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Brief Summarv of Work 

The work supported by this grant was divided into two broad areas: 

( 1  ) mesoscale modeling of atmospheric circulations and analyses of 

Pathfinder, Viking, and other Mars data, and (2) analyses of MGS TES 

temperature data. 

The mesoscale modeling began with the development of a suitable 

Mars mesoscale model based upon the terrestrial MM5 model, which was 

then applied to the simulation of the meteorological observations at the 

Pathfinder and Viking Lander 1 sites during northern summer. This 

extended study served a dual purpose: to validate the new mesoscale 

model with the best of the available in-situ data, and to use the model to 

aid in the interpretation oi  the surface meteoroiogicai data. lhis work 

resulted in a paper which has appeared in the Journal of Geophysical 

Research (Tyler et al., 2002). This paper summarizes most of this work and 

presents the key comparisons with the data in detail. During the last year 

of the project, the focus of the mesoscale circulation studies was 

changed to the north polar region in summertime. This region is of critical 

importance for the current Mars climate system, since the residual north 

ice cap appears to be the primary source of atmospheric water on 

annual time scales. The polar mesoscale studies were begun with 

analyses of polar TES and radio occultation data, and with the generation 

of suitable polar maps of thermal inertia and albedo (making use of the 

latest TES-derived data). 

-. 

The TES temperature data analyses have made use of the Fast 

Fourier Synoptic Mapping (FFSM) technique to produce synoptic 

temperature maps from the highly asynoptic TES data. This technique 



provides unique advantages relative to other possible analysis methods. 

At the conclusion of the grant period, a very sizeable fraction of the 

available (two full Mars years) TES temperature data had been at least 

preliminarily analyzed using the FFSM approach. Temperature maps have 

been produced for a sizeable fraction of the TES data set. These maps 

are of several types, including ones that isolate the traveling weather 

systems in middle and high latitudes on Mars. In addition to the 

temperature maps, wind maps were also generated using a linearized 

balance method. The combination of wind and temperature maps 

allows the calculation of the heat and momentum fluxes produced by the 

weather systems. The FFSM analyses yield space-time power spectra as 

an intermediate data product, and these allow some of the key 

properties of the Mars weather systems to be readily identified. A number 

of talks and extended abstracts have resulted from the FFSM studies of the 

TES temperature data: these are listed in the Bibliography and several are 

attached to this Final Report. The preparation of several papers for 

submission to journals is  now underway. 
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Introduction: Pictures taken ffom orbit over the 
north pole residual ice cap certainly suggest that at- 
mospheric circulations have played an important role in 
the evolution of its present day appearance. One can 
hardly examine such images without envisioning a 
well-developed polar vortex. A more complete under- 
standing of the late-summer atmospheric circulation for 
this region will help us understand the present day cli- 
matological stability of the residual cap. It is to this 
end that we begin a study of the polar circulation. 

Our Model and Method: The computer model 
being used in this study is the Oregon State University 
Mars MM5 (OSU MMMS). Our model was developed 
by modifying the Perm StateNCAR MM5 so it could 
be used to simulate mesoscale circulations on Mars. 
For boundary and initial conditions the model uses 
output ffom the NASA Ames Mars GCM. The devel- 
opment of the model and the studies it has been used in 
are outlined in another abstract submitted for this 

Our approach to determining the 
circulation of the north-polar region is to first tune the 
model so it predicts surface and atmospheric tempera- 
tures that match data gathered during the Mars Global 
Surveyor (MGS) mission. With the MMM5 tuned to 
simulate the actual data we can then examine the simu- 
lated circulation with greater confidence in its accu- 
racy. At this initial stage we are primarily concerned 
with simulating the temperature structure over the ac- 
tual ice cap. Thus, the relevant data are 1) daytime and 
nighttime MGS/TES residual cap temperatures and 2) 
atmospheric temperature profiles from over the ice cap. 
The temperature profiles being used for this purpose 
are publicly available on the website of the MGS Radio 
Science (RS) team [ 11. 

Tuning the MMMS is a straightfonvard iterative 
process: 1) compare the zonal mean temperature pro- 
file of the model with that of data at 85.1’ N, 2) adjust 
tunable parameters, 3) rerun the model and 4) compare 
the temperatures again. The global dust loading is a 
tunable parameter in both the GCM and the MMMS. 
In the MMMS we additionally treat the deepest “soil” 
(ice) temperature as a tunable parameter. This ap- 
proach was chosen because of the large subsurface heat 
flux values that are required in the polar heat balance 
during this season [2]. The deep “soil” (ice) tempera- 
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tures of the residual cap in the model are initialized 
using annual average temperatures instead of diurnal 
averages (the MM5 uses diurnal average surface tem- 
perature by default to initialize the deepest soil tem- 
perature). Model initialization in the MMM5 is thus 
modified with a logical check to reset the deep “soil” 
(ice) temperature if the albedo is above a critical value. 
We are also setting the thermal inertia to an appropriate 
ice value dependent upon the albedo check. Presently 
we are using 175 K for the deep “soil” (ice) tempera- 
ture and a thermal inertia of 900 J m-’ s-’‘ K-’ for the 
ice locations. 
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Figure 1: Daytime surface temperatures for the seasonal 
period ( 130<LS<140). Temperature data is uniformly dis- 
tributed across 1300-1400 hrs. Some contours from the 
MMMS 18 km nest topography are shown for reference. 
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NORTH POLAR ATMOSPHERIC CIRCULATION: D. Tyler and J.  R. Barnes 

