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[1] Temperature profiles from the Mars Reconnaissance Orbiter’s (MRO) Mars Climate 
Sounder (MCS) indicate the presence of several types of stationary planetary waves and 
nonmigrating thermal tides in the Martian atmosphere. We analyze 35 months of MCS data 
to identify the dominant waves. With the contribution of the zonal mean and migrating 
tides removed, the temperature perturbations remaining are due to planetary waves, 
nonmigrating tides, and topographic and surface albedo/thermal inertia effects. We 
characterize waves with satellite-relative wave numbers 1 through 4 in the Martian middle 
atmosphere (40–80 km). In tropical latitudes, eastward propagating diurnal Kelvin waves 
are the dominant component observed in the satellite-relative wave number 2 through 
4 fields; we identify these as diurnal Kelvin waves 1 through 3, respectively. The Kelvin 
waves have very long vertical wavelengths and amplitudes of 1–3 K. This is the first 
unambiguous detection of diurnal Kelvin wave 3. We also identify the zonally symmetric 
diurnal tide and an eastward propagating semidiurnal wave 1 tide, possibly the 
semidiurnal Kelvin wave 1. Stationary planetary waves with wave numbers 1 and 2 produce 
5–10 K amplitudes in the middle and high latitudes of both hemispheres. 
Citation: Guzewich, S. D., E. R. Talaat, and D. W. Waugh (2012), Observations of planetary waves and nonmigrating tides by 
the Mars Climate Sounder, J. Geophys. Res., 117, E03010, doi:10.1029/2011JE003924. 

1. Introduction 
[2] Solar heating of the Martian atmosphere and surface 

drives atmospheric wave motions including global-scale 
interia-gravity waves known as thermal tides and stationary 
planetary waves. Classification of tides is typically divided 
into migrating and nonmigrating groups. The migrating tides 
are westward traveling Sun-synchronous waves that are 
forced by zonally uniform solar heating [Chapman and 
Lindzen, 1970]. Nonmigrating tides are not Sun synchro-
nous, and can be westward or eastward propagating with 
varying wave numbers at periods that are integer fractions of 
a day [e.g., Talaat and Lieberman, 1999]. Longitudinal 
variations in heating due to, for example: topography, sur-
face thermal interia changes and variable atmospheric dust 
and water ice concentrations can excite nonmigrating tides 
on Mars [Zurek, 1976]. Theory and global circulation mod-
els (GCM) predict that Mars’ predominantly zonal wave 
number 2 (s = 2) topography will generate nonmigrating 
tides, with the eastward propagating diurnal Kelvin waves 
most prominent [Wilson and Hamilton, 1996]. The diurnal 
Kelvin wave is near resonance in Mars’ atmosphere [Zurek, 
1976], potentially creating large amplitudes as shown in 
modeling by Wilson and Hamilton [1996] and in Viking 
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lander surface pressure observations. Stationary waves are 
also intimately linked to topographic relief and are forced by 
airflow over terrain. Suitable wind profiles allow them to 
propagate vertically and transport heat poleward. 
[3] Tides and stationary waves in the Martian atmosphere 

have been observed in surface air pressure and wind records 
of the Viking landers and in the atmospheric thermal data 
from Mariner 9 the Viking orbiters and Mars Global Sur-
veyor (MGS) missions [Conrath, 1976, 1981; Hess et al., 
1977; Martin, 1981; Zurek and Leovy, 1981; Banfield et al., 
2000; Wilson, 2000; Banfield et al., 2003; Hinson et al., 
2003, 2008]. MGS also observed the effects of tides and 
planetary waves in density variations during its extended 
aerobraking campaign [Forbes et al., 2002; Wilson, 2002; 
Withers et al., 2003] and in radio occultations (RO) 
[Bougher et al., 2001; Hinson et al., 2003; Cahoy et al., 
2006]. Specific tides previously observed include the 
migrating diurnal and semidiurnal tides, diurnal Kelvin 
waves with wave numbers 1 (s = 1) and 2 (s = 2) (DK1 and 
DK2 hereafter), semidiurnal Kelvin s = 2 (SK2), and an 
eastward propagating semidiurnal s = 1 (likely the semidi-
urnal Kelvin s = 1 (SK1)). Stationary waves with s = 1 and 
s = 2 have been identified at the high latitudes of both 
hemispheres. MCS has been employed to study the migrat-
ing diurnal tide [Lee et al., 2009] and zonal mean tempera-
ture structures [Lee et al., 2009; McCleese et al., 2010; 
Heavens et al., 2011a]. The availability of data from the 
MCS instrument onboard MRO, which measures tempera-
ture profiles from the surface to 80 km altitude with 5 km  
vertical resolution and near global coverage [McCleese et al., 

E03010 1 of  18  



� �

�
�

� �

�

� � � �

�

�

� �

�
� � � � �

� �
�

�
�

E03010 GUZEWICH ET AL.: WAVES/TIDES OBSERVATIONS BY MCS E03010 

Figure 1. Altitude ranges in the Martian atmosphere observed by MCS and other past atmospheric 
investigations. MCS has the broadest coverage in the Martian middle atmosphere to date. Atmospheric 
zones are from Zurek et al. [1992]. MCS is from McCleese et al. [2007]. SPICAM is from Forget et al. 
[2009]. TES Nadir is from Banfield et al. [2003]. TES Limb is from Smith et al. [2001]. MGS Aerobraking 
is from Keating et al. [1998]. MGS Radio Occultation is from Bougher et al. [2001]. Viking IRTM is from 
Wilson and Richardson [2000]. 

2007, 2010], provides an opportunity to examine tides 
throughout the Martian lower and middle atmosphere. 
Figure 1 compares the vertical range of MCS measurements 
with previous investigations. 
[4] Here we examine the structure of nonmigrating tides 

and stationary waves from the surface to 80 km using 
35 months of MCS data. This links the previously separate 
lower-atmosphere observations (e.g., from MGS Thermal 
Emission Spectrometer (TES)) with the upper atmosphere 
and thermosphere (e.g., from MGS RO). We observe and 
characterize waves from the surface to 80 km altitude and 
report the first unambiguous detections of diurnal Kelvin 
wave 3 (DK3). Section 2 describes the data used and the 
analysis methods. Section 3 discusses the results and iden-
tifies the observed waves. Section 4 provides conclusions. 

