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Abstract. Atmospheric temperature retrievals from thermal emission spectrom- 
eter (TES) observed radiances make possible the most complete separation of the 
constituent wave modes evident in Mars atmosphere to date. We use all of the 
data from the first aerobraking period as well as the science phasing orbits, which 
affords good sampling of the diurnal tides and stationary waves. TES retrievals of 
atmospheric temperature on a grid of pressure levels are the fundamental data set 
in this study. We then fit this data to selected Fourier modes in longitude and time 
for altitude, latitude, and L• bins. From this we have identified the amplitudes 
and phases of the diurnal and semidiurnal tides, the first few (gravest) stationary 
waves, and a few modes which arise because of couplings between sun-fixed tides 
and topography. We also retrieve estimates of the zonal and time of day mean 
temperature meridional cross sections and their rates of change. The zonal and 
time of day mean temperature meridional cross sections agree with those of Conrath 
et al. [this issue] to within I K where we can reliably retrieve this mode (90øS to 
•20øS). Heating rates of up to 2.4 K/sol were observed around three scale heights 
above 60øS-90øS during the Ls = 310 ø - 320 ø dust storm. Diurnal tide amplitudes 
of greater than 8 K were observed during the Noachis and L• = 310 ø - 320 ø 
dust storms. From Ls = 255 ø - 285 ø an unexplained phase reversal at two scale 
heights was observed in the diurnal tide from 60øS-80øS. Convective penetration 
above the unstable boundary layer may explain anomalous (180 ø out of phase with 
the sun) diurnal tide phases between 0.5 and one scale height above the subsolar 
point. Semidiurnal tides are of order 2 K throughout the southern extratropics. 
A stationary mode of wavenumber one was observed with amplitude 1-4 K in the 
southern extratropics. Topographically coupled tidal modes were also quantified. 

1. Introduction 

Mars Global Surveyor's (MGS) thermal emission 
spectrometer (TES) has been used to retrieve atmo- 
spheric temperatures as the spacecraft scanned differ- 
ent locations on the planet [Conrath et al., this issue]. 
Because the spacecraft was inserted slowly into its map- 
ping orbit using aerobraking, MGS and TES had a long 
period of time to observe many different combinations of 
time of day, latitude, and longitude. The result is that 
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this subset of data (from the first aerobraking period 
(AB1) and science phasing orbits (SPO) of the mission) 
is the best yet for discerning the different wave modes 
that exist in Mars atmosphere. That is the focus of this 
work. 

Waves in Mars' atmosphere have been studied from 
orbit since Mariner 9 first took measurements that re- 

vealed the atmospheric temperature. The diurnal ther- 
mal tide was easily identified in these data because of 
its large amplitude [e.g., Pirraglia and Conrath, 1974]. 
Conrath [1981] analyzed a subset of the data (northern 
winter midlatitudes) and found wave-like perturbations 
but could not determine specifically what type of wave 
it was because of the spacecraft's sampling pattern. He 
found it consistent with either a traveling baroclinic 
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wave or a stationary wave of wavenumber 2. Banfield 
et al. [1996] identified what appeared to be thermal 
tides and stationary waves in infrared thermal mapper 
(IRTM) T15 data, although recent work suggests that 
the data and that portion of their work may have been 
corrupted by surface radiance [Wilson and Richardson, 
2000]. 

These studies of the waves present in Mars atmo- 
sphere have put useful but limited constraints on atmo- 
spheric models. Nayvelt et al. [1997] tried to explain 
some of the observed surface streaks in terms of station- 

ary wave observations. Much work has been done ex- 
amining the connection between atmospheric dust opac- 
ity and the thermal tides [e.g., Leovy and Zurek, 1979]. 
However, observations of global waves are scarce, a fact 
which we hope to partially remedy with this work. The 
impact of these results will lead to more faithful models 
and a better understanding of the phenomena in Mars' 
atmosphere. 

In this work, we make a distinction between waves 
which are highly predictable, either by being fixed in 
space or forced directly by the sun, and those waves 
which are much less predictable and travel at all man- 
ner of speeds. The highly predictable waves we consider 
part of the climatology, while the other waves are what 
we loosely call "weather." In this work, we focus on 
the predictable waves, leaving the "weather" for a later 
work. In section 2, we discuss which subset of the data 
we have examined and why and the properties of the 
TES instrument and its atmospheric retrievals. Follow- 
ing that we define the wave modes that we solve for and 
then go on to describe the methods we used to estimate 
amplitudes and phases. Next we present some of our 
results. Finally, we conclude with a discussion of some 
possible implications of these results and a summaryo 

2. Data Set 

2.1. Orbits and Coverage 

The data we use in this study are the atmospheric 
temperature retrievals from the MGS spacecrai•'s TES 
instrument from the AB1 and SPO phases of the mis- 
sion, that is, before the mapping phase. After entering 
the polar mapping orbit, TES was restricted to obser- 
vations only at certain fixed times of day. Although fa- 
vored for mapping purposes, this orbit is not well suited 
for sampling time of day variations. Because the diur- 
nal variations typically dominate, it is easy for them to 
alias into other modes if they are not well observed. It 
may prove possible to use the horizon sensors on the 
spacecraft to infer the time of day variations during the 
mapping phase of the mission, but that approach has 
not yet been fully tested (T.Z. Martin, private commu- 
nication, 1999). 

