude,
as shown in Fig. 2A.

Occultation data were not recorded during every geometric
opportunity, owing to gaps in tracking coverage by the DSN
and ESA antennas. Neither spacecraft is tracked continuously.
The resulting gaps in MEX coverage are apparent in Fig. 2A,
but the corresponding gaps for MGS are obscured by the large
density of samples within two narrow ranges of latitude. During
this interval, MGS occultation data were recorded in about 75%
of the opportunities for observations.

Each spacecraft sounded the atmosphere at a different range
of local times on Mars, as shown in Fig. 2B. The MEX exper-
iments occurred near the evening terminator at local times of
17.0-17.2 h. The MGS experiments at occultation entry pro-
vided complementary coverage near the morning terminator at
local times of 4.2-4.3 h. The roughly half-sol offset in local
time between these two sets of observations provides impor-
tant leverage for investigating thermal tides. At occultation exit,
MGS sampled the polar atmosphere at local times of 8—11 h.
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Fig. 3. Thermal structure at fixed latitude and local time from (A) the MGCM simulation (32.5° N, 4 h) and (B) MGS radio occultation measurements (35° N,
4.2 h). The contour interval is 5 K. The surface is shown by gray shading. At this latitude, the highest surface elevations occur near Alba Patera (250° E) and Syrtis

Major (60° E).

In summary, the combined MGS and MEX observations pro-
vide much better coverage in latitude and local time than either
set alone.

3. The GFDL Mars General Circulation Model

The GFDL MGCM was introduced by Wilson and Hamil-
ton (1996) just prior to the launch of MGS in November
1996. Extensive observations by MGS during the following
decade enabled further development of the MGCM by pro-
viding a greatly improved characterization of Mars and its at-
mosphere. For example, definitive maps of both surface topog-
raphy (Smith et al., 2001) and surface thermal inertia (Putzig
et al., 2005) are now available as boundary conditions for the
MGCM. Atmospheric aerosols are key determinants of mar-
tian climate, and recent measurements of their basic proper-
ties (Clancy et al., 2003; Wolff and Clancy, 2003) along with
their spatial and seasonal distributions (Smith, 2004) provide
important constraints for numerical modeling of radiative trans-
fer. In addition, the MGCM has been refined and validated
through direct comparisons of model predictions with MGS
measurements of large-scale atmospheric disturbances, such
as thermal tides (Wilson, 2000, 2002; Banfield et al., 2003;
Hinson and Wilson, 2004) and traveling waves that arise from
instabilities (Hinson and Wilson, 2002; Wilson et al., 2002;
Wang et al., 2003).

We used a version of the MGCM with the following char-
acteristics. The horizontal resolution is 5° in latitude by 6°
in longitude. The vertical grid consists of 22 levels extending
from the surface to an altitude of about 90 km. The radia-
tive effects of dust are modeled in the manner described by
Hinson and Wilson (2004), but the radiative effects of water
ice clouds are ignored. In the simulation used here, the hori-
zontal distribution of dust and its time variations are prescribed
by requiring the column opacity to match measurements by the
MGS TES (Smith, 2004). The model for the vertical distribu-
tion of dust resembles the one used by Montmesin et al. (2004,
Fig. 1), with some adjustments that result in closer agreement

between the simulated and observed zonal mean temperature
fields.

Fig. 3 compares the temperature field from the MGCM sim-
ulation with results from MGS radio occultations. Both panels
show longitude-height cross sections at fixed latitude and local
time. The simulated temperature field is the average from a 10-
sol interval centered on Ly = 50°. The measured temperature
field was constructed from 23 profiles collected on 67 June
2004 at Ly = 44°. The resolution in longitude of these measure-
ments is about 15°, as compared with 6° for the simulation.

The measurements in Fig. 3B generally confirm the accuracy
of the simulation in Fig. 3A. The zonally averaged temperatures
are essentially the same throughout this pressure range. There
are notable similarities between the simulation and the mea-
surements at pressures greater than 400 Pa, where the surface
topography imposes strong zonal modulation on the temper-
ature field. We will return to this simulation in Sections 5.2
and 6.2, where other aspects of its performance will be tested
against observations by both MGS and MEX.

4. Space-time analysis of atmospheric waves

We identify and characterize atmospheric waves through
least squares analysis of radio occultation data using the same
general approach described previously by Hinson (2006). Sec-
tion 4.1 introduces a simple wave model and explains the infor-
mation content of the data considered here. Section 4.2 presents
initial results from least squares analysis, which motivate the
focused investigations that follow in Sections 5 and 6.

4.1. Basic wave model

We are interested primarily in longitude-time variations of
geopotential height at constant pressure and latitude. Our model
for these variations includes contributions from two sources:

2=Z(L)+Z (O ty). (1)

The first term Z represents the gradual seasonal trend and de-
pends primarily on L (cf. Hinson, 2006, Fig. 1a). The sec-
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ond term Z’ represents the effects of global scale atmospheric
waves, which vary sinusoidally with east longitude A and uni-
versal time #;:

7' ty) = ZACOS(SA — 2oty —¥). )

An atmospheric wave is identified by its frequency o, zonal
wave number s, amplitude A, and phase . In the notation
used here s is a dimensionless integer and o is expressed in
cycles sol~!. We adopt the convention that s > 0, so that pos-
itive and negative values of o correspond to waves traveling
eastward and westward, respectively. The summation reflects
the possible presence of several distinct atmospheric waves.