2. Data and Analysis 
[5] MCS is a limb-scanning infrared radiometer launched 

in 2005 aboard MRO. Its primary science mission began in 
late September 2006 (Ls 110 ). Technical information 
about the MCS instrument is described by McCleese et al. 
[2007]. Pressure is retrieved simultaneously and used as 
the vertical coordinate in reporting the data. Vertical reso-
lution is 5 km with horizontal resolution ranging from 
150–300 km, depending on altitude. Latitude and longi-

tude reported on MCS data files in the Planetary Data Sys-
tem represent the approximate limb tangent points of the 
profile [Kleinböhl et al., 2009]. 
[6] The uncertainty in the temperature measurements are 
0.4 K ( 0.25% assuming average temperatures) from 5 to 

300 Pa. Closer to the surface, where the atmosphere is more 
opaque, the errors are 0.5 – 3 K (0.5 – 3%). Above 5 Pa, 
the errors steadily increase, reaching 1 K at 1.5 Pa, 2 K near 
0.6 Pa, 5 K near 0.17 Pa and 10 K near 0.06 Pa. These higher 

errors are still <10% of average temperatures, and do not 
exceed 10% until 0.03 Pa. Standard deviations of the error 
are approximately the same magnitude as the error them-
selves. Our analysis involved combining morning and 
afternoon temperatures, each with independent errors, so the 
errors are added in quadrature. Therefore, the percentage 
errors in our derived wave amplitudes are slightly less than 
the original instrument errors for a given location. 
[7] This study uses 35 months (September 2006 to August 

2009 or Ls 110 of Mars year 28 through Ls 330 of 
Mars year 29, with August 2007 missing) of version 1 
derived data records from MCS, with 1 million profiles 
analyzed. MRO follows a near-polar Sun-synchronous orbit 
with 03:00 and 15:00 local solar time (LST) equatorial 
overpasses. This orbit, with fixed LST overpasses, is non-
optimal for detecting waves that are functions of LST. A 
sampling frequency of 2 samples per sol implies a Nyquist 
frequency for observable waves of 1 cycle per sol (the 
diurnal frequency), and aliases higher-frequency waves to 
those below the Nyquist limit. The waves observed by the 
satellite are therefore in a satellite-relative coordinate frame 
that aliases waves to higher or lower wave numbers 
depending on direction of propagation [Salby, 1982]. 
[8] Following the method of Lee et al. [2009], data were 

selected to fall within 2 h of MRO’s 03:00 and 15:00 LST 
Sun-synchronous orbit, thus eliminating most data poleward 
of 70 . High water ice opacities in the tropics, particularly 
during the aphelion cloud belt season, also caused many 
profiles to be irretrievable. Data were divided into 12 
“months” corresponding to 30 of solar longitude (centered 
on 0 , 30  , etc.) and binned into 5 15 latitude-longitude 
bins. Periods centered on Ls = 0  to 90 included data from 
one Martian year while periods centered on Ls = 120 to 
330 averaged data from two Martian years. Data were also 
combined seasonally through 90 of solar longitude to verify 
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Figure 2. Latitudinal coverage of MCS data used in this study at the 10 Pa pressure level. Areas with 
available data are shown in gray. 

that observed features were persistent with longer time 
averaging, as discussed in sections 3.4, 3.6, and 3.8. Refer to 
Figure 2 to see latitudinal coverage of the data through the 
Martian year. 
[9] We assume a wave that is a function of longitude (l), 

latitude (j), pressure (p) and time (t) has the following form: 

Tðl; j; p; tÞ ¼ SAs;scosðsl þ st þ dÞ ð1Þ 

where s is the zonal wave number, l is longitude, s is fre-
quency (units of sol 1) and d is the phase offset. By shifting 
our frame of reference to one of fixed local time and 
neglecting the pressure dependence, equation (1) can be 
simplified to: 

T l; tLSTð  Þ ¼ SAs;scos½ sð sÞl þ stLST þ d ð2Þ 

where tLST is local time. Negative (positive) s implies east-
ward (westward) propagation. Waves observed in the satel-
lite reference frame (i.e., fixed local time) at satellite-relative 
wave number m can be attributed to any combination of 
aliased waves such that m =  |s s| [Forbes and Hagan, 
2000; Wilson, 2000; Lee et al., 2009]. An example being 
that a wave number 2 (m = 2) wave can be due to the pres-
ence of the following wave forms: T2,0 (stationary wave 2), 
T3,1 (westward diurnal wave 3), T1, 1 (eastward diurnal 
wave 1), etc. According to classical tidal theory, any par-
ticular s and s set includes multiple Hough modes each with 
a characteristic vertical and latitudinal structure. See 
Figure 3 for plots of the normalized temperature response to 
particular tidal modes discussed in section 3. 

[10] The data are analyzed by examining fields of average 
and difference temperature plots (as in the work of 
Lieberman [1991], Lee et al. [2009], Banfield et al. [2003], 
and others) as follows: 

� 
T-average ¼ T3pm þ

� 
T3am =2 ð3Þ 

� 
T-difference ¼ T3pm 

� 
T3am =2 ð4Þ 

Returning to equation (2), it becomes obvious that there is an 
offset of p radians between 15:00 and 03:00 local solar time 
(LST). This implies that the solution to equation (2) is the 
same at each time with the offset of sp within the cosine 
argument. This can be restructured to indicate a dependence 
of ( 1)s between the two temperatures. Then equations can 
be derived for T-average and T-difference from the restruc-
tured equation (2) (and noting that longitude and local time 
are equivalent here). 

�
1 sT-averageð Þl ¼ 2 *Sð1 þ�ð 1Þ ÞAs;scos½ ðs sÞl þ s ð3 pmÞ þ d 

ð5Þ 

�
1 sT-differenceð Þl ¼ 2 *Sð1 ð 1Þ ÞAs;scos½ ðs sÞl þ s ð3 pmÞþ d 

ð6Þ 

It is now obvious that only terms with even s will appear in 
T-average and only odd s terms will appear in T-difference. 
This limits the number of components that contribute to 
a T-average or T-difference field with a satellite-relative 
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Figure 3. Latitudinal structure of the normalized tidal temperature response of Hough modes contribut-
ing to the diurnal Kelvin wave 1 (DK1), diurnal Kelvin wave 2 (DK2), diurnal Kelvin wave 3 (DK3), 
semidiurnal Kelvin wave 1 (SK1), and the migrating diurnal tide (MDT). Each tide is normalized to itself, 
and relative amplitudes between tides should not be compared. 

specific wave number, m [Forbes and Hagan, 2000; Wilson, 
2000, 2002; Banfield, et al., 2003; Lee et al., 2009]. See 
Table 1 for expected waves that contribute to a given field. 
[11] Oberheide et al. [2002] present a method to “de-alias” 

a field consisting of a superposition of two waves (e.g., m = 
2 T-difference field) and provide amplitudes and phases of 
each wave [see also Lieberman et al., 2004]. This method 
was tested using artificial data (where the exact form of the 
two waves were known) as well as the Mars data. In both 
cases the method did not yield robust results. The method 
produces weaker amplitudes than the true (for the artificial 
data) or expected (for Mars data) amplitudes, and the 
summed amplitudes did not match the total amplitude. At 
best, the application of this method appears to confirm our 
expectation for the proportional contribution of each tide to 
the aliased temperature amplitudes in a field. For these rea-
sons, the results are not presented here. 
[12] Our analysis proceeded by removing the zonal mean 

for each latitude bin and altitude, thereby also removing the 
migrating tide and zonal mean signature in order to examine 
nonmigrating and stationary wavefields [e.g., Talaat and 
Lieberman, 1999]. The remaining monthly composites rep-
resent satellite-relative (asynoptic) coordinates as defined by 
Salby [1982]. As a result, eastward (westward) propagating 
waves are Doppler-shifted one wave number higher (lower). 
[13] Finally, the amplitude and phase of the composite 

temperatures fields were calculated using discrete Fourier 
transforms (DFT) in longitude. Increasing (decreasing) phase 
of the maximum with height suggests eastward (westward) 
propagation of a surface or lower-atmosphere forced, verti-
cally propagating inertia-gravity wave. Although each 