Prior to entering the mapping phase of its mission, 
the spacecraft 's orbit changed slowly with time and af- 
forded the instruments different views of the planet that 
also changed with time. When the spacecraft was near 

apoapse in the AB1 and SPO mission phases, TES ob- 
servations scanned the instrument field of view across 

the planet, sensing many combinations of latitude, lon- 
gitude, and local time in a short period of time. These 
sequences, which primarily covered the Southern Hemi- 
sphere (because apoapse was always in the Southern 
Hemisphere) are particularly valuable in the present 
work. 

In Figure 1 we show the coverage in several dimen- 
sions for a typical slice of data (15øof Ls) from the AB1 
and SPO mission phases. Figure la shows the coverage 
as a function of latitude and longitude. From figure la, 
it is apparent that the coverage is generally complete 
and uniform over these dimensions to near the north 

pole. Figure lb shows the same data as a function 
of latitude and local time. In this representation it is 
clear that the data north of -030øS are highly concen- 
trated about one time of day, while south of that they 
are generally complete and uniformly distributed. This 
coverage severely hampers our ability to determine the 
tidal amplitudes for the Northern Hemisphere. How- 
ever, a similar plot for the mapping mission phase data 
would have all latitudes having observations at exactly 
2 times of day, making the tidal amplitudes significantly 
harder to determine. Finally, Figure lc shows a set of 
cuts in longitude and time of day for nine different lat- 
itudes. This plot again shows how the coverage in time 
of day becomes sparse north of -030øS. It also shows 
that where there are observations, they are generally 
uniformly spaced in longitude versus local time. If there 
were significant correlations between the longitude of an 
observation and its local time, it would again be more 
difficult to separate out the tidal amplitudes from the 
stationary wave amplitudes. 

2.2. TES Retrievals 

The TES instrument is a Michelson interferometer, 
measuring thermal emission between 1600 and 
200 cm -1 with a resolution of either 5 or l0 cm -1 Us- 

ing the 15 micron CO2 absorption band complex, atmo- 
spheric temperatures can be retrieved [e.g., Conrath et 
al., this issue]. While the instrument has the capabil- 
ity of scanning the forward and aft limbs of the planet 
to increase vertical resolution of the retrievals, we only 
considered retrievals of the (much more common) near 
nadir observations. The effective vertical resolution of 

these near nadir observations is larger than 1/2 of a 
scale height (•5 kin). The TES team has prepared a 
data set reporting the atmospheric temperature of each 
retrieval on a standard pressure grid with a half scale 
height interval, starting at 6.1 mbar, the reference pres- 
sure we use throughout this work (i.e., Pi=6.1 mbar 
[exp(-i/2)] for i = 0, 1,..., 8). The lowest pressure in 
the grid for these near-nadir observations is 0.11 mbar 
or an altitude of four scale heights. For pressures lower 
than this, the information content of the signal is min- 
imal [Conrath et al. this issue]. The temperatures are 
reported for every near nadir observation from the AB 1 
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Figure 1. The coverage afforded by the spacecraft during a typical 15øLs period in the 
AB1 and SPO mission phases plotted as a function of several different dimensions. (a) 
The number of observations in each of our bins as a function of latitude versus longitude 
is shown. Coverage is good and roughly uniform. (b) The coverage as a function of lo- 
cal time versus latitude is given. Note that the coverage in the north is very poor in lo- 
cal time but relatively good and uniform in the south. (c) The coverage for nine different 
latitude bins as a function of longitude versus local time is shown. Again, note that the 
north has very poor local time coverage, while the south is more uniform. Furthermore, the 
observations in the south are roughly uniformly spread over the longitude-local time plane. 
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and SPO phases of the mission, except at those loca- 
tions where topography penetrated into the pressure 
level considered for the region being observed, or the 
spectrum was corrupted and uninterpretable. 

The retrievals of atmospheric temperature from TES 
spectra are subject to several noise sources. These in- 
clude instrument noise, errors in the estimated surface 
pressure, radiometric calibration of the instrument, and 
assumptions about surface emissivity and atmospheric 
dust opacity. The magnitudes and behavior of these er- 
ror sources are such that all retrievals are subject to an 
error of •1-2 K. Additionally, the error bars on retrieved 
temperatures in the lowest scale height are dominated 
by possible surface pressure errors. The TES retrievals 
used in this work were performed without the use of the 
Mars Orbiter Laser Altimeter (MOLA) topography and 
thus likely have significant errors in the surface pressure 

assumed for the calculations [•'onrath et al., this issue]. 
For example, a 5% error in the surface pressure can 
lead to a 1-6 K error in the retrieved temperature for 
the lowest layer, for surface temperatures of 200-260 K, 
respectively [•'onrath et al., this issue]. 

3. Modes Considered 

This work is focused on the wave modes in Mars' 

atmosphere that are either constant with time and of 
integral wave number in longitude (globally coherent 
stationary waves, including the zonal mean) or varying 
with a frequency that is an exact multiple of 1 sol -1 
(solar thermal tides). We also include those tidal modes 
which are not Sun-fixed but which are expected to be 
produced by the interaction of the Sun-fixed tides with 
longitudinal asymmetries in either the forcing or the 
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topography. Finally, we also included a secula.r term 
which accounts for the seasonal drift in the zonal and 

time of day mean temperatures. Generally, this term 
was small over the averaging periods; however, it was 
notably large during one of the dust storms. 