The wave model in Eq. (2) involves no assumptions about
variations with pressure or latitude. We will construct an em-
pirical description of the vertical and meridional structure of a
particular s—o mode by solving for A and ¥ at each pressure
level and latitude interval where data are available (cf. Banfield
et al., 2003). The solutions for A and  are free to vary with
pressure and latitude.

The sampling of our observations in local time is restricted
to a few discrete values, as shown in Fig. 2B. This is a con-
sequence of the systematic dependence of the measurement
longitude A on the time of observation fy:

ty + A/$2 &~ t;, =~ constant. 3)

Here, ¢;, is the local true solar time and §2 is the effective ro-
tation rate of 27 sol~!. We can illustrate the implications of
this dependence on our wave measurements by combining (2)
and (3):

Z'(0nt) =Y Acos[(s +0T)—2mot, — ], )

where T = 2 /S2 is the mean solar day. Equation (2) expresses
the wave structure within a coordinate frame attached to Mars,
while Eq. (4) is more convenient for interpreting observations
from an orbiting satellite.

Observations at fixed 77 provide a direct measure of

f=lo+s/Tl, ®)

the Doppler shifted frequency as observed in the satellite frame
(Conrath, 1981; Lait and Stanford, 1988). A solution for f
constrains the values of s and o but does not define them
uniquely. For example, an eastward traveling, wave-1, diurnal
tide (s =1, 0 =1 sol’]) yields the same fundamental fre-
quency, f =2 sol~! , as a stationary wave-2 disturbance (s = 2,
o =0sol™") or a zonally symmetric semidiurnal oscillation
s=0,0=2 sol_l). Moreover, f =0 sol~! for all solar-
locked thermal tides, which are therefore independent of A
when viewed at fixed local time. We restrict attention in this
paper to thermal tides and stationary waves, so that s, o, and f
are integers.

From Eq. (4), the maximum of Z’ associated with a particu-
lar atmospheric wave occurs at longitude

_ 2notp + ¢
T s+oT
With this notation Eq. (4) becomes

Z'0ut) =Y Acos[fT (.= dm)]. @)

(6)

m

where the dependence of Z’ on f;, is implicit in A,,. Owing to
the periodicity of Z’, A, is ambiguous by integer multiples of
2n/(fT).

Measurements at two or more well-separated local times
provide additional constraints on the values of s and o (e.g.,
Chapman et al., 1974; Banfield et al., 2000, 2003), and elegant
methods of space-time analysis have been developed to extract
this information (e.g., Salby, 1982; Lait and Stanford, 1988). In
this paper we simply use the measurements to characterize the
variation of A,, with 7, yielding the following constraint:

dkm_ 2no
drg, T s+4oT’

®)

Solutions for both s and o can then be obtained by combining
this result with the previous measurement of f. The limitations
of this approach are discussed further in Section 5.1.

Throughout this section we have expressed A and A, in radi-
ans, but in reporting results it is more convenient to use degrees
of longitude.

4.2. Measured spectra

Several prominent wave modes appear in the measurements
considered here, and these can be readily identified through
spectral analysis. In our initial survey of the data, we relied
primarily on the MGS measurements, which occur more fre-
quently than MEX observations and are less susceptible to
aliasing.

We conducted an initial assessment of the data at the 200-
Pa pressure level. One sample of Z was obtained from each
retrieved profile through interpolation. Within a subset of data
spanning 22 sols at Ly = 50°-60°, we solved for the seasonal
trend Z by fitting a quadratic polynomial to samples of Z ver-
sus L. We then systematically compared the wave model Z’
with the detrended observations, Z — Z, obtaining least squares
solutions for A and A,, for a range of possible values of f.
The presence of one or more atmospheric waves is reflected by
a strong correlation between the wave model and the observa-
tions for discrete values of f, resulting in relatively large values
for A.

Fig. 4 shows results derived from MGS measurements at
both 35° N and 72° S. Each panel contains a power spectrum
constructed from least squares analysis. Results are shown for
0 < f < 6.3 sol”!. This frequency range is constrained by the
effect of aliasing on the MGS measurements, which have a sam-
ple spacing of about 0.08 sols in time of observation (about
29° in ). Any signals with f > 6.3 sol ™! are aliased into this
range.