Table 1. Wave Modes That Contribute to Each Satellite-Relative 
Wave Number 

Field Type S s Comments 

Average 

Difference 

Satellite-Relative Wave Number 1 (m) 
1 0 stationary wave 
1 2 
3 2 
0 1 zonally symmetric diurnal tide 
2 1 

Average 

Difference 

Satellite-Relative Wave Number 2 (m) 
2 0 stationary wave 
0 2 zonally symmetric semidiurnal tide 
4 2 
1 1 includes diurnal Kelvin wave 1 
3 1 

Average 

Difference 

Satellite-Relative Wave Number 3 (m) 
3 0 stationary wave 
1 2 includes semidiurnal Kelvin wave 1 
5 2 
2 1 includes diurnal Kelvin wave 2 
4 1 

Average 

Difference 

Satellite-Relative Wave Number 4 (m) 
4 0 stationary wave 
2 2 
6 2 
3 1 includes diurnal Kelvin wave 3 
5 1 
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average and difference field below consists of multiple 
aliased waves, separating those fields explicitly into individual 
waves (or even separating into eastward and westward prop-
agating fields) is not possible. From the Sun-synchronous 
viewpoint, these waves are degenerate with respect to one 
another. To determine which wave is dominant in a particular 
field, observable features such as vertical wavelength and 
phase are utilized. For example, in the m = 2–4 T-difference 
fields, we expect eastward propagating Kelvin waves to be 
aliased with westward propagating diurnal nonmigrating 
tides. The former have very deep vertical wavelengths, while 
the latter have much shorter vertical wavelengths. The m = 2– 
4 T-difference fields all exhibit very deep vertical wave-
lengths and eastward propagation, similar to those of Kelvin 
waves (as expected from tidal theory). Similarly, for the m = 
1–2 T-average fields, in addition to the vertical wavelength 
criteria, high-temperature amplitudes are seen at low altitudes 
in middle and high latitudes near the expected location of the 
polar jet. This matches theoretical expectations of planetary 
waves, whereas tides would be more prominent in tropical 
latitudes and at higher altitudes. In conjunction with classical 
tidal theory and previously published observations and 
modeling results, these criteria allow us to classify a partic-
ular wave as dominant in each field and attribute the bulk of 
the temperature amplitude to that wave. 

3. Results 
[14] We first identified the migrating diurnal tide (s = 1,  

s = 1) throughout the Martian year by studying the zonal 
mean (m = 0) T-difference field. The pattern identified by 
Lee et al. [2009, Figure 5] in MCS data for the first half of a 
Martian year generally holds for the second half as well, 
with clear patterns of alternating minima and maxima in 
temperatures through a vertical column. This is a classic 
signature of the migrating thermal tide with strongest tem-
perature amplitudes (of greater than 10 K at times) seen near 
the equator. The simulations Lee et al. [2009, Figure 10] 
conducted using the MarsWRF general circulation model to 
identify the migrating diurnal tide and extend their analysis 
to parts of the Martian year not yet observed by their pub-
lication date match our analysis with more recent MCS data 
very well (Figure 4). MarsWRF is run with a prescribed dust 
concentration based on climatology [Richardson et al., 
2007]. McCleese et al. [2010] show that much of Mars 
years 28 and 29 exhibited normal dust opacity as understood 
from previous studies, therefore the dust forcing used in Lee 
et al.’s [2009] MarsWRF runs was consistent with MCS 
observations. The relatively weak global dust storm that 
occurred in July 2007 (Ls 270 ) resulted in most MCS 
profiles to be irretrievable and thus does not significantly 
contaminate this data set [Kleinböhl et al., 2009]. 
[15] In sections 3.1–3.8 we discuss the average and dif-

ference temperature fields for the m = 1  to  m = 4 fields. 
Sections 3.1–3.8 will describe our observations, highlighting 
the likely dominant waves, wave amplitudes, phases and 
structure in each field and compare results to expectations on 
the basis of previous observations and modeling studies. 

3.1. T-Average Field m = 1  
[16] Previous modeling efforts [e.g., Wilson and 

Hamilton, 1996] predict that the m = 1 T-average field 

would primarily consist of the s = 1 stationary wave with 
additional minor contributions from s = 1 and s = 3 semi-
diurnal nonmigrating tides. Several previous observational 
studies have analyzed stationary waves in both hemispheres 
[Banfield et al., 2000, 2003; Hinson et al., 2003] and the 
results from this new data set compare well. We find evi-
dence of the s = 1 stationary waves in both hemispheres. 
Wave amplitudes maximize in the middle to high latitudes 
for this field with a clear seasonal cycle shown at equinoxes 
and solstices in Figures 5 and 6. 
[17] The southern hemisphere stationary wave reaches a 

maximum of nearly 10 K near Ls = 90  at 30–100 Pa 
altitude at 55–60 S (Figure 5b). A secondary maxima in the 
vertical is present near 1.5 Pa with an amplitude of 8 K 
(Figure 5b). Amplitudes fall to near 1 K near southern 
summer solstice (Figure 5d). Two distinct maxima in the 
vertical are present from Ls 345–225 during the coldest 
periods of the year in the southern hemisphere (Figures 5a– 
5c). The maxima move downward and poleward in location 
as the winter solstice is approached, and then recede upward 
and equatorward away from solstice (e.g., at 30–50 Pa and 
0.9–1.5 Pa above 45–50 S at  Ls = 0  ). There is a prominent 
westward phase tilt with height associated with the wave. In 
the lower levels of 50–55 S at  Ls = 90  , the phase (east 
longitude of maximum amplitude) is 50–65 E within the 
maxima near 100 Pa (Figure 6a). Vertical wavelength is near 
8 scale heights (Mars scale height is 11 km), in excellent 
agreement with results from MGS TES [Banfield et al., 
2003] and RO [Hinson et al., 2003]. Both maxima are 
directly aligned within the zonal wind jet core [see McCleese 
et al., 2010, Figures 6 and 7]. Hinson et al. [2003] used 
MGS RO and TES limb observations in conjunction with 
Mars GCM simulations to analyze the s = 1 stationary wave 
in late southern winter (Ls 150–160 ) between 65 and 70 S. 
MCS data do not extend quite as low in the atmosphere as 
MGS TES and RO, but where there are overlapping ( 200– 
1 Pa) data sets, our results compare very favorably in both 
phase and amplitude. 
[18] In the northern hemisphere, there is considerably less 

identifiable structure to the m = 1 stationary wavefield. 
Additionally we are limited by data in the northern latitudes 
from Ls = 255–345 (e.g., we have no data for areas pole-
ward of 60 N at the northern winter solstice, Ls = 270 [see 
McCleese et al., 2010, Figure 1]. A nearly global dust storm 
occurred during this time and most profiles were irretriev-
able. Similar to the southern hemisphere, we observe two 
maxima in the vertical during equinox (Ls 345–15 and 
Ls 165–195 ) with one near 7–11 Pa and the second at 0.9– 
1.5 Pa altitude above 50–60 N (Figure 5c). Amplitudes 
associated with these maxima are 3–5 K. For the remainder 
of northern spring and into northern summer (Ls 15–105 ), 
this two maxima structure is absent, before returning as 
autumn approaches after Ls = 105 (Figure 5b). It then per-
sists through the remainder of the year, while moving pole-
ward (i.e., north of 60 N and beyond our available data) as 
winter approaches. It again appears these maxima follow the 
core of the jet stream. Note that these two maxima are not 
the same as those discussed by Banfield et al. [2003]. Their 
upper maxima corresponds to the lower maxima seen in this 
data. They observed a maxima near the surface at 65 N, 
but that area is not included in this data for reasons men-
tioned above. We again find good agreement with MGS TES 
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Figure 5. Amplitude of the m = 1 T-average field in Kelvins averaged over 30� of solar longitude 
(a) near northern spring equinox, (b) summer solstice, (c) fall equinox, and (d) winter solstice. This field 
corresponds to the s = 1 stationary wave. 

