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Introduction: Thermal tides are the atmospheric 

response to diurnally varying thermal forcing due to 

aerosol heating within the atmosphere and radiative 

and convective heat transfer from the surface. Tides 

include westward propagating migrating (sun-

synchronous) waves driven in response to solar heating 

and additional nonmigrating waves resulting from zon-

al modulation of the thermotidal forcing due to topog-

raphy, surface thermal inertia and aerosol distributions. 

Tides are the direct atmospheric response to diurnally-

varying forcing and the migrating semidiurnal tide (S2) 

is particularly sensitive to radiative heating by dust and 

water ice clouds. The enhanced local time coverage 

enables us to better constrain S2 and evaluate its re-

sponse to changing aerosol loading. 

There is a growing appreciation that the radiative 

effects of water ice clouds may play a significant role 

in shaping atmospheric temperature structure. Just as 

observations of tides have previously been used to 

quantify the forcing by dust aerosol during dust storm 

events, we can now begin to constrain the forcing asso-

ciated with water ice clouds. In particular, we present 

modeling and observational evidence that ice clouds 

may contribute substantially to the forcing of the semi-

diurnal tide. We will show how these observations can 

serve to constrain Mars Global Climate Model 

(MGCM) simulations of radiatively active water ice 

clouds. Prior work [1,2] has suggested a coupling be-

tween the tides and water ice clouds, whereby the tides 

shape the temperature response and cloud radiative 

effects amplify the tide forcing. Recent observations 

and MGCM modeling provide further evidence for the 

coupling between tides and water ice clouds [3]. 

Data and Methods: We present results of the 

analysis of atmospheric thermal tides using data from 

the Mars Climate Sounder (MCS). These data include 

depth-weighted atmospheric temperatures (15μm 

brightness temperatures) and temperature profiles re-

trieved from limb radiance measurements. The relative-

ly recent acquisition of “cross-track” observations pro-

vides broader local time coverage (increased to roughly 

6 unequally spaced local times) which yields improved 

characterization of the thermal tides compared to the 

nominal twice daily observations provided by the 

along-track viewing in a sun-synchronous orbit [3]. 

The additional time-of-day coverage afforded by multi-

track observations allows for the unambiguous differ-

entiation of eastward and westward-propagating tides, 

the identification of the migrating semidiurnal tide and 

the distinction between the stationary planetary waves 

and non-migrating semidiurnal tides.  

We compare MCS observations with results from 

MGCM simulations and consider the relationship be-

tween aerosol forcing and temperature response. 

Atmospheric Structure: The extensive spatial and 

seasonal coverage provided by MCS allows us to doc-

ument the seasonal variation of temperature and aero-

sol structure over the course of the four-plus Mars 

years (MY28-32). Nightside and dayside observations 

(at 3am and 3pm, respectively) enable the identifica-

tion of nonmigrating thermal tides [4] and provide 

much more detail on the migrating diurnal tide previ-

ously characterized [2]. Mars GCM simulations are 

also presented to better interpret the tide observations. 

The tides can be examined in MCS temperature re-

trievals by an analysis of gridded fields of Tdiff = (T3pm-

T3am)/2. Nonmigrating diurnal tides can be identified 

by the presence of zonal structure in the Tdiff field. 

Given the relative absence of stationary waves in the 

tropical temperature field, nonmigrating tides can also 

be identified using T3am data only. Figure 1 shows the 

Tdiff field for Ls=90-120°which is very robustly repeat-

able for MY29-32. The diurnal migrating tide is evi-

dent as the zonally-averaged component of the field in 

Figure 1a. There are large, low-level temperature per-

turbations in the nighttime temperature field (Figure 

1b) that can be identified with regions of enhanced 

cooling by water ice clouds [1,5]. The zonal structure 

is dominated by zonal waves 2-4 that reflect a mix of 

eastward propagating diurnal period Kelvin waves [4] 

with relatively long vertical wavelengths and westward 

propagating tides with shorter vertical wavelengths. 

The latitude/height structures of these waves are in 

general agreement with MGCM simulations. We can 
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Figure 1. (a, left) Longitude-height section of equatorial Tdiff  

and (b, right) the 3am anomaly field, dervived from MCS. 
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also identify nonmigrating diurnal and semidiurnal 

tides at high latitudes [5]. These tidal modes appear to 

have a well-defined seasonal variation and can be 

linked to the surface pressure variation seen in the Vi-

king and Curiosity lander data records.  

In general we find that well-defined tide features 

dominate the temperature wave structure of the atmos-

phere at low and mid latitudes. Stationary features with 

zonal waves 1 and 2 dominate the midlatitude structure 

in the non-summer hemisphere.  

 

Simulation Results: Figure 2 shows the diurnal 

variation of zonally-averaged equatorial temperature 

and related fields from a simulation employing radia-

tively active water ice clouds (RAC) [6]. Clouds con-

tribute significantly to the radiative forcing of the at-

mosphere, as shown in Figure 2d. The simulated diur-

nal mean heating rate is ~10-15 K/sol [3]. The domi-

nant contribution in the tropics is a strong radiative 

heating by the absorption of upwelling IR radiation 

from the relatively hot daytime surface. The sun-

synchronous (migrating) diurnal and semi-diurnal tides 

are also shown. The diurnal tide (S1) has the character 

of a vertically propagating gravity wave with a vertical 

wavelength of ~35 km, while the wavelength of the 

semi-diurnal tide (S2) is much longer. The use of multi-

track observations allows the vertical structure of S1 to 

be extracted from the MCS data. As has been noted in 

previous studies [1,2], the cloud diurnal variation is 

shaped by the temperature structure, with the center of 

cloud mass descending downward in phase with the 

diurnal tide. The relatively stable nighttime atmosphere 

between 200 and 50 Pa is largely a consequence of S1, 

the dominant atmospheric response to the diurnal varia-

tion of thermal forcing. Nighttime vertical velocities 

(not shown) are downward between 20-100 Pa, result-

ing in strong adiabatic warming above the simulated 

cloud deck and contributing to atmospheric stability in 

this layer, and a general heating of the tropical atmos-

phere.  

Ongoing Work: By virtue of the long vertical 

wavelength and broad meridional structure of the dom-

inant semi-diurnal tide, the migrating semi-diurnal sur-

face pressure response has been recognized as an effec-

tive measure of globally-integrated thermal forcing [7]. 

This motivates an investigation of the relationship be-

tween thermal forcing and the semi-diurnal temperature 

response. Simulations suggest that cloud heating may 

as important as dust heating for a significant part of the 

Mars year [6] and this would be a significant realign-

ment of our understanding of aerosol forcing of the 

atmosphere if verified by observation.  
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Figure 2. (a, top left) Diurnal variation of zonally-

averaged equatorial temperature from a MGCM simula-

tion with RAC. (b, top right) The diurnally varying com-

ponent of the temperature field. (c, center left) As for (a) 

but for cloud water ice. (d, center right) The diurnal varia-

tion of the LW heating (K/sol) due to water ice clouds. (e, 

bottom left) The diurnal harmonic, S1, of the temperature 

anomaly. (f, bottom right) The semi-diurnal tide S2. 
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