The spectra in Fig. 4 contain prominent peaks precisely at
integer values of f. Multiple waves appear at 35° N, produc-
ing strong modulation at 1, 2, and 4 sol~!, while wave activity
at 1 sol~! dominates the spectrum at 72° S. Given that s must
be an integer, this implies that o is also an integer. The spec-
tral peaks therefore arise from some combination of stationary
waves (o = 0 sol™!) and thermal tides (o = 1, +2, ... sol~1).
Moreover, the oscillations of Z must be very regular to pro-
duce such narrow spectral peaks. The width of the strongest
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Fig. 4. Spectra of geopotential height from MGS measurements at (A) 35° N
and (B) 72° S. These results are from the 200-Pa pressure level during
Ls =50°-60° of MY 27. In these observations the frequency of an atmospheric
wave is Doppler shifted by the rotation of Mars, as expressed by Eq. (5), so that
the spectra measure the combined effects of zonal and temporal variations.

peaks corresponds to the spectral resolution of the measure-
ments, about 0.05 sol~! for a data span of 22 sols.

A strong wave-1 stationary Rossby wave (s =1, 0 =
0 sol™!, f =1 sol™!) was observed by the MGS TES dur-
ing the same season of MY 24 (Banfield et al., 2003, Fig. 9).
The wave is excited through topographic modulation of a sea-
sonal jet in the zonal wind field at middle-to-high southern
latitudes, and these winds confine the wave activity to the
same latitude range (Banfield et al., 2003, Fig. 3). This sta-
tionary wave is almost certainly responsible for the prominent
f=1 sol~! feature at 72° S in Fig. 4B (see also Wilson, 2000;
Hinson et al., 2003). The origin of the f =1 sol~! feature at
35° N in Fig. 4A is far less clear, and it may include contribu-
tions from both stationary waves and thermal tides.

The wave modes in Fig. 4 at f =2 and 4 sol™! are quite
strong at 35° N but insignificant at 72° S. This contrasts with
the observed behavior of planetary-scale stationary waves at
this season, where the peak amplitude occurs at high southern
latitudes in the vicinity of the winter polar jet (Wilson, 2000;
Banfield et al., 2003). Thermal tides therefore offer the most
plausible explanation for these features. We present a detailed
investigation of the wave activity at f =2 and 4 sol~! in the
sections that follow. From a combination of data analysis and
MGCM simulation, we will show that tidal Kelvin waves are
the source of both spectral features.

5. The semidiurnal Kelvin wave

In this section we focus on the spectral feature at f =
4 sol™! in Fig. 4A. We begin by deriving basic properties of
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Fig. 5. Structure of the f =4 sol~! wave mode as derived from measurements
of geopotential height by MGS and MEX. The dark lines show least squares so-
lutions for (A) the amplitude A and (B) the longitude of maximum geopotential
Am. The standard deviations are denoted by gray shading. The MGS measure-
ments are at latitude 35° N and local time 4.2 h. The MEX measurements are
closer to the equator, centered at 10° N, and roughly half a day later in local
time at 17.1 h.

the wave through analysis of measurements by MEX and MGS.
A comparison of the MGCM simulation with this empirical de-
scription then yields a more complete and specific classification
of the wave.

5.1. Observations

Activity at f = 4 sol™! is absent from high southern lati-
tudes, so we considered only the low-latitude measurements
acquired at occultation entry. We selected two subsets of data
for detailed analysis. The first set consists of 327 MGS en-
try profiles obtained during Ly = 47°—63° at fixed local time
(4.2 h) and fixed latitude (35° N). The second set comprises 38
MEX entry profiles obtained concurrently at fixed local time
(17.1 h) within the tropics (26° N-8° S).

Each subset of data was analyzed separately using the proce-
dure described in Section 4.2. We considered a set of pressure
levels with a uniform spacing of H/8, where H is the pres-
sure scale height. At each pressure level, we obtained least
squares solutions for the wave amplitude A and the longitude of
peak geopotential A, subject to the constraint that f =4 sol !
Fig. 5 shows the results derived independently from the two
subsets of observations. Note that we have restricted the analy-
sis to pressures less than 400 Pa. At greater pressures, the
atmospheric structure is strongly modulated by large zonal vari-
ations of topography (see Fig. 3), and the measurements are
more difficult to interpret.

According to the MGS and MEX measurements in Fig. 5,
the f = 4 sol~' mode has the following characteristics. The
phase A,, is essentially independent of height in both sets of
measurements, as shown in Fig. 5B. The absence of appreciable
phase tilt in the vertical implies that the wave propagates zon-
ally but not vertically, consistent with the behavior expected for
a global normal mode or “edge wave” (Andrews et al., 1987,
Section 4.4). Although the shift in A,, between the two local
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Fig. 6. Variation of X, with ¢; for the f =4 sol~! wave mode. The circles
show results derived from the MGS and MEX observations, as expressed by
Eq. (9), with horizontal bars that indicate the standard deviation of the com-
bined measurements. The set of five lines shows the predictions of the simple
wave model in Eq. (8). The numbers adjacent to each line indicate the assumed
values of s and o, respectively, with the latter expressed in sol~!. Each combi-
nation yields f =4 sol 1.

times is small, about 9° of longitude, it exceeds the formal
uncertainties at pressures greater than 40 Pa. The amplitude
generally grows with increasing height, as shown in Fig. 5A,
though at a distinctly slower rate than expected for a vertically
propagating wave. This implies that the corresponding energy
density decays with height, and this property is again consistent
with the behavior of a vertically evanescent edge wave. Finally,
the amplitude is larger by a factor of about 2 in the MEX mea-
surements, which are closer to the equator. For example, the
amplitudes observed by MGS and MEX at the 200 Pa pressure
level are 50 &= 6 m and 108 £ 10 m, respectively.