We have generally followed the conventions by Chap- 
man and Lindzen [1970], except o•tr definition of phase. 
We ca,n express the perturbation temperature by 

T - } + to), 

where T is temperature, 0 is latitude, z is altitude, t is 
time, ½ is (east) longitude, rr is a wavenumber in time 
(positive by convention), and s is a zonal wavenumber. 
T•'s(O,z) is the amplitude of a particular wave mode. 
T•c'ul•(O, z) is the amplitude of the secular drift mode, 
and to is a reference time, the mean value of t for the 
observations. We define the phase of a mode, ( using 

(r•,s __ tan-1 •m{ Tr•'s} •e{T•,•} . (2) 
If we wish to limit the modes considered to those men- 

tioned above, this limits the combinations of rr and s al- 
lowed. First we consider only globally coherent modes, 
implying that s - 0, 1, 2, .... The stationary modes all 

have rr - 0, that is, no time variation. The solar tidal 
modes have a phase speed equal to that of the sun, 

- - - • and are therefore limited to Csu,• -- - 1 Cphas e -- • , 
s -- rr. Finally the tidal modes produced from inter- 
actions between the Sun-following tides (of longitudi- 
nal wavenumber so - rr) and longitudinaI variations in 
heating or topography (of longitudinal wavenumber m) 
can be expressed as the sum of terms with s - So + m 
and s- So- m [e.g., Znrek, 1976; Conrath, 1976]. 

This leaves us with three groups of modes, rr - 0, s - 
[0, 1, 2,...] (the stationary modes); rr - [1, 2, 3,...], s - 
rr (the Sun-following tidal modes); and rr -[1,2, 3,...], 
s - rr q-m for m - [1,2,3,...] (the longitudinal vari- 
ation forced tidal modes), in addition to the secular 
term. Note that because we only consider integer val- 
ues of rr, then we can treat time as periodic with period 
I sol (except for with the secular term). Essentially, this 
just echoes the fact that we are only interested in wave 
modes that vary repeatably over exactly a sol. The 
other combinations of s and rr not within these groups 
represent wave modes that are neither fixed to surface 
features nor directly forced by the sun. They are the 
traveling waves that are usually called "weather" by 
most and will be the subject of our next work with 
this data set. In fact, to better reveal the "weather," 
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we must first isolate the well-defined variations under 

scrutiny here. 
Obviously, there is a limit to how many modes can be 

fit from a given set of data. We have experimented with 
fits to O'max : 3 and mmax -- 3 and found that power 
decreases as the mode frequency increases. Specifically, 
the modes added by increasing from amax = 2 and 
mmax = 2 to amax = 3 and mm•x = 3 only explain •6% 
more of the power in these types of waves. For com- 
parison, note that we find that the diurnal tide alone 
accounts for • 70% of the power in these types of waves. 
Furthermore, the data coverage makes it difficult to re- 
liably retrieve fits for the high-frequency modes. Thus, 
for this work, we have limited ourselves to amax = 2 
and mmax = 2, which should contain most of the power 
in the data set for these types of wave modes. 

4. Estimation 

4.1. Amplitudes and Phases 

To estimate the amplitudes of the different wave 
modes outlined above, we used a combination of bin- 
ning and least squares fitting, based on the ideas of 
Wu et al. [1995] (see Wu et al. [1995] for more de- 
tails on the approach). The data set we used from 
the TES team was already sampled on nine distinct 
pressure levels, each separated by half a scale height, 
starting at 6.1 mbar. We kept that vertical sampling 
in our analysis. We broke the data into L• blocks of 
15øto resolve seasonal and dustiness changes well. In 
testing this choice of seasonal resolution, for one sec- 
tion (L• - 300 ø - 320 ø, which includes a dust storm) 
we found that 10øL• blocks yielded notably better re- 
solved changes. For that period, we used 10øL• bins. 
It is important to include a long enough period to give 
good coverage of longitude and time of day and to aver- 
age over lower-frequency waves. However, too long an 
interval will smear out seasonal or other atmospheric 
behavior changes. It appears that 10ø-15øL• bins were 
a good compromise for this TES data set. 

We chose not to fit spherical harmonics or Hough 
functions to the data for each L• and altitude bin. Be- 
cause of the poor coverage in the north, the global na- 
ture of Hough functions would have resulted in poorly 
constrained fits. Rather, we chose to bin the data fur- 
ther by latitude and then, within each of those bins, 
fit Fourier series in longitude and time to the data. 
This proved to be simpler and also allowed us to keep 
relatively high resolution in the meridional direction, 
without having to fit to high-order spherical harmonics. 
We chose 10øbins in latitude, which still afforded good 
coverage for most latitudes, yet resolved the latitudinal 
variations well. 

Finally, instead of fitting the longitude-time Fourier 
series directly to all the raw data, we further binned it 
in the longitude and time dimensions. This allowed us 
to greatly speed up the fitting process, without sacrific- 
ing accuracy. That is, instead of evaluating the Fourier 

spectrum for every datum, we evaluated it for a lim- 
ited set of locations in longitude and time, resulting in 
perhaps a factor of -•16 increase in speed (the median 
number of observations per bin). We used 24 bins in 
longitude (15øbins) and 12 bins in time (2 hour bins). 

Because our data set is not uniformly sampled in the 
longitude-time domain, aliasing is a significant prob- 
lem. This can be seen heuristically in that the different 
Fourier modes, while orthogonal on a uniformly sam- 
pled domain, have significant correlations for our lim- 
ited and nonuniform sampling. Therefore power in a 
given mode in the data set will have nonzero convolu- 
tions with other modes. This constitutes aliasing, power 
leaking from one mode into another that is nonnegligi- 
bly correlated with the first mode for incomplete sam- 
pling. 