observations with a phase of 35–40�E at  Ls = 180� 3.2. T-Difference Field m = 1  
(Figure 6b) and �30�E at  Ls = 0� (not shown) for the 7– [19] We expect the m = 1 T-difference field to primarily
11 Pa maxima above 60�N. On the basis of the amount of consist of the zonally symmetric diurnal tide as well as an 
phase propagation, the vertical wavelength of the northern s = 2 westward diurnal nonmigrating tide. The s = 1  
hemisphere stationary wave near the equinoxes appears to be topography forces both of these tides, which corresponds to 
function of latitude with it varying from 7.5 to 8 scale the Tharsis Bulge in the tropics and Hellas Basin in the 
heights at 45�N to 9 scale heights at 60�N. southern midlatitudes. As discussed below (see Figures 7 

Figure 6. Amplitude and phase of the m = 1 T-average field in Kelvins averaged over 30� of solar 
longitude at (a) 50�S for northern summer solstice and (b) 60�N for fall equinox. Locations of maxima 
correspond to wave phase at a particular height level. 
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Figure 7. Same as Figure 5 but for the m = 1 T-difference field. This field corresponds to the zonally 
symmetric diurnal tide. 

and 8), we find evidence of the zonally symmetric tide in 
both the tropics and midlatitudes, with notable differences 
to previous studies, possibly suggesting the presence of the 
s = 2 diurnal tide or interannual variability of the zonally 
symmetric tide. 
[20] The magnitudes of the m = 1 T-difference field follow 

a clear seasonal cycle and this is shown at equinoxes and 
solstices in Figures 7 and 8. Near equinox (Ls = 0�, 180�), 
the wave amplitudes are generally equatorially symmetric 
with two 1–3 K maxima in the vertical above 40–50� lati-
tude (Figures 7a and 7c). The first maxima is at 11–30 Pa 
with the second broadly dispersed above 1.5 Pa (Figures 7a 
and 7c). Although equatorial data are lacking at Ls = 0�, at  
Ls = 180� there is also an additional maxima in each hemi-
sphere near the surface from 20 to 40� latitude of 3–4 K  
amplitude. In the solsticial seasons, the summer hemisphere 
has very weak amplitudes (�1 K) with no clear structure 
while the southern winter hemisphere has amplitudes up to 
5 K (Figures 7b and 7d). As mentioned in section 3.1, there 
are no data for northern winter solstice at high latitudes. The 
structure of these amplitude maxima are complex during 
southern winter, with 3–5 distinct maxima in the vertical 
between 0.3 and 30 Pa altitude above 35–65�S (Figure 7b). 
This large amplitude near southern winter solstice is at odds 
with MGS TES observations [Banfield et al., 2003] which 
showed only 1–2 K amplitudes during this season. The area 
of 5 K amplitude 11–30 Pa altitude above 65�S is within the 
volume of atmosphere sampled by TES nadir observations. 

This suggests interannual variability in the zonally sym-
metric diurnal tide and/or contributions from the s = 2  
diurnal tide. Banfield et al. [2001] noticed variability and 
enhancement in the zonally symmetric diurnal tide associ-
ated with the 2001 global dust storm, but dust opacity levels 
were approximately one order of magnitude lower during the 
MCS observations [see McCleese et al., 2010, Figures 10 
and 11]. 
[21] The phase of the maximum of this tide also exhibits a 

complex pattern that was not observed by TES near southern 
winter solstice. At 60–65�S, the phase of the maximum is 
near 220�E near the surface and this is essentially constant 
up to 50–83 Pa altitude. Above that, the phase of the maxi-
mum “jumps” to 55–60�E at  7–30 Pa (Figure 8a). This 
longitude corresponds to the western rim of Hellas Basin. 
Above this the phase then progresses steadily eastward to 
return to near 220�E at the top of the observable column 
(Figure 8a). At latitudes equatorward of the maxima (i.e., 
40–55�S), the phase propagates significantly in low levels, 
with a steep westward tilt, and does not exhibit the “jump” in 
phase seen farther south (Figure 8b). The phase is westward 
tilted below 7 Pa and then tilted eastward above that until 
0.2 Pa (Figure 8b). This phase behavior is seen from Ls = 
75–135� during the coldest part of the year, with clearly 
delineated westward phase tilt with height for nearly the 
entire column at southern middle and high latitudes imme-
diately before and after this time. This large westward phase 
propagation in the lowermost levels is suggestive of a surface-
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Figure 8. Amplitude and phase of the m = 1 T-difference field in Kelvins averaged over 30� of solar 
longitude at for northern summer solstice for (a) 60�S and (b) 45�S. The same field for fall equinox at 
(c) 25�S and (d) 25�N shows a very similar pattern spanning the tropics indicative of the zonally sym-
metric diurnal tide. Locations of maxima correspond to wave phase at a particular height level. 

forced s = 2 westward diurnal nonmigrating tide. Tidal theory 
suggests the gravest Hough mode contributing to this tide 
has a wavelength of �32 km, which is roughly consistent 
with the �40–45 km wavelength implied by the rate of 
phase propagation seen in Figure 8b. 
[22] The phase associated with the near surface tropical 

maxima of 2–4 K near the northern fall equinox (Ls 135– 
195�), is clearly in phase with the high terrain of Tharsis at 
240–270�E and nearly barotropic with height (Figures 8c 
and 8d). The zonally symmetric diurnal tide can be thought 
of as a daily pulsing of the atmosphere and is expected to be 
in phase with the heating of high terrain, and this result is 
consistent with that. It is not clear which Hough mode is 
present in the wavefield to contribute to the zonally sym-
metric diurnal tide and was thus not plotted in Figure 2. 