When the profiles of A,, in Fig. 5B are averaged over pres-
sure, we obtain mean values A,, of 65° E at local time 4.2 h
(MGS) and 74° E at local time 17.1 h (MEX). As noted pre-
viously in connection with Eq. (7), these solutions for A, are
ambiguous by integer multiples of /2 radians or 90° of longi-
tude when fT = 4. The change in A,, that occurs in the 12.9 h
interval in local time between the MGS and MEX observations
is therefore

Fm(17.1 h) — 2 (4.2 h) = 9° + 1 x 90°, )

where 7 is any integer. This constraint on the variation of A,
with ¢z is shown in Fig. 6.

We interpreted this result through use of Eq. (8). Fig. 6
shows model predictions for dA,, /d¢, for several possible com-
binations of s and ¢ when fT = 4. On the basis of this
comparison we can immediately reject the two diurnal modes
(0 = =1 sol™"). Among the remaining possibilities, the mode
that best fits the observations is an eastward traveling, wave-2,
semidiurnal tide (s =2,0 =2 sol_l). We are able to distinguish
among the semidiurnal and stationary modes only because the
change in local time between the MGS and MEX observations
differs appreciably from 12 h.

5.2. MGCM simulations

In Fig. 3 we showed that the simulated temperature field
compares favorably with MGS observations. The results in
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Fig. 7. Structure of the dominant f =4 sol~! wave mode (s =2, 0 =2 solfl)
in the MGCM simulation at Ly = 50°. The two panels show vertical profiles of
(A) A and (B) X, as simulated by the MGCM at essentially the same latitudes
and local times as the observations in Fig. 5. The amplitude scales used here
and in Fig. 5 differ by a factor of 2, but the displays are otherwise the same.

Figs. 5 and 6 now provide more challenging benchmarks for
evaluating the performance of the MGCM.

We used space-time Fourier analysis to identify and char-
acterize the atmospheric waves that appear in the MGCM
simulation at Ly = 50°, focusing on the geopotential field
at middle-to-low latitudes and pressures greater than 10 Pa.
Among the combinations of s and o that yield f = 4 sol™!,
such as those noted in Fig. 6, we found only two waves with
significant amplitude within these ranges of pressure and lat-
itude. One is an eastward-traveling, wave-2, semidiurnal tide
(s=2,0=2 sol~! ), while the other is an eastward-traveling,
wave-3, diurnal tide (s =3, 0 =1 sol’l). The former is con-
sistent with the results in Fig. 6, and it also has a larger am-
plitude at the location of these measurements, which make
it a good candidate for explaining the observations. For fu-
ture reference, the latter is a vertically propagating, diurnal,
wave-3, Kelvin wave (DK3). The DK3 has appeared previously
in MGCM simulations (Wilson, 2000; Angelats i Coll et al.,
2004), but unambiguous observations are not yet available (see
Section 5.3).

We extracted the amplitude and phase of the geopotential
field forthe s =2,0 =2 sol~! wave mode in the MGCM sim-
ulation. Fig. 7 shows the results at essentially the same latitudes
and local times as the measurements in Fig. 5. The simula-
tion matches several general features of the observations: (i) the
phase is essentially independent of height, (ii) the amplitude is
larger near the equator, and (iii) the amplitude grows with in-
creasing height, but at a rate much slower than expected for a
vertically propagating wave. Comparison of Figs. 5B and 7B
also shows that the absolute phase of the simulated wave is
within a few degrees of the value observed at both local times
throughout this pressure range. There is one significant discrep-
ancy in that the simulated wave amplitude is too weak by about
a factor of 2. Nonetheless, the simulation captures the main fea-
tures of the observed wave, and we can now use it to deduce the
wave’s identity and global structure.
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Fig. 8. Numerical models for wave structure at the 43-Pa pressure level. The
solid lines show (A) the amplitude in geopotential height and (B) the longitude
of the peak in geopotential for the eastward-propagating, wave-2, semidiurnal
tide in the MGCM simulation at Ly = 50°. The phase is shown at a local time
of 0 h over the latitude range where the amplitude exceeds 2 m. The dashed line
in the upper panel shows the meridional structure predicted by Laplace’s tidal
equations for a semidiurnal, wave-2, Kelvin wave.

Fig. 8 shows the meridional structure of this wave as simu-
lated by the MGCM at 43 Pa, about 25 km above the surface.
The wave amplitude is largest near the equator and generally
decreases with increasing latitude in both hemispheres, with
approximate symmetry about the equator. In these respects the
mode has the appearance of a Kelvin wave (e.g., Andrews et al.,
1987, Section 4.7.1). This meridional structure results in a very
small amplitude at 72° S, consistent with the measurements in
Fig. 4B. There is little variation of phase with latitude, as shown
in Fig. 8B. At 0 h local time, the peak in the simulated geopo-
tential field occurs at an average longitude of 36° E.