Periodogram techniques only compute the convolu- 
tion of the data with a set of modes. The end user then 

must interpret these convolutions in terms of mode am- 
plitudes while being aware of the possibilities of aliasing. 
Least squares fitting of the modes to the data goes one 
step beyond the periodogram techniques, in that min- 
imizing the difference between model and data helps 
separate those modes with high convolutions with the 
data into ones that represent real power and ones which 
are more likely aliased noise. As an example, two modes 
could show convolutions with the data set that differ by 
a few percent and are highly correlated. Using a peri- 
odogram technique, the end user would have difficulty 
deciding if both are likely to have power or if one is real 
and the other aliased. The least squares fitting would 
use the fact that one mode would likely fit the data bet- 
ter than the other (although only marginally so) and 
would ascribe the power to the best fitting mode. For 
this reason, we chose to use least squares fitting of the 
modes rather than periodogram techniques. 

4.2. Error Bars 

A least squares fit will return formal error bars to 
accompany the retrieved parameters. However, the for- 
mal error bars only represent how well the model fits 
the existing data. It includes no estimate of aliasing 
possibilities. To include this, we modeled the error bars 
using a Monte Carlo technique. We took the observ- 
ing pattern for each set of Ls, altitude and latitude 
bins that we were fitting, and manufactured many sets 
of synthetic data with 2 K observational errors. Then 
by examining the standard deviations of the retrieved 
mode amplitudes, we estimated the combined effects of 
the noise in the data, as well as the gaps in the coverage 
contributing to aliasing. This approach is probably ef- 
fective in estimating the relevant error bars, but it does 
have shortcomings. Our choice of temperature retrieval 
observational error is almost certainly an oversimplifi- 
cation. We noted above that the observational error 

is larger near the surface because of surface radiance, 
and the poorly known (pre-MOLA) topography. Thus 
a constant 2 K observational error for all altitudes prob- 
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ably overestimates the errors at high altitudes and un- 
derestimates them at low altitudes. Another shortcom- 

ing of this approach is that it only accounts for aliasing 
among the modes that are being fit. Heuristically, this 
can be understood in that the least squares fit divides 
the observed power between the modes being fit. The 
observational noise, combined with the incomplete ob- 
serving pattern causes leakage between the modes, or 
aliasing. Because the power is only divided between 
the modes being fit, the aliasing is only accounted for 
between those modes. To minimize this problem, we 
typically fit out to Smax = 2, the results of which sug- 
gested that there is significantly less power at higher 
wavenumbers. Therefore we are likely accounting for 
most of the power that could be aliasing into the im- 
portant (low wavenumber) modes. 

5. Results 

Here we present our results. The format of the pre- 
sentation is cross sections of mode amplitude and phase 
as a function of altitude and latitude. We present a 
set of these cross sections, an individual plot for each 
L s bin. The phase (being a circular variable) is rep- 
resented by color on these plots, with a spectrum that 
wraps around also in a circular fashion. Amplitude is 
represented both by contours and also by the saturation 
of the color• the contours yielding readable values. 

Regions that are left blank on these plots were filtered 
out for one of several reasons. The strongest reason that 
we left a region blank was due to the least squares fit 
being ill determined. This typically resulted from there 
being fewer filled bins (in longitude and time) than the 
number of modes being fit. The regions affected by this 
were at all latitudes in the north and near the ground. 
Another reason that we left regions blank on these plots 
was that the retrieved amplitude of the mode was less 
than the estimate of the error bars on that mode. That 

is, that mode is consistent with a value of zero. The 
amplitude for the mode that we retrieved in those loca- 
tions may be correct, but we chose to cut those values 
from the plot to ensure that the values displayed are 
significant. This constraint filtered out the results from 
regions that were just north of the valid results shown 
in the plots to near the equator. Finally, we did not dis- 
play values which had error bars associated with them 
greater than 5 K. This typically cut values which were 
anomalously high in the retrieval, and only a few scat- 
tered locations were effected. Because of these factors, 
our plots only extend from the south pole to 10øN. 

5.1. Zonal Mean, Time Mean: rr = 0, s = 0 

The zonal mean, time mean mode, a: 0, s = 0 ap- 
pears in Figure 2. Note that for this mode, phase is 
undefined, so it appears in black and white. For many 
values of Ls, we were only able to constrain this mode 
well as far north as •20øS. We were also unable to con- 

strain this mode well in the lowest half scale height at 

any latitudes. There are two gaps (Ls = 285 ø- 300 ø 
and Ls = 320 ø - 360 ø ) in the data set. 

This mode is the quantity that is presented in the 
zonal mean, time mean cross sections, such as by •'on- 
rathet al. [this issue]. However, the approach used in 
that and other works simply averages many observa- 
tions together, ignoring the possibility of aliasing and 
waves. Our work can be used to estimate the magnitude 
of these possible effects and thus an estimate of the er- 
ror bars on those profiles. We carefully computed zonal 
means using the same subsets of data and the same bin 
sizes as were used by •'onrath et al. [this issue] (not 
shown) and found our results to agree with theirs quite 
well where we can determine a reliable result. The typ- 
ical standard deviation of the differences between our 

results and theirs in the valid regions was •1 K. This 
means that the sampling throughout the AB1 and SPO 
mission phases is uniform enough in longitude and time 
of day that the simple means of the data are representa- 
tive of completely and uniformly sampled means. How- 
ever, keep in mind that this is only true in those regions 
where we have been able to determine a reliable result, 
or south of •20øS. North of this we are not able to es- 
timate the strength of the other modes and can make 
no estimate as to the accuracy of the simple averages of 
the data at those latitudes. Using our estimates, error 
bars of 5 K or more are possible in the zonal averages 
of •'onrath et al. [this issue] for the northern latitudes. 