3.3. T-Average Field m = 2  
[23] We expect the s = 2 stationary wave to dominate the 

m = 2 T-average field with additional minor contributions 
from the semidiurnal zonally symmetric tide and the s = 4  
semidiurnal nonmigrating tide. We observe the s = 2 sta-
tionary wave in both hemispheres and find features generally 
consistent with previous studies. Similarly to the s = 1 sta-
tionary wave, the s = 2 stationary wave temperature maxima 
align with the jet streams [McCleese et al., 2010]. Relevant 
plots to this field are in Figures 9 and 10 which shows the 

equinoctial periods and time periods prior to each solstice, 
when the s = 2 stationary wave reaches its maximum 
amplitude in the hemisphere approaching winter solstice. 
[24] Previous studies have shown [e.g., Hollingsworth and 

Barnes, 1996] that the s = 2 and s = 1 stationary waves have 
comparable amplitudes in the northern hemisphere, but that 
the southern hemisphere is dominated by the s = 1 wave. The 
s = 2 and s = 1 dominated topography in the northern and 
southern hemisphere high latitudes, respectively, is the 
driving force for this difference. Banfield et al. [2003] gen-
erally confirmed this, with a clear s = 1 stationary wave 
preference in the southern hemisphere and an s = 2 prefer-
ence in northern hemisphere low levels and s = 1 at higher 
levels. MCS observations show that the s = 2 stationary 
wave is stronger than the s = 1 wave in the northern hemi-
sphere at nearly all observed times of year and altitudes, with 
the sole exception near Ls = 180� (compare Figures 5 and 9). 
The southern hemisphere stationary waves in the low levels 
consistently align themselves with the polar jet, tilting 
upward and poleward from the surface near 45�S (Figures 5b 
and 9b). 
[25] Within the limits of our data availability (see 

section 3.1), we see a similar structure to that observed by 
Banfield et al. [2003] for the s = 2 stationary wave in both 
hemispheres at lower altitudes. The maximum wave ampli-
tude (5 K) in the southern hemisphere occurs before 
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Figure 9. Amplitude of the m = 2 T-average field in Kelvins averaged over (a) 30� of solar longitude 
near northern spring equinox, (b) late northern spring near Ls = 60�, (c) fall equinox, and (d) northern fall 
near Ls = 210�. This field corresponds to the s = 2 stationary wave. 

southern winter solstice at Ls = 45–75�, with two distinct 
maxima in the vertical (Figure 9b). The lowermost maxi-
mum is at 200–300 Pa above 50�S and the upper at 70–90 Pa 
above 55�S (Figure 9b). Each maxima has a distinct phase 
shift, with a phase of the maximum near 45�E for the lower 
maxima and 135�E for the upper maxima (Figure 10a). 
Banfield et al. [2003] found the same phases and associated 
this 90� phase shift with an evanescent wave beyond the 
polar jet duct on the basis of a region of negative quasi-
geostrophic index of refraction. However, the coherent 
phase propagation with height and large amplitude associ-
ated with the higher maxima argue against evanescence and 
suggest a vertically propagating wave. Hinson et al. [2003] 
showed that using quasi-geostrophic theory near the Mar-
tian winter polar jets should be done with “caution,” and this 
possibly led to a spurious result in predicting wave evanes-
cence in this region. As with the s = 1 stationary wave, our 
analysis of the s = 2 southern stationary wave compares very 
favorably with Hinson et al. [2003] in amplitude and phase. 
[26] The pattern in the northern hemisphere lower atmo-

sphere is similar to that in the southern hemisphere and that 
seen by MGS TES with an approximately barotropic struc-
ture in the lowermost few scale heights of the atmosphere 
and a phase near 40–45�E (Figures 10b and 10c). However, 
the structure and amplitude in the middle atmosphere of the 
northern hemisphere is significantly different from that of 
the southern hemisphere. A 3–5 K maximum is present year 

round near 0.2–0.08 Pa altitude and moves through the 
middle and high latitudes, depending on season (Figure 9). 
In colder times of the year, the maxima is shifted equator-
ward to near 50�N, while in the warmer seasons, it moves to 
very high latitudes (>75�N; see Figure 9). The phase of this 
amplitude maximum also follows a seasonal cycle, with a 
minimum near 60�E near summer solstice and a maximum at 
120�E just before winter solstice (Figures 10b and 10c). The 
change in phase of the maximum and movement of the 
amplitude maxima through the Martian year is consistent 
with the movement of the polar jet with season. 

3.4. T-Difference Field m = 2  
[27] The eastward propagating diurnal Kelvin wave 1 

(DK1) has been shown previously to dominate the m = 2  T-
difference field with additional contributions from the 
westward propagating diurnal s = 3 nonmigrating tide. Both 
of these tides are forced by the interaction of the diurnal 
migrating tide with the s = 2 topography. DK1 has been 
observed or inferred in numerous previous data sets includ-
ing Mariner 9 [Conrath, 1976], Viking landers [Leovy, 
1981], MGS aerobraking [Forbes and Hagan, 2000; 
Wilson, 2002], MGS RO [Hinson et al., 2001], and MGS 
TES [Wilson, 2000; Banfield et al., 2000, 2003]. It has been 
extensively studied using Mars GCMs [Wilson and 
Hamilton, 1996; Bridger and Murphy, 1998; Lewis and 
Barker, 2005]. This is the first observation of DK1 in the 
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Figure 10. Amplitude and phase of the m = 2 T-average field in Kelvins averaged over (a) 30� of solar 
longitude at Ls = 60� for 50�S, (b) northern summer solstice at 60�N, and (c) Ls = 210� for 50�N. Locations 
of maxima correspond to wave phase at a particular height level. Notice the phase shift for the northern 
hemisphere maxima near 0.1 Pa between the two seasons. 

middle atmosphere. Hinson and Wilson [2004] compared Figures 11 and 12 show amplitude and phase, respectively, 
MGS RO data with Mars GCM output and found the west- averaged over 90� of Ls and show one period surrounding 
ward diurnal wave 3 tide has an amplitude of �2 K and a equinox and one surrounding solstice which both include 
vertical wavelength of �20 km in the tropics. Not unex- tropical data. 
pectedly, we find the amplitude, structure and phase of DK1 [28] The work mentioned above typically found ampli-
to be consistent with previous studies in most respects. tudes of 1–3 K for DK1, and our results are generally 

Figure 11. Amplitude of the m = 2 T-difference field in Kelvins averaged over (a) 90� of solar longitude 
surrounding northern fall equinox and (b) 90� of solar longitude corresponding to late northern fall 
through most of winter. This field corresponds to DK1. 
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Figure 12. Amplitude and phase of the m = 2 T-difference field in Kelvins averaged over (a) 90 of solar 
longitude surrounding northern fall equinox and (b) 90 of solar longitude corresponding to late northern 
fall through most of winter. Notice the lack of significant phase shift through the profile, diagnostic of 
DK1. 

consistent with this, however we do find amplitudes in this 
field up to 5 K (not shown) at particular locations and 
seasons (e.g., Ls = 180 above 30 N). This could be due to 
contributions from the s = 3,  s = 1 tide and higher tidal 
harmonics or seasonal variability of DK1. We find the 
northern hemisphere favored in the amplitudes of this field, 
with a persistent (nearly year-round) meridionally broad 2– 
3 K maxima between 10 and 40 N near 0.2–0.6 Pa 
(Figure 11). A similar middle atmosphere maxima is seen in 
the southern hemisphere at similar latitudes, but lower in the 
atmosphere (2.5–6.8 Pa) and weaker in magnitude (1–2 K;  
see Figure 11). Low-altitude amplitudes also favor the 
northern hemisphere. Broad 1–3 K amplitudes exist between 
40 S and 40 N during most of the year (by extrapolation for 
times of year where equatorial data are missing), but typi-
cally peak between 10 and 20 N. Areas within 20 S–20 N 
between 1 and 100 Pa seem devoid of significant amplitude 
(>1 K) at all times of year (Figure 11). That result is per-
sistent when averaging over 90 of solar longitude. That 
altitude range is where dust concentrations maximize in 
nearly all seasons [McCleese et al., 2010] and is near the 
altitude of the “High Altitude Tropical Dust Maximum” 
observed by Heavens et al. [2011b]. It has been suggested 
that the presence of airborne dust can push the Kelvin wave 
away from resonance, but despite this, its amplitude should 
remain relatively invariant [Wilson and Hamilton, 1996; 
Leovy and Zurek, 1979]. 
[29] We find a phase of the maximum near 60 E associ-