We tested our classification of the wave within the frame-
work of Laplace’s tidal equations (LTE), which model the
behavior of small-amplitude waves in a resting spherical atmos-
phere (e.g., Andrews et al., 1987, Section 4.2). Fig. 8A com-
pares the results from the MGCM with the meridional struc-
ture predicted by LTE for a semidiurnal, wave-2, Kelvin wave
(SK2). The similarities in overall structure and meridional scale
provide further confirmation of the wave’s identity. Although
wind shear is neglected in the LTE formulation, its predictions
remain reasonably accurate in this case. This is due in part to the
relatively large zonal phase speed of the SK2, about 240 ms~!
at the equator, which reduces its sensitivity to wind shear.

5.3. Discussion

Few other observations of the SK2 are currently available.
The new results derived here bridge the gap between previous

measurements at the surface by the Viking Landers and a pos-
sible detection at aerobraking altitudes (110-160 km) by the
MGS accelerometer.

Wilson and Hamilton (1996) previously used the GFDL
MGCM in its pre-MGS configuration to investigate the behav-
ior of thermal tides on Mars, with emphasis on understanding
variations in surface pressure observed by the Viking Landers.
We focus initially on their simulations of the semidiurnal tide
and defer discussion of the diurnal tide to Section 6.3. Wilson
and Hamilton (1996) found that the semidiurnal oscillations
of surface pressure S2(p) result primarily from the classical
solar-locked semidiurnal tide (s =2, 0 = —2 sol_l). In addi-
tion, S>(p) contains an important contribution from the nearly
resonant SK2. Interference between these westward and east-
ward traveling waves produces zonal modulation in the ampli-
tude and phase of S>(p), including a standing wave (Wilson
and Hamilton, 1996, Fig. 9b). According to the MGCM, S>(p)
evolves in response to seasonal changes in the relative ampli-
tude of the two wave modes. The strongest interference occurs
around northern summer solstice when the SK2 intensifies and
the amplitudes of the two waves are comparable (Wilson and
Hamilton, 1996, Fig. 10 and Table 2; Bridger and Murphy,
1998, Fig. 3a). This enhancement of the SK2 near northern
summer solstice causes a distinctive delay in the phase of Sz (p)
at the location of both Viking Landers. In this regard, simi-
larities between the model predictions and the Viking Lander
observations provide indirect but convincing evidence for the
presence of the SK2 in the martian atmosphere.

Radio occultation measurements provide a distinctly differ-
ent view of thermal tides than the Viking Landers. As noted
previously in connection with Egs. (4) and (5), the solar-locked
tides are independent of longitude when viewed at fixed local
time. Satellites in polar orbit can therefore observe the SK2
without interference from the semidiurnal solar-locked com-
ponent. This allows the SK2 to be identified clearly in mea-
surements with sufficient sensitivity and suitable sampling in
longitude and local time, as shown in Figs. 4-6. The results in
those figures represent the most direct observations to date of
the SK2 in the lower atmosphere and the first measurements of
its vertical structure in that region.

Wave modes with evanescent vertical structure or large ver-
tical wavelengths tend to be more prominent in geopotential
height than in temperature. In the MGCM simulation of Sec-
tion 5.2, the SK2 has a peak amplitude in temperature of about
0.5 K. There is little vertical variation in the temperature field at
pressures greater than 10 Pa, and the meridional structure is the
same as in Fig. 8A. The SK2 mode has so far eluded detection
in temperature measurements by the MGS TES (e.g., Banfield
et al., 2003).

Withers et al. (2003) explored the behavior of solar-asyn-
chronous tides at altitudes of 130—160 km through analysis and
modeling of MGS accelerometer measurements. As in earlier
investigations (e.g., Wilson, 2002), they characterized the zonal
variations of neutral density within subsets of data at fixed al-
titude, latitude, and local time, but their results extend to tidal
modulation at f = 4 sol~!, which had not been considered pre-
viously. The f =4 sol~! modulation is strongest in the tropics,
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where the normalized amplitude in density approaches 20% at
130 km altitude during mid-to-late spring of MY 24 (Withers
et al., 2003, Fig. 8). This is about an order of magnitude larger
than the normalized density variations in the lower atmosphere
implied by the measurements in Fig. 5.

Withers et al. (2003) used classical tidal theory to model
the accelerometer measurements, which led them to conclude
that the f = 4 sol~! modulation is probably caused by the
SK2. [The SK2 corresponds to the “—2,2,2” Hough function
of LTE (e.g., Zurek, 1988).] However, subsequent numerical
simulations by the MGCM of the Laboratoire de Météorologie
Dynamique predict that the DK3 should have a significantly
larger amplitude than the SK2 at aerobraking altitudes in the
tropics (Angelats i Coll et al., 2004, Figs. 4-5). This result con-
forms with intuition in that the wave amplitude should grow
more rapidly with increasing height for the vertically propa-
gating DK3 than for the vertically evanescent SK2. The MGS
accelerometer sampled the tropical atmosphere at only a single
local time, so that both modes are consistent with the observa-
tions. Hence, the SK2 is probably responsible for some of the
f=4 sol~! modulation in the accelerometer measurements,
but it may well not be the primary source.