The seasonal progression of this mode shows the 
Southern Hemisphere warming and losing its latitu- 
dinal gradient from Ls = 180 ø- 255 ø . The latitu- 
dinal gradient even reverses (warmer at the pole) for 
Ls: 255 ø - 285 ø, then returns to being warmer at the 
equator by L s = 30 ø. A notable warming occurs from 
Ls: 225 ø - 240 ø, coincident with a large dust storm 
in Noachis [Smith et al. this issue]. A smaller but still 
notable warming also occurs at Ls = 310ø-320 ø, which 
is also coincident with a smaller dust storm north and 

northwest of Argyre which started at Ls: 309 ø [Smith 
et al. this issue]. Still further pursuing the similari- 
ties between the observed dust opacity from Smith et 
al. [this issue] and these results, we see that the cooler 
Southern Hemisphere temperatures from Ls = 0 ø - 30 ø 
(compared to similar solar input at Ls = 180 ø - 195 ø) 
are again consistent with the reduced dust opacity ob- 
served at that time. 

5.2. Zonal Mean, Time Mean Secular Trend: 
or:0, s=0 

We also fit a secular trend to the zonal and time mean 

temperature distribution, which is depicted in Figure 3. 
This mode is important to fit because it has signifi- 
cant amplitude, and without including it in the fit, it 
could easily alias into other modes. The structure of 
this mode is enlightening as well. It mainly echoes the 
seasonal changes noted in the zonal and time mean term 
above, that of slow warming in the south during south- 
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ern spring and slow cooling in the south during south- 
ern fall. However, it also shows a very large warm- 
ing (2.4 K/sol) in the high southern latitudes, centered 
at •2.5 scale heights altitude during the smaller dust 
storm near Argyre (Ls: 310 ø - 320ø). There is also a 
hint of an elevated heating rate during the Noachis dust 
storm (Ls: 225 ø - 240ø)• but this is much more subtle 
than that evident during the smaller Ls: 310 ø - 320 ø 
storm. This is even more surprising in light of the 
fact that the seasonal temperature trends are working 
against the warming at Ls = 310 ø - 320 ø, while they 
would enhance that during L• : 225 ø- 240 ø . Per- 
haps this is indicating something very different about 
the dust distribution or the resulting diabatic circula- 
tion in these two dust storms. 

5.3. Sun-Synchronous Tides 

5.3.1. Diurnal Tide' cr- 1, s- 1. Plate 1 shows 
the amplitude and phase of the sun synchronous, diur- 
nal tide. More locations are left blank on these plots 
than on those for the zonal and time of day mean mode 
because the amplitudes of this mode are much smaller 
and more often less than the error bars at a given loca- 
tion. However, throughout much of the Southern Hemi- 
sphere, the diurnal tide is well resolved by the TES data., 
with amplitudes of order 4 K. 

In the southern extratropics• for most of the Ls val- 
ues we cover, we generally see a constant phase of 
•90ø(maximum at about 1800 LT, green in Plate 1). 
In that latitude range, this mode is expected to lag 
the sun and not propagate vertically, as we observe. 
There is a significant departure from this behavior from 
L• = 255 ø - 285 ø, poleward of •50øS and above two 
scale heights. In this region, we see the amplitude signif- 
icantly decrease (down to •2 K)• and the phase change 
to leading the sun by •90 ø (maximum at about 0600 LT, 
purple in Plate 1). Because the amplitude decreases in 
that region, it is conceivable that our retrieval of phase 
is less significant even though it exceeds the associated 
error bars. However, Figure 4 demonstrates that this 
is not the case. Figure 4 shows normalized tempera- 
ture variations about their means as a function of alti- 

tude versus local time, fbr four 10ølatitude bins near the 
south pole for L.• = 240 ø - 255 ø and L• - 270 ø- 285 ø. 
The phase reversal for the southernmost 30øof latitude 
is evident for the L.• : 270 ø - 285 ø plots, while it is 
clearly absent from the earlier ones. Shown in this man- 
ner, it is evident that this phase reversal is a significant 
result and not an artifact of the relatively small am- 
plitude in that region. •re will return to this topic in 
section 6. 

Nearer the equator, the other structure we see in this 
mode's phase is what appears to be a phase advance 
(maxima occurring earlier in the day, color changing 
from red to green in Plate 1) with height near the bot- 
tom, and a phase regression (maxima occurring later in 
the day, color changing from green to red in Plate l) 

with height near the top of our domain, although in 
the tropics the poor coverage makes this somewhat am- 
biguous. It is perhaps most clearly evident in Fig- 
ure 4 for L s - 240 ø and the two most equatorward 
latitudes. This phenomenon occurs roughly equator- 
ward of 50øS, with the strongest expression centered 
around L• -- 270 ø, southern summer. If the heating 
is all deposited near the surface, tidal theory predicts 
a phase advance (maxima occurring earlier in the day) 
with height at all altitudes near the equator and a ver- 
tical wavelength of •35 km [e.g.,Zuve/•, 1976]. This is 
consistent with the behavior we see from the bottom to 

the middle of our domain but not with that near the 

top. Perhaps this behavior at high altitude is indica- 
tive of heating significantly removed from the surface. 
Furthermore, the apparent phase advance with height 
near the bottom of the domain starts with a local maxi- 

mum near midnight, directly out of phase with the sun. 
While this can not be a direct leakage of surface radi- 
ance into this level of the retrieval (because it is 180 ø out 
of phase), it may still be an artifact of the retrieval pro- 
cess. Surface effects have been identified as a possible 
source of error by the TES team, but the exact mag- 
nitude is difficult to quantify. This low-altitude phase 
advance with height may also be a real phenomenon. 
We will return to this topic in section 6. 