ated with DK1, consistent with the expectation of 15 of 
eastward propagation between the 14:00 observations of 
MGS TES (which found the phase near 45 E) and the 
15:00 observations of MCS. The phase is essentially con-
stant with height, a diagnostic feature of DK1 (Figure 12). It 
also becomes clear from analysis of the phase that the mid-
dle atmosphere maximum in the southern hemisphere is not 
associated with DK1, while the northern hemisphere maxi-
mum clearly is. In the southern hemisphere maximum, there 
is significant (typically >70 ) eastward phase propagation 
over the observable domain, which suggests that this maxi-
mum is not associated with the westward propagating s = 3,  
s = 1 tide (not shown). There is a similar area of eastward 

phase propagation typically at a lower altitude in the north-
ern hemisphere below the maximum associated with DK1 
(not shown). However, this region has low amplitudes ( 1 K  
or less) at all times of year. The near-surface maxima 
observed in most seasons is also clearly associated with DK1. 
[30] Additionally, we analyzed the 15:00 and 03:00 LST 

m = 2 fields individually and calculated phase profiles. 
These fields thus include contributions from waves that 
appear in both the m = 2 average and difference fields. 
Despite this, there is still a clear signature of DK1 in the 
tropics with a 180 phase shift between the morning and 
afternoon profiles (indicative of a diurnal wave) and a 
roughly barotropic profile with height. 
[31] While the gravest eastward propagating wave number 

1 diurnal Hough mode (DK1 in Figure 2) is equatorially 
symmetric, Forbes and Hagan [2000] found in their model 
that this mode would be distorted and coupled into an 
asymmetric mode through interaction with the highly 
asymmetric zonal mean wind field during solsticial periods 
(see McCleese et al. [2010, Figures 6 and 7] for MCS-
derived zonal mean winds). This first asymmetric mode 
possesses a vertical wavelength of 61 km on Mars. As can 
be seen in Figure 13, the m = 2 T-difference field does 
possess both symmetric and antisymmetric components with 
amplitudes of 1–2 K (compare with Figures 11a and 11b). 
The phase of the symmetric field matches expectations of 
the Kelvin mode with a nearly barotropic phase profile. The 
antisymmetric phase profile shows steady eastward propa-
gation, particularly during the winter solsticial period, when 
the zonal mean winds are strongly asymmetric and this mode 
should be more strongly excited. The amount of phase pro-
gression through the column indicates a vertical wavelength 
of 65–70 km (Figure 14), very close to the theoretical 
wavelength. 

3.5. T-Average Field m = 3  
[32] We expect that the s = 3 stationary waves and two 

nonmigrating tides (s = 1, s = 2 and s = 5,  s = 2) will 
primarily contribute to the m = 3 T-average field. Banfield 
et al. [2003] found generally weak amplitudes with disor-
ganized structures in this field in the lower atmosphere, and 
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Figure 13. Amplitude of the (a and c) symmetric and (b and d) antisymmetric components of the m = 2  
T-difference field in Kelvins averaged over 90� of solar longitude surrounding northern fall equinox 
(Figures 12a and 12c) and 90� of solar longitude corresponding to late northern fall through most of winter 
(Figures 12b and 12d). This field corresponds to DK1. 

we confirm that result with some differences in specifics. 
Below we describe evidence of the s = �1, s = 2 tide 
(possibly the semidiurnal Kelvin s = 1 wave) in the north-
ern hemisphere midlatitude middle atmosphere and com-
pare its observed features to previous studies. Figure 15 
shows the amplitude and phase of this field at Ls = 90�
when the s = �1, s = 2 tide is most readily identifiable. We 
find no persuasive evidence of the s = 3 stationary waves in 
either hemisphere. 
[33] Using MGS TES data, Banfield et al. [2003] observed 

the maximum for this field of order 2–4 K in the lowest scale 
height of the low latitudes and generally less than 1 K 
elsewhere in its observable domain. MCS observations in 
the lowest scale height of the tropical atmosphere are sparse, 
so we cannot confidently exclude the existence of a similar 
maximum in this data. At best we see �1 K amplitude near 
45�S (Figure 15a), which is a latitude that MGS TES 
observed a persistent maximum [Banfield et al., 2003]. From 
Ls = 135–195� where tropical data are available, we do see a 
broad area of 1–2 K amplitudes between 35�S and 35�N 
with up to 3 K near fall equinox (not shown). This maximum 
does not appear later in the year (near Ls = 300�) when 
tropical data are again present. 
[34] In the middle atmosphere, however, we see a persis-

tent 1–3 K maximum in each hemisphere above the middle 
and high latitudes. Barnes et al. [1996], Hollingsworth and 
Barnes [1996], and Banfield et al. [2003] all noted that the 

s = 3 stationary wave is not expected to propagate signifi-
cantly vertically. In the northern hemisphere, a maximum of 
2–3 K is present year round (within data limitations, there 
are no data for Ls = 330� at those latitudes) at 0.01–0.6 Pa 
altitude above 40–60�N (Figure 15a). This maximum has a 
steady phase of 70–85�E year round, with variability within 
that bound (Figure 15b). It also exhibits an eastward tilt with 
height. We identify this as the s = �1 eastward propagating 
semidiurnal tide, probably the semidiurnal Kelvin wave 
(SK1). The gravest Hough mode contributing to SK1 is 
meridionally broad, so it is expected to have appreciable 
amplitude at high latitudes (Figure 2). On the basis of �60– 
90� of phase change within the deep layer of the middle 
atmosphere with an eastward tilt, it appears this tide has a 
long vertical wavelength, but we cannot get a confident 
value since it is near the top of the MCS domain. SK1 is 
evanescent with a vertical wavelength of 14 scale heights, so 
this appears roughly consistent [Withers et al., 2003]. Wilson 
[2002] observed this tide at thermospheric altitudes. We 
cannot confidently identify this tide in the southern hemi-
sphere, where the m = 3 T-average field is poorly organized 
and less structured than the northern hemisphere. At best 
there are suggestions of this tide in the southern hemisphere 
near Ls = 150�, when the high-altitude pattern is roughly 
equatorially symmetric and there is a broad 2 K maximum 
over the southern middle and high latitudes at comparable 
heights to that in the north and a weak eastward phase tilt 
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Figure 14. Amplitude and phase of the antisymmetric component of the m = 2 T-difference field in 
Kelvins at 10� latitude averaged over 90� of solar longitude corresponding to late northern fall through 
most of winter. 

with height (not shown). Lower-altitude maxima that appear 
early in the year are not associated with this tide and exhibit 
no structured phase pattern. General circulation modeling is 
required to further illuminate the expected amplitudes and 
phase propagation of this tide and corroborate this 
identification. 