Figure 2: Nighttime surface temperatures for the seasonal 
period ( 130<LS<14O). Temperature data is uniformly dis- 
tributed across 0300-0400 hrs. Some contours from the 
MMMS 18 km nest topography are shown for reference. 

The Data: In Figs. 1 and 2 we show the respective 
daytime and nighttime TES surface temperatures that 
are being used to tune the MMMS polar surface prop- 
erties (thermal inertia and albedo). The local times of 
these data are approximately 1330 and 0330 hrs; the 
season is 130<LS<140. Daytime ice temperatures are 
fairly well represented in Fig. 1 ,  but the nighttime tem- 
perature coverage in Fig. 2 is minimal. 

For atmospheric temperatures we are using 99 RS 
profiles fiom this same seasonal period. These tem- 
perature profiles are tightly grouped around 85.1' N 
latitude. The mean time of the profiles is 0630 hrs and 
the L, distribution is uniform over 130<LS<140. 

Given the narrow 
latitude range of the RS temperature profiles, their uni- 
form distribution in longitude, season and LST, it 
seems sufficient to use a simple average to form a 
zonal mean temperature profile. Locations of the RS 
profiles and the MMMS data interpolations are shown 
in Fig. 3 over a map of the TES albedo that is presently 
being used in the model. The ice albedo values of this 
map are too low; presently we are considering ways to 
modify our datasets and maintain the resolution that is 
required to accurateiy resoive ice surfaces within the 
high-resolution topography of these simulations. 

Location of "Over Ice" RS Profiles on MMMS Albedo 
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Figure 3: Locations of RS temperature profiles (black dots) 
and the MMMS interpolations (cyan stars). The background 
map shows albedo and contours of the topography used in 
the 18 km polar nest. 

To generate a zor,al mean temperature profile for 
the MMM5 a simple average of model profiles was 
used. In Fig. 4 we show all of the RS and MMMS pro- 
files and the respective zonal means. The zonal means 
agree quite well throughout the bulk of the atmosphere 

although there is a much stronger near-surface inver- 
sion in the MMMS zonal mean than there is in the RS 
data mean profile. Most of this inversion is aliasing of 
the model mean profile due to profiles that are over 
non-ice locations in the model. 

Forward From Here: At this point we are still 
working to finalize our model configuration. We espe- 
cially need to modify the albedo values and it will help 
greatly to have thermal inertia coverage to higher lati- 
tudes than we presently have. This work will move 
forward and we expect to have some interesting results 
to present in Granada. 

RS Profiles at 130cLsc140 (6:30 AM mean) 
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Figure 4: The 99 RS temperature profiles (cyan) and their 
average (black line/points) are shown along with 8 sols of 
MMMS profiles (yellow) and their average (red line/points). 

References: 
[ 11 http://nova.stanford.edu/projects/mgs 
[2] Paige and Ingersoll, Science, 228, 1160-1 168. 
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Planetary Eddies in the Martian Atmosphere: FFSM Analysis of TES Data 

J.R. Barnes, College of Oceanic and Atmospheric Sciences, Oregon State U., Corvallis, OR, 97333, USA. 

Introduction: 

Planetary scale eddies of various types play very 
important roles in the general circulation of the Mar- 
tian atmosphere and in the climate system of Mars. 
In particular, transient baroclinic eddies (midlatitude 
weather systems) and quasi-stationary eddies are 
prominent. Both types of eddies are fundamentally 
analogous to their counterparts in the terrestrial at- 
mosphere, opening up excellent opportunities for 
comparative studies. Transient baroclinic eddies 
were predicted to be present in middle and high lati- 
tudes in the fall, winter, and spring on Mars on the 
basis of theory and GCM simulations (1). The Vi- 
king Lander Meteorology data allowed their exis- 
tence to be verified, and some of their most basic 
properties to be determined (2,3). Quasi-stationary 
eddies were also predicted by theory and modeling to 
be present in all seasons, in both the tropics and the 
extratropics. Viking IRTM data appeared to evi- 
dence these eddies, and MGS TES and RS data have 
recently allowed their existence to be confirmed (4). 

The MGS TES data allow the determination of 
the basic properties and dynamics of the transient 
baroclinic and quasi-stationary eddies. This can be 
done in different ways. We have utilized a technique 
referred to as Fast Fourier Synoptic Mapping 
(FFSM), in order to do this with the TES nadir tem- 
perature data. To date we have analyzed in detail a 
sub-set of all of the data, focusing upon seven time 
intervals averaging about 40-50 sols in length. 