There are two aspects of this mode in the latitudes 
in which it vertically propagates which are interest- 
ing. The first is that this region extends to •60øS 
fbr some œs values. Simple tidal theory predicts that 
vertical propagation stops at 30øS, although modeling 
work [Wilson and Ha•iltor•, 1996] shows it extending 
somewhat poleward of 30 ø, particularly into the winter 
hemisphere due to the strong westerlies there. The sec- 
ond aspect of interest is that the amplitude does not 
seem to grow with height inversely with the density to 
maintain a constant energy flux through the domain. 
Instead, the amplitude is roughly constant with height 
near the tropics, perhaps decreasing with height at more 
values of L• than increasing. This is probably indica- 
tive of either the distribution of forcing for this mode 
or conversely its damping. Both of these aspects of this 
dominant tidal mode are intriguing and need further 
exploration. 

Out, side of the latitude band where the mode appears 
to propagate vertically, it is interesting to note the dis- 
tribution of amplitude as a function of location and sea- 
son. The amplitude is very high at the same locations 
and the same season as the large Noachis dust storm 
near L•: 225 ø - 240 ø. This is expected, as a large dust 
opacity should indicate a strong coupling between the 
solar forcing and the atmosphere's thermal response. 
This range of Ls in fact exhibits amplitudes in excess of 
8 K as high as four scale heights above the surface, per- 
haps suggesting that the dust is well mixed very high 
into the atmosphere. The amplitude decreases again as 
the seasons advance, in concert with the dust opacity, 
until at L• : 310 ø- 320 ø it shows amplitude > 8 I( 
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over a broad region of the southern extratropics, two or 
more scale heights up. This period once again coincides 
with one of the other significant dust storms already 
identified by TES retrievals [Smith et al. this issue]. 
This dust storm appears to excite a high-amplitude di- 
urnal tide even higher than that during the Noachis 
dust storm, perhaps suggesting that the dust was more 
concentrated at altitude than below. 

Wilson and Hamilton [1996] present model simula- 
tions which we can directly compare with one of these 
seasonal plots. Wilson and Hamilton [1996, Figure 16a] 
show a cross section like ours for L s = 270 ø and low 
dustiness. The agreement in amplitude is generally 
good. We find a large amplitude near the surface, per- 
haps 8 K or more below one scale height. Their results 
indicate an amplitude of roughly 5 K or more in that re- 
gion, then decreasing to a minimum of -•1 K near three 
scale heights and increasing again above that. This is 
very similar to our results, where we see a minimum am- 
plitude of HI K between two and three scale heights. 
Wilson and Hamilton [1996, Figure 16d] show the phase 
of the zonal wind oscillation being essentially constant 
from 30øS poleward. This is the time in which we find 
the phase reversal with height at two scale heights in 
the temperature signal. While Wilson and Hamilton's 
plot is for zonal wind and ours is for temperature, there 
is an apparent discrepancy here between their modeling 
and our results for this particular season. However, in 
general for other values of L s, our results agree with the 
simulations of Wilson and Hamilton (and with theory) 
and show no vertical phase propagation of the diurnal 
tide far outside of the tropics. 

5.3.2. Semidiurnal Tide: cr- 2, s- 2. This 
mode, the semidiurnal tide shown in Plate 2, is interest- 
ing in that it is typically much smaller in amplitude than 
might be expected. We were able to reliably determine 
the amplitude of this mode for •50% of tile altitudes 
and latitudes in tile Southern Hemisphere. The regions 
where we could not determine the amplitude reliably 
were either too sparsely observed or the amplitude was 
too small to distinguish it from noise. Throughout the 
southern extratropics, a typical amplitude of this mode 
is HI K. Within the tropics the amplitude is larger, 
reaching .08 K three scale heights above the equator. 
The amplitude is greatest over the equator, and it could 
be growing with height as quickly as a factor of 2 for 
each one to two scale heights. This is notably similar 
to the p-•/2 that is predicted for conservation of energy 
flux for a vertically propagating mode. 

We know of no published estimates of the latitude- 
altitude behavior of the semidiurnal tide of Mars. The 

Viking landers yielded good data sets of the semidiur- 
nal pressure variations with time. These showed signif- 
icant semidiurnal amplitudes, strongly increasing their 
amplitudes during global dust storms [e.g., Leovy and 
Zurek, 1979]. While the relationship of surface pres- 
sure amplitude to temperature perturbation amplitudes 

is not straightforward, the si•nplest expectation would 
be that the semidiurnal mode might be comparable to 
the diurnal mode, especially during dust storms. This 
appears to not be the case from the present analysis, 
with the typical amplitude of the diurnal mode being 
of order 5 K in the southern extratropics, while that of 
tile semidiurnal mode is HI K. Nevertheless, this is not 
inconsistent with observations of large semidiurnal sur- 
face pressure signals, as the long vertical wavelength of 
the semidiurnal mode helps enhance its surface pressure 
signal over that of the diurnal mode (with its relatively 
short vertical wavelength). 