3.6. T-Difference Field m = 3  
[35] The s = 2 diurnal Kelvin wave (DK2) is expected to 

dominate the m = 3 T-difference field, with additional con-
tributions from the s = 4,  s = 1 nonmigrating tide. These two 
tides likely result from the interaction of the diurnal 

migrating tide with the s = 3 component of the topography. 
DK2 has been detected previously in many of the studies 
that detected DK1 [e.g., Wilson, 2000]. Classical tidal theory 
suggests a 90–100 km vertical wavelength and 1–2 K  
amplitude [Wilson and Hamilton, 1996; Longuet-Higgins, 
1968; Forbes et al., 2002; R. J. Wilson, personal commu-
nication, 2 June 2011]. Hinson and Wilson [2004] compared 
MGS RO data with Mars GCM output and found the west-
ward diurnal wave 4 tide has an amplitude of �2 K and a 
vertical wavelength of �20 km in the tropics. We find DK2 
to have an amplitude and phase consistent with previous 
studies, but the deeper profile that MCS provides indicates 

Figure 15. (a) Amplitude of the m = 3 T-average field in Kelvins averaged over 30� of solar longitude 
surrounding northern summer solstice and (b) amplitude and phase of the same field at 60�N highlighting 
SK1. This field corresponds to the s = 3 stationary wave and SK1. 
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Figure 16. (a) Amplitude of the m = 3 T-difference field in Kelvins averaged over 90� of solar longitude 
surrounding northern fall equinox and (b) amplitude and phase of the same field at 0�N. Also shown are 
(c) the same field averaged over 90� of solar longitude corresponding to late northern fall through most of 
winter and (d) amplitude and phase of the same field at 5�S. These plots highlight DK2. 

its vertical wavelength is longer than what classical tidal 
theory suggests. See Figure 16 (which covers the same two 
90� of Ls time periods as shown for DK1) and the discussion 
below. 
[36] Given that DK2 is expected to be relatively consistent 

seasonally in its traits, we use data averaged over 90� of 
solar longitude to diminish the possible effects of seasonal 
variability in other aliased tides. We find a broadly equato-
rially symmetric pattern in this field’s amplitudes, with most 
amplitude concentrated in the tropics. The exception is near 
the equinoxes, when larger amplitudes also exist in the 
middle atmosphere above the midlatitudes. Much like DK1, 
we see a near surface maximum in the tropics and then a 
large area of weak amplitude from �5–100 Pa. Then another 
area of 1–2 K amplitude exists above that level with gener-
ally increasing amplitudes with height (Figures 16a and 
16c). Near the top of the MCS domain, the amplitudes 
decrease again. Since it is known that both DK1 and DK2 
propagate well beyond the MCS vertical domain to aero-
braking altitudes and have significant amplitudes there, we 
expect this apparent maximum between 0.1 and 1 Pa to be a 
local maximum. 
[37] We find values of DK2’s phase of the maximum to be 

near 15�E in the lowest altitudes for a 15:00/03:00 LST 
orbit, consistent with MGS TES observed values of 0�E at  
14:00/02:00 LST [Banfield et al., 2003] (Figures 16b and 

16d). This is consistent throughout the year (when near-
equatorial data are available) and meridionally within a 
particular season to �30� latitude. The amount of eastward 
phase progression with height is also consistent with mod-
eling [see Wilson, 2000, Figure 5b] and is typically �80�
from the surface to 0.1 Pa (≈8.5 scale heights). This argues 
that the vertical wavelength of DK2 is ≈140 km, longer than 
tidal theory suggests. 
[38] As with the m = 2 T-difference field, we decomposed 

this field into symmetric and antisymmetric components. 
There was little or no amplitude associated with the anti-
symmetric field and the phase profiles did not indicate a 
coherent propagating wave (not shown). This result implies 
that the symmetric Kelvin mode is dominating this field. 
[39] The temperature maxima found in this field near 

equinox in the midlatitudes (poleward of 40�) of both 
hemispheres at 1 Pa is not associated with DK2. These 
maxima are markedly equatorially symmetric and display 
similar phase behavior with a westward tilt with height 
below the altitude of the maxima (not shown). It is unclear, 
at present, which wave is responsible for this behavior, but it 
is worthy of further investigation through general circulation 
modeling, given their 3–5 K amplitude near northern spring 
equinox and �3 K at fall equinox. 
[40] Withers and Catling [2010] compared MCS data with 

the Phoenix entry temperature profile and identified 
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Figure 17. (a) Amplitude of the m = 4 T-difference field in Kelvins averaged over 90 of solar longitude 
surrounding northern fall equinox and (b) amplitude and phase of the same field at 0 S. These plots high-
light DK3. 

temperature variations owing to either DK2 or the SK1. 
They also noticed 60 of eastward phase propagation 
between 3 Pa and 0.03 Pa. We see 50–60 of eastward 
phase change in both the m = 3 average and difference 
fields with our 30 of solar longitude average, consistent 
with their value given they only used 6 of solar longitude 
averaging (not shown). SK1 would be found in the average 
field, and as mentioned in section 3.5, we see evidence of its 
presence at this location (40–60 N) year round. Although 
DK2 is not as meridionally broad as DK1, theory still 
implies some presence at these latitudes and it appears 
present in MCS data, particularly at higher altitudes. As with 
DK1, we analyzed the morning and afternoon fields indi-
vidually to determine the phase change over half a sol and 
find that the primary pattern is neither diurnal nor semidi-
urnal at these latitudes and altitudes, with 50–120 of phase 
shift above the lowest few scale heights (not shown). For a 
solely semidiurnal pattern, 360 of phase shift is expected 
(making it appear to have no phase shift) while 180 is 
expected for a solely diurnal pattern. Amplitudes are 3 K  
for both the m = 3 average and difference fields at high 
altitudes above 65–70 N around Ls = 75  (using both Ls = 
60 and 90 ), suggesting that both SK1 and DK2 were 
contributing approximately equally to the profile observed 
by Phoenix upon Mars atmospheric entry. 

3.7. T-Average Field m = 4  
[41] The s = 4 stationary waves and an eastward propa-

gating s = 2 semidiurnal tide (including semidiurnal Kelvin 
wave 2, SK2) contribute to the m = 4 T-average field, in 
addition to an s = 6,  s = 2 tide. As other studies have 
mentioned [e.g., Hollingsworth and Barnes, 1996], s = 3 and 
higher stationary waves are not expected to propagate sig-
nificantly vertically, so amplitudes in the middle atmosphere 
should be from tides. Tidal theory and the limited observa-
tions of SK2 identify it as a vertically evanescent “edge” 
wave with roughly constant phase vertically and meridio-
nally. It also should have a low-temperature amplitude, 
about 0.5 K according to GCM simulations [Hinson et al., 
2008]. Despite that, SK2 is near resonance in the Martian 
atmosphere and creates large variations in surface pressure 
[Zurek, 1988; Wilson and Hamilton, 1996]. We cannot 

confidently identify any waves in this field. We do not 
present any figures for waves in the m = 4 T-average field 
owing to the low amplitudes and lack of discernable wave 
activity. 
[42] There is little evidence of s = 4 stationary waves, with 

amplitudes typically <1 K in low altitudes. Near northern fall 
equinox (Ls = 135–195 ), there is an area of 1–2 K ampli-
tude in the tropics and low latitudes with no clearly struc-
tured phase behavior (not shown). 
[43] We also find little evidence of SK2. Perhaps this is to 

be expected given the expected low-temperature perturba-
tion owing to SK2. However, we cannot connect a non-
detection of significant amplitudes with a detection of SK2. 
Amplitudes of 1 K, to occasionally 2 K, are common in all 
seasons and latitude zones between 0.1 and 1 Pa (not 
shown). Were these associated with SK2, we would expect 
barotropic phase structures with altitude. However, eastward 
phase propagation of 30–40 is typically observed with these 
maxima (not shown). Isolated latitude zones in particular 
seasons do have roughly barotropic phase profiles, but they 
are not associated with amplitudes >1 K. These barotropic 
profiles are not constant between neighboring latitude zones. 