In summary, the SK2 appears to be responsible for dis-
tinctive seasonal variations in S>(p) observed by the Viking
Landers (Wilson and Hamilton, 1996; Bridger and Murphy,
1998). The mode is nearly resonant, which enhances its ef-
fect on surface pressure (Zurek, 1988). The amplitude of the
SK2 in geopotential height grows steadily with decreasing pres-
sure, as shown in Fig. 5A, reaching typical values of about
100 m in the lower atmosphere that are readily detectable
in radio occultations. This steady growth in amplitude also
results is strong modulation of both geopotential height and
neutral density at aerobraking altitudes (Withers et al., 2003;
Angelats i Coll et al., 2004).

6. The diurnal Kelvin wave

We now consider the strong spectral feature at f = 2 sol ™!
in Fig. 4A. We will show that it arises from a diurnal Kelvin
wave by using the same combination of data analysis and mod-
eling as in the previous section.

6.1. Observations

We used the same subsets of MGS and MEX data and the
same method of analysis as described in Section 5.1. Fig. 9
shows the resulting solutions for A and A,, for the f =2 sol™!
mode. As in Fig. 5 we have restricted analysis to pressures less
than 400 Pa.

The amplitude of the f = 2 sol ™! mode generally increases
with decreasing pressure, as shown in Fig. 9A, but at a slower
rate than expected for a vertically propagating wave. The am-
plitude tends to be larger in the MEX measurements, which
are closer to the equator. At the 200 Pa pressure level, the
amplitudes observed by MGS and MEX are 106 = 6 m and
203 &£ 11 m, respectively.
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Fig. 9. Structure of the f =2 sol~! wave mode as derived from measurements
of geopotential height by MGS and MEX. The dark lines show least squares
solutions for (A) the amplitude A and (B) the longitude of maximum geopo-
tential A,,. The standard deviations are denoted by gray shading. The MGS
measurements are at latitude 35° N and local time 4.2 h. The MEX measure-
ments are closer to the equator, centered at 10° N, and roughly half a day later
in local time at 17.1 h.

The variation of phase with pressure is similar in both the
MGS and MEX observations, as shown in Fig. 9B. In both
cases A, tilts slightly eastward with increasing height, shift-
ing by about 11° for MGS and about 24° for MEX. When the
profiles of A, are averaged over pressure, we obtain mean val-
ues A, of 158° E at local time 4.2 h (MGS) and 251° E at local
time 17.1 h (MEX). When fT = 2, the solutions for A, are am-
biguous by integer multiples of & radians or 180° of longitude.
The change in A, that occurs in the 12.9 h interval in local time
between the MGS and MEX observations is therefore

Am(17.1h) — 7o (4.2 h) = 93° 4+ 1 x 180°, (10)

where 7 is any integer. This constraint on the variation of A,
with 77 is shown in Fig. 10.

As before, we interpreted this result through use of Eq. (8).
Fig. 10 shows the expected variation of A, with #; for sev-
eral possible combinations of s and o when f7T = 2. The
eastward traveling, wave-1, diurnal tide (s =1, 0 = 1 sol_l)
yields the best fit to the observations, followed closely by the
westward traveling, wave-3, diurnal tide. The behavior of the
stationary and semidiurnal modes is inconsistent with the mea-
surements.

6.2. MGCM simulations

We now extend our evaluation of the MGCM by testing its
performance against the results in Figs. 9 and 10. We applied
space—time Fourier analysis to the simulated geopotential field
at Ly = 50°, searching in this case for atmospheric waves with
combinations of s and o that yield f =2 sol~!, such as those
noted in Fig. 10. The dominant mode appearing in the sim-
ulation at middle-to-low latitudes and pressures greater than
10 Pa is an eastward-traveling, wave-1, diurnal tide (s = 1,
o=1 sol’l). A stationary wave (s = 2) makes a much smaller
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Fig. 11. Structure of the dominant f =2 sol~! wave mode (s = 1, 0 =
1 sol_l) in the MGCM simulation at Ly = 50°. The two panels show verti-
cal profiles of (A) A and (B) A;; as simulated by the MGCM at essentially the
same latitudes and local times as the observations in Fig. 9.

but noteworthy contribution to the geopotential field, particu-
larly in the southern tropics. Within these ranges of pressure
and latitude, the amplitudes of all other relevant modes are in-
significant. Hence, the MGCM strongly favors the same values
for s and o that yield the best fit to the observations in Fig. 10.

We further characterized the dominant mode in the MGCM
simulation (s = 1, 0 = 1 sol~!) by calculating its amplitude and
phase in geopotential height. Fig. 11 shows the results at essen-
tially the same latitudes and local times as the measurements in
Fig. 9. The simulated wave captures the main features of the
observations—including the absolute amplitude, the absolute
phase, and their vertical variations—with no major discrepan-
cies. The MGCM does a particularly good job of matching the
MGS observations at 35° N, confirming the correspondence be-
tween the simulated and observed wave modes.