5.4. Stationary Waves 

The stationary wave modes have no time of day vari- 
ation or or- 0. We fit the s- land s- 2 modes to 

the data. The s - I mode, shown in Plate 3, has a typ- 
ical amplitude throughout the Southern Hemisphere of 
•2 K, with some locations clearly exceeding 4 K, per- 
haps a few as high as 8 K. The spatial structure of the 
amplitude is difficult to connect with any simple idea, 
but its seasonal variation shows an obvious correlation 

with the smaller Ls - 310 ø - 320 ø dust storm. During 
this time, the amplitude of this mode is 4 K or more 
from 40øS to 80øS, centered at two scale heights of alti- 
tude, about 4 times the amplitude in those regions from 
just 10øof L• earlier. There is also some hint that this 
mode•s amplitude is enhanced during the Noachis dust 
storm but perhaps only by a factor of 2 or less. During 
the Ls - 310ø-320 ø dust storm, the phase of this mode 
is also anomalous and consistent throughout the region 
with enhanced amplitude. 

Smith et al. [this issue] present maps of dust opacity 
during both of these dust storms. Their results show 
that the zonal distribution of dust in the Noachis dust 

storm is roughly uniform poleward of 40øS, while the 
L• - 310 ø- 320 ø storm is almost completely contained 
within one quadrant of longitude in the Southern Hemi- 
sphere. It is quite likely that this ditt•rence in the lon- 
gitudinal distribution of dust in these two storms can 
explain the differences observed in their stationary wave 
amplitudes. This invites further study into the specifics 
of the dust heating and the generation of these station- 
ary wave modes. 

Hollingsworth and Barnes [1996] and Nayvelt et al. 
[1997] both modeled stationary waves in Mars atmo- 
sphere. In agreement with our results, they both found 
that the Southern Hemisphere is dominated by the 
s = 1 mode. We have not displayed the s = 2 mode, 
as its amplitude is typically < 1 K throughout the re- 
gion where we can retrieve it. The two modeling works 
suggest that the s = 2 mode is more powerful in the 
Northern Hemisphere, which is not accessible with this 
subset of data. Banfield et al. [1996] reported station- 
ary waves from an analysis of IRTM T15, but their re- 
suits regarding the mean state are likely corrupted by 
surface radiance [Wilson and Richardson, 2000]. 
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5.5. Topography-Coupled Tidal Modes 

The modes which arise from the interaction between 

the sun-fixed tidal modes and longitudinal asymmetries 
(e.g., topography) were also simultaneously fit in this 
study. In general, these modes are significantly smaller 
than those discussed above and do not present any clear 
spatial structures. Because of this, we have not graph- 
ically presented any of them here• The largest of these 
modes in our results for the Southern Hemisphere was 
the a = 1, s = -1 mode, which we found to have 
an amplitude of •01.5 K, with larger values starting to 
show up in the northernmost limits of our retrieval (i.e., 
•025øS). These northernmost values have the largest er- 
ror bars, but values of 2-4 K repeatably appear near 
25øS. This a: 1, s = -1 mode propagates eastward 
at the same speed as the sun moves westward. It in- 
cludes the eastward propagating diurnal Kelvin mode 
of previous works [e.g., Zurek, 1976] which, unlike our 
fits, has a well-defined latitudinal structure, confined to 
the tropics. 

The next smaller mode in this group is the a = 1, 
s = 0 mode. This mode has a period of I sol but 
no longitudinal variations, essentially a pulsing of the 
atmosphere, with the same phase of oscillation at all 
longitudes. Typical Southern Hemisphere extratrop- 
ics values for this mode are •01 K, again with indica- 
tions that the amplitude increases to the north starting 
around 25øS. This mode also clearly shows an increase 
in amplitude during the L s = 310 ø - 320 ø dust storm, 
with amplitudes throughout the southern extratropics 
of •02 K, and growing to nearly 4 K above three scale 
heights near the South Pole. Interestingly, this mode 
shows no appreciable change during the Noachis dust 
storm. 

Similar behavior is seen in the a = 2, s = 0 mode, 
which has a period of one half of a sol and again no 
longitudinal variations. Typical southern extratropical 
amplitudes are •01 K, again increasing to the north be- 
yond •025øS. This mode also shows a strong increase in 
amplitude during the Ls = 310 ø- 320 ø dust storm, with 
amplitudes of •02 K typical throughout the south, and 
amplitudes exceeding 4 K over two scale heights near 
the South Pole. 

The remaining five modes we fit (i.e., (a = 1, s = 2), 
(a= 1, s=3), (a=2, s= 1), (a=2,.s=3), (a=2, 
s = 4) ) were all typically less than or on the order of 
1 K throughout the southern extratropics, but they all 
also suggested larger amplitudes to the north. 

Wilson and Hamilton [1996] discuss the importance of 
these modes and present some model calculations sug- 
gesting that many of them probably occur in Mars' at- 
mosphere. They suggest that the a: 1, s: -1 and 
a = 2, s = -2 modes may be the strongest of this class 
of wave at many times of year. They present a plot 
[Wilson and Hamilton, 1996, Figure 17a] of the tem- 
perature amplitude cross section of the a: 1, s: -1 
mode which compares very favorably with our results. 