3.8. T-Difference Field m = 4  
[44] We expect DK3 to be the primary contributor to the 

m = 4 T-difference field with additional contribution from 
an s = 5,  s = 1 tide and possible higher-frequency (ter-
diurnal) nonmigrating tides. DK3 and the s = 5,  s = 1 tide 
are forced by the interaction of the diurnal migrating tide 
with the s = 4 topography component. No previous unam-
biguous detections of DK3 have been made, but there has 
been some limited modeling work done on this wave 
[Wilson, 2000; Angelats i Coll et al., 2004]. DK3 is 
expected to be more confined to the tropics than either DK1 
or DK2, with a shorter wavelength (50 km according to 
Wilson [2000]) and comparable amplitudes ( 1 K). As 
described below, we report the first unambiguous detection 
of DK3 (see Figure 17 which covers the same equinoctial 
time period from Ls 135–225 as shown for DK1 and DK2). 
[45] An amplitude structure very similar to the other Kel-

vin wave-dominated fields (m = 2 and m = 3 difference 
fields) is seen in the m = 4 T-difference field, with a low-
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altitude maxima in the tropics, a dearth of amplitude 
between 5 and 100 Pa, and then generally increasing 
amplitude with height above (Figure 17a). Again the maxi-
mum amplitude is below the top of the observed domain, but 
very near 80 km altitude. DK3 is most obvious in data 
averaged around northern fall equinox (Ls = 135–225 ) 
when the amplitude structure is roughly symmetric about 
5 N with a magnitude of 1–2 K and generally increases with 
height outside the near-surface maxima (Figure 17). Near the 
surface, the phase of the maximum is near 55 E and 
increases by 90 over the depth of the domain (Figure 17b). 
In the area between 5 and 100 Pa with weak amplitudes, the 
phase propagation is typically less coherent, suggesting 
influence of other waves. In northern winter (Ls = 255– 
345 ), when equatorial data are again available, amplitudes 
are weaker and do not exhibit the structure seen earlier in the 
year. The phase of the maximum is near 70 E with 110 of 
phase propagation over the domain (Figure 17b). Additional 
profiles from the tropics in other seasons corroborate these 
values, with average phase of the maximum near 60–65 E at  
the surface (not shown). The amount of phase propagation 
(90 is a full cycle for the m = 4 fields) suggests the vertical 
wavelength is closer to 100 km than 50 km, but we cannot 
confidently assign a value given the lack of consistency and 
noisy phase profiles in the 5–100 Pa range. 
[46] From 25 S to  25  N the phase of the maximum is 

consistent (within the range of phase values given above) 
with DK3 year round throughout the vertical domain. Scat-
tered profiles at higher latitudes (up to 50 ) at different times 
of year also seem consistent with DK3, but there is less 
meridional consistency in neighboring profiles and higher 
variability in phase at a particular height. From Ls = 45–105 
there is a 3 K amplitude maximum near 0.1 Pa over 40 N 
(not shown). Below this area, the phase is not consistent with 
DK3, but the phase near the maximum is consistent (to 10 ) 
with the phase at this altitude over tropical latitudes from 
other times of the year associated with DK3. 
[47] This field was also decomposed into symmetric and 

antisymmetric components. As with the m = 3 T-difference 
field, there was little or no amplitude associated with the 
antisymmetric field. The antisymmetric phase profiles near 
winter solstice do suggest a vertically propagating wave with 
a wavelength of 70–80 km (not shown). However, this is 
more than twice the wavelength of the lowest-order asym-
metric eastward propagating wave number 3 diurnal Hough 
mode ( 35 km). Taken together, this result again implies 
that the symmetric Kelvin mode is dominating this field. 

4. Conclusions 
[48] We have analyzed waves in the Martian atmosphere 

using 35 months of atmospheric temperature profiles from 
MCS. In general, our results confirm and extend previous 
observations [e.g., Banfield et al., 2003] and modeling 
simulations [e.g., Wilson and Hamilton, 1996] of these 
waves. 
[49] Features of the s = 1 stationary waves in the lower 

atmosphere were nearly identical to those seen previously 
[Hinson et al., 2003; Banfield et al., 2003] within the limits 
of our northern hemisphere data. A secondary temperature 
maxima in the vertical for the southern hemisphere station-
ary wave is observed that is not fully documented in 

previous studies. The s = 2 stationary wave dominates at all 
observed altitudes and latitudes in the northern hemisphere 
and we confirm the s = 1 dominance of the southern hemi-
sphere. We cannot confidently identify features associated 
with either the s = 3  or  s = 4 stationary waves, most likely 
due to their limited vertical propagation in conjunction with 
sparse data in the lowest scale height of the atmosphere. 
[50] We characterized diurnal Kelvin waves 1 through 3 

(DK1, DK2, and DK3) and this is the first unambiguous 
detection of DK3. Both DK2 and DK3 appear to have longer 
wavelengths than what classical tidal theory calculates. 
Observed phase values and amplitudes for DK1 and DK2 
closely match earlier studies, but isolated maxima of larger 
amplitudes also appear associated with these waves ( 5 K  
for DK1). DK1 is observed to have both symmetric and 
asymmetric modes contributing to the field. Additionally we 
identified the zonally symmetric diurnal tide and the semi-
diurnal Kelvin wave 1 (SK1). Our analysis of the zonally 
symmetric diurnal tide yielded significant differences from 
previous studies with MGS TES that could potentially 
indicate interannual or seasonal variability or the presence of 
the westward s = 2 diurnal nonmigrating tide. 
[51] Additional years of MCS data, including the expected 

flight of the ExoMars Climate Sounder in 2016, will hope-
fully yield an unprecedented record of the Martian atmo-
sphere in space and time that will further illuminate its 
dynamics. In particular, the current data are limited near the 
equator and high latitudes, the precise areas most desirable 
for analyzing Kelvin waves and stationary planetary waves, 
respectively. Additional years of data collection by MCS 
should fill these holes. Many of the small-scale structure and 
features observed by MCS and partially described in this 
work require further analysis with data gathered by MCS in 
the future and its successors. General circulation modeling 
studies of higher wave number and higher period tides 
(many of which have shorter vertical wavelengths that get 
smoothed in MCS data collection), that have been aliased 
into these fields and might be responsible for some of these 
small-scale features, could also help describe the unidenti-
fied structures and features seen by MCS. 
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