Having validated the simulation against the results in Figs. 9
and 10, we can now use it to deduce the wave’s identity and ex-
plore other aspects of its behavior. Fig. 12 shows the simulated
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Fig. 12. Numerical models for wave structure at the 43-Pa pressure level. The
solid lines show (A) the amplitude in geopotential height and (B) the longitude
of the peak in geopotential for the eastward-propagating, wave-1, diurnal tide
in the MGCM simulation at Lg = 50°. The phase is shown at a local time of
0 h over the latitude range where the amplitude exceeds 2 m. The dashed line
in the upper panel shows the meridional structure predicted by Laplace’s tidal
equations for a diurnal, wave-1, Kelvin wave.

amplitude and phase of the wave at 43 Pa. The mode resem-
bles a Kelvin wave in that the amplitude is roughly symmetric
about the equator and decreases steadily from equator to pole
with a large meridional scale. At O h local time, the peak in the
simulated geopotential field occurs at an average longitude of
119° E, and there is little variation of phase with latitude, as
shown in Fig. 12B.

Finally, Fig. 12A compares the meridional structure from
the MGCM with the predictions of LTE for a diurnal, wave-1,
Kelvin wave (DK1). The DK1 has the same zonal phase speed
as the SK2, about 240 ms~! at the equator, so that LTE
should be reasonably accurate. The results from the two mod-
els are generally consistent, reinforcing our conclusion about
the wave’s identity.

6.3. Discussion

The DKI1 is a characteristic feature of the martian at-
mosphere, imposing a distinctive signature on observations by
several instruments. The new results derived here corroborate
and extend previous measurements at the surface by the Viking
Landers, in the lower atmosphere by the MGS TES, and at aer-
obraking altitudes by the MGS accelerometer.

In Section 5.3 we discussed the investigation of S>(p) by
Wilson and Hamilton (1996), which combined MGCM mod-
eling with analysis of Viking Lander pressure measurements.
That study also encompassed the diurnal oscillations in surface
pressure S1(p), and we now consider that aspect of their re-



136 D.P. Hinson et al. / Icarus 193 (2008) 125-138

sults. In a suite of simulations with the GFDL MGCM, Wilson
and Hamilton (1996) found that zonal variations of topogra-
phy and surface thermal properties excite a variety of solar-
asynchronous tidal modes through modulation of the basic
solar-locked components of the tides. The strongest asynchro-
nous mode is a nearly resonant, eastward propagating DK,
confirming previous predictions based on classical tidal the-
ory (Zurek, 1976, 1988; Conrath, 1976). Simulations of S;(p)
contain a prominent standing wave produced by interference
between the eastward traveling DK1 and the westward trav-
eling solar-locked diurnal tide (s =1, 0 = —1 sol_l) (Wilson
and Hamilton, 1996, Fig. 9a). As a general rule the two modes
have similar amplitudes in surface pressure, but the DK1 domi-
nates around northern summer solstice when the mode is closest
to resonance (Wilson and Hamilton, 1996, Figs. 10 and 20;
Bridger and Murphy, 1998, Fig. 3b). This prediction of a sea-
sonal enhancement in the amplitude of the DKI1 is consistent
with the anomalously early phase of Si(p) observed at this
season by the Viking Landers. By identifying the signature
of the DK1 in the Viking Lander pressure measurements, the
MGCM yields strong evidence for its presence in the martian
atmosphere.

The DK1 has been observed directly in the lower atmosphere
at altitudes of 0—40 km through temperature sounding by the
MGS TES (Wilson, 2000; Banfield et al., 2003). Wilson (2000)
characterized its behavior during midsummer of the northern
hemisphere (L; = 120°-140°), supplementing analysis of TES
data with modeling by the GFDL MGCM. The DKI has a
peak amplitude at the 50-Pa pressure level of about 1.5 K, and
its meridional structure is essentially the same as in Fig. 12
(Wilson, 2000, Fig. 2a). Banfield et al. (2003) later conducted a
far more comprehensive investigation of forced waves through
analysis of TES nadir temperature retrievals. This effort yielded
the most extensive characterization to date of stationary waves
on Mars. They also examined a variety of tidal modes including
the DK1, mapping its global structure and seasonal variations
during a full martian year (Banfield et al., 2003, Fig. 11). The
DK1 persists throughout the year with a typical amplitude of
1-2 K within the tropics. The variations of phase with latitude,
altitude, and season are relatively small.

The vertical structure of the DK1 is nearly evanescent, and
its amplitude in geopotential grows steadily with increasing
height (Figs. 9 and 11). This growth extends to aerobraking
altitudes (110-160 km) where the DK1 imposed strong zonal
modulation on measurements of neutral density by the MGS
accelerometer (Forbes and Hagan, 2000). Wilson (2002) and
Withers et al. (2003) characterized its structure through analy-
sis of accelerometer data from mid-to-late spring of MY 24,
roughly the same season as the occultation data considered
here. The meridional structure of the DK1 is broad and roughly
symmetric about the equator, as in Fig. 12, with a peak ampli-
tude in density of about 25% at 130 km altitude (Wilson, 2002;
Withers et al., 2003). According to the measurements in Fig. 9,
the corresponding density variations in the lower atmosphere
are smaller by about an order of magnitude.