It shows an amplitude of •01 K throughout the southern 
extratropics, with amplitudes increasing into the North- 
ern Hemisphere. Aside from this, we know of no other 
yet published model runs with which to compare these 
results. 

6. Discussion 

These results, extracted from the AB1 and SPO TES 
data, should provide strong constraints for the numer- 
ous atmospheric models that the community now has. 
Additionally, they may be used to try to infer details 
of the state of Mars atmosphere. We expect that tidal 
and stationary wave models will be applied to these 
data, and estimates of the distribution of forcing and 
dissipation will be sharpened. 

In this work, we identified two puzzling details of 
the observations that we will explore. The first was 
the apparent phase reversal of the diurnal tide from 
L• - 255 ø- 285 ø above two scale heights, south of 
•60øS (see Plate 1). We do not have an explanation 
for this phenomenon; however, we have considered the 
possibility that it is evidence of a critical layer. If the 
winds at this height were strong enough easterlies (west- 
ward) to match the phase speed of the sun, it is possi- 
ble that the expression of the tide might show a phase 
reversal and an amplitude decrease above the critical 
layer, matching the observations. The thermal winds 
can be inferred from the zonal and time mean temper- 
ature fields, except for the addition of the winds at the 
surface. Using the thermal winds from Conrath et al. 
[this issue], we can infer what surface wind speeds would 
be required to produce this critical layer. Near the pole, 
the winds are very modest, 10 m/s at 85øS. Further 
north, this hypothesis becomes more unlikely. At 75øS 
a surface wind of 45 m/s is required, and at 65øS a 
surface wind of 70 m/s is required. Therefore we find 
this hypothesis highly unlikely to be correct (without 
widespread dust storms evident at that time, which was 
not the case) and leave this phenomenon unexplained. 

The second phenomena that we noted was also in 
the diurnal tide mode. We noted that this mode's 

phase 1/2 scale height above the surface was 180øout 
of phase with the Sun (see Plate 1). It shows a tem- 
perature maximum near local midnight. Linear tidal 
theory suggests that an atmosphere heated from be- 
low should show a phase advance (temperature max- 
ima moving toward earlier local times) as one moves up 
above the surface, with the lowest levels having a maxi- 
mum just after local noon, since that is where and when 
the energy is deposited. We mentioned above that it is 
possible that this is an artifact of the retrieval process 
being corrupted by surface radiance. However, it may 
be a real phenomenon. The southernmost latitude at 
which we see the phase advance with height appears 
to be moderately well correlated with the progression 
of the subsolar latitude through the seasons. However, 
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the strength of this effect does not seem well correlated 
with dust opacity. For example, the dust opacity was 
highest from L8 = 225 ø - 240 ø, yet during this time we 
observe no significant phase advance with height at the 
bottom of our domain and near the equator. 

It is possible that this phenomenon can be explained 
by convective overshoot. Near midday, particularly at 
the subsolar latitudes, the martian boundary layer is 
heated very strongly. This raises the possibility that 
convective plumes could penetrate significantly into the 
stable atmosphere above the convecting boundary layer. 
This would effectively cool this layer (which is neces- 
sarily warmer than an adiabat from the surface). The 
cooling would be strongest when the boundary layer is 
heated most strongly, near local noon, precisely what 
our analysis shows. Thus it is possible that we are see- 
ing this convective overshoot follow the subsolar lati- 
tude around the southern summer and affect the atmo- 

spheric layer between 1/2 and 1 scale height above the 
surface (5-10 km), almost reversing the apparent phase 
of the diurnal tide. Confirmation of this may exist in 
lander temperature entry profiles, or radio occultation 
profiles, but is probably best observed by upward look- 
ing infrared sounding [Smith et al., 1996]. Its potential 
implications are also unexplored. 

7. Summary 

We have determined the amplitude and phase of wave 
modes in the Martian atmosphere based on TES obser- 
vations of atmospheric temperatures from the AB1 and 
SPO MGS data. The amplitudes and phases of the 
diurnal and semidiurnal tides, the first few (gravest) 
stationary waves and a few modes which are couplings 
between sun-fixed tides and topography are included. 
Estimates of the zonal and time of day mean tempera- 
ture meridional cross sections and their rates of change 
finish the modes considered. 

The zonal and time of day mean temperature merid- 
ional cross sections agree with those of Conrath et al. 
[this issue] to within 1 K where we can reliably retrieve 
this mode (90øS to •20øS). Outside of this region, po- 
tential errors due to the simple averaging employed by 
Conrath et al. [this issue] can not be estimated. Heating 
rates of up to 2.4 K/sol were observed around three scale 
heights above 60øS-90øS during the L8 = 310 ø - 320 ø 
dust storm. Diurnal tide amplitudes of > 8 K were ob- 
served during the Noachis and L•: 310 ø - 320 ø dust 
storms. From L• - 255 ø - 285 ø an unexplained phase 
reversal at [wo scale heights was observed in the diur- 
nal tide from 60øS-80øS. Convective penetration above 
the unstable boundary layer may explain anomalous 
(180øout of phase with the sun) diurnal tide phases be- 
tween 0.5 and 1 scale height above the latitudes around 
the subsolar point. Semidiurnal tides are of order 2 K 
throughout the southern extratropics. Stationary wave 

rr = 0, s = 1 was observed with amplitude 1-4 K in 
the southern extratropics. Topographically coupled tide 
modes were also quantified. 
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