In summary, the DK1 has been observed through pres-
sure measurements by the Viking Landers, through temper-

ature sounding by the MGS TES, through measurements of
neutral density by the MGS accelerometer, and now through
measurements of geopotential height in radio occultations. It
is difficult to compare these results directly, owing to differ-
ences in the time of observation, the altitude range of the data,
and the quantity being measured. However, the GFDL MGCM
has been reasonably successful in simulating each set of mea-
surements (Wilson and Hamilton, 1996; Wilson, 2000, 2002),
demonstrating that the data are mutually consistent to a signif-
icant degree.

7. Conclusions

This paper reports new observations and numerical simula-
tions of Kelvin waves on Mars. We retrieved atmospheric pro-
files from a series of radio occultation experiments conducted
with MEX and MGS in mid-2004, and we used the results
to characterize the geopotential field of Mars. These data re-
veal strong modulation from solar-asynchronous thermal tides
(Fig. 4A). We determined the zonal and vertical structure of
two prominent tidal modes through least-squares analysis of
the geopotential measurements (Figs. 5 and 9). We then de-
duced the period and zonal wave number of both modes (Figs. 6
and 10) by exploiting the complementary coverage of the MEX
and MGS observations in local time. A numerical simulation
by the GFDL MGCM was successful in reproducing the main
features of the observations (Figs. 3, 7, and 11). The results
derived from the validated simulation allow both the SK2 and
the DK1 to be identified with confidence. This combination of
measurements and modeling yields important new insight, par-
ticularly for the SK2 where few other observations are currently
available (Section 5.3). For the DK1, our results are generally
consistent with previous observations by diverse instruments
(Section 6.3), confirming the reliability of our data and method
of analysis.

Both the DK1 and the SK2 will influence the design of future
missions to Mars. Their effect on aerobraking was discussed al-
ready in Sections 5.3 and 6.3. In addition, both tidal modes pro-
duce significant modulation of surface pressure (Zurek, 1988;
Wilson and Hamilton, 1996; Bridger and Murphy, 1998), with
implications for attempts to land spacecraft on the surface, and
we now briefly discuss this aspect of their behavior.

Fig. 13 shows how the surface pressure at 2.5° N varies
with longitude and local time in the simulation by the GFDL
MGCM. We applied space-time spectral analysis and found
that four tidal modes are responsible for most of the variations
in surface pressure. These are the solar-locked diurnal tide, with
an amplitude of 1.1%, the DK1 (1.5%), the solar-locked semi-
diurnal tide (0.7%), and the SK2 (0.4%). When displayed in
this way, the modulation of surface pressure by the solar-locked
tides is independent of longitude, while both the DK1 and the
SK2 produce a pattern of modulation that drifts steadily east-
ward by 180° per sol (see Figs. 6 and 10). Interference among
these four modes produces a complicated pattern of variations
in surface pressure, as shown in Fig. 13A. The magnitude of
the daily fluctuations depends strongly on longitude, with ex-
cursions as large as +3.9% and —3.5% at 189° E and as small
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Fig. 13. (A) Variations of surface pressure with longitude and local time in the
MGCM simulation. Results are shown at 2.5° N for Ly = 50°. The pressure
variations are expressed as a percentage of the daily average at each longitude.
The contour interval is 1%. (B) Contributions by Kelvin waves to the simulated
surface pressure field at local time O h. The combination of the DK1 (dark
dashed line) and the SK2 (light dashed line) produces net modulation (solid
line) with relatively narrow peaks and broad troughs.

as +0.7% and —0.6% at 63° E. The local times of the maxima
and minima also vary strongly with longitude.

Fig. 13B illustrates the relative phase of the DK1 and the
SK2, which plays an important role in shaping the pressure field
at the surface. The superposition of these two Kelvin waves re-
sults in pressure peaks that are intense (1.9%) and relatively
narrow, while the pressure troughs are shallow (1.1%) and rel-
atively broad.

As noted in Section 5.2, the GFDL MGCM appears to un-
derestimate the amplitude of the SK2 by about a factor of two
at Ly = 50°. We explored one possible explanation for this
discrepancy by conducting supplementary simulations that in-
clude the radiative effects of water ice clouds (cf. Hinson and
Wilson, 2004). The SK2 has a significantly stronger amplitude
than in the cloud-free simulation, resulting in closer agreement
with the observations, but the physical mechanism behind this
intensification of the SK2 is not understood at present. This
is an interesting topic for future research. At the same time,
we plan to analyze a broader set of radio occultation mea-
surements to characterize the seasonal variations of the DK1
and the SK2, including their response to dust storms. The re-

sults should provide additional challenges for MGCM model-
ing.
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