Data Analysis: 

The FFSM technique was originally developed 
some time ago (5,6), but it has not been used very 
much with terrestrial data. It offers some very con- 
siderable benefits, however, In particular, it allows 
the production of twice-daily synoptic maps from the 
highly asynoptic TES data. These maps reflect the 
full space-time resolution of the data, which extends 
to zonal wavenumber 6 and to periods slightly 
shorter than 1 sol (for eastward traveling waves). 
Relatively higher frequency (1-3 sols) features are 
not distorted or smoothed by the FFSM analysis, 
something that is often a major problem with other 
methods. An intermediate product of the FFSM 
analysis is a set of spectra for the interval being ex- 
amined. These spectra allow the identification of the 
dominant wave modes which are present in the data, 
and the characterization of their amplitude and phase 
structures. The volume of the TES data allows the 

spectra to have very high statistical significances, 
which allows even quite weak eddies to be found. 
The synoptic maps allow the full time evolution of 
the disturbances to be seen, and they provide a start- 
ing point for the computation of various higher-order 
quantities (winds, heat and momentum fluxes, EP 
fluxes, etc.). 

The FFSM analyses require considerable pre- 
processing of the data. First the data must be sorted 
into ascending and descending orbit observations for 
each latitude bin and TES pressure level. We have 
chosen to “oversample” in the vertical (using - 15 
levels), and to employ one degree latitude bins 
spaced at 5 degree intervals. The small bin size 
greatly helps to avoid aliasing due to very sharp me- 
ridional gradients in the data. All gaps in the data 
then have to be filled in using interpolation schemes 
- either interpolating along an orbit or interpolating 
between orbits for longer gaps. After close examina- 
tion of the resulting time series of data, the basic 
FFSM analysis can be carried out for each latitude 
bin and vertical level. This analysis yields the twice- 
daily maps as well as the spectra - one for each zonal 
wavenumber, and for each latitude and vertical level 
(typically, a very large number of spectra). The 
maps can be produced in various ways, depending on 
how one selects the spectral coefficients to be used in 
the mapping. We have produced maps of the full 
temperature fields as well as maps of the transient 
eddy part of the temperature fields as standard prod- 
ucts; other maps can be very useful in various cir- 
cumstances. The maps can be produced at much 
higher time resolutions (as well as much higher lon- 
gitudinal resolutions - we have used 5 degrees as a 
standard) than twice-daily in order to facilitate the 
detailed study of transient features via movies, but 
the true resolution of the data is equivalent to two 
maps per sol. 

The spectra are examined closely in order to 
identify the dominant spectral peaks. These then 
lead to the selection of multiple frequency-band 
modes, at each zonal wavenumber. The amplitudes 
and phases of the wave modes are then calculated 
from the spectral coefficient values. 

The seven data intervals which we have chosen 
for analysis to date include two that surround north- 
em winter solstice during the first mapping year, one 
earlier in the winter (prior to the mzjijor d,, llrt storm 
event) of that first year, one surrounding northern 
spring equinox during the first mapping year, two 
intervals surrounding southern winter solstice in the 
second mapping year, and one interval during the 
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middle of southern winter during the first mapping 
year. These intervals allow an excellent comparison 
of the eddies in the north and south, as well as an 
initial look at the variation of the eddies with season 
in each hemisphere. 

Results: 

We summarize some of the basic results of the 
analyses below, separately for each seasonal interval. 

Early northern winter This interval covers the 
range of L, - 205-220 in the first mapping year, a 
period in early winter before the occurrence of a ma- 
jor regional dust storm - the Noachis Terra storm. 
Fairly strong eddy activity is present in northern 
middlehigh latitudes during this period - one in 
which the mean thermal gradients are not as sharp as 
they are later on in the winter - as eddy temperature 
variance values are - 40-60 K2 at both lower and 
upper levels. 

The largest amplitude transient eddy mode in this 
seasonal interval has a period of - 5-10 sols. Zonal 
wavenumber one has the largest amplitude, but wave 
2 also has substantial amplitude. l h e  wave 1 mode 
exhibits larger amplitudes at upper levels than at low 
ones; the wave 2 amplitudes are similar at lower and 
upper levels. The second dominant mode has a pe- 
riod of - 2-4 sols, and sizeable amplitudes at both 
wavenumbers 2 and 3. At wavenumber 2 there is 
significant amplitude at upper levels, though the 
largest amplitudes are at the lowest levels, while 
wave 3 is shallower. There is also a shorter period 
mode, with a period of - 1.4-1.7 sols, which has 
sizeable amplitudes at both wavenumbers 2 and 3. 
At times during the interval the eddy thermal field at 
low levels has a very regular and coherent structure 
around the planet (Fig. 1 below, showing an example 
of the transient eddy thermal field at - 4.8 mb). 
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Stationary eddies are present, with substantial 
amplitude at both wavenumbers 1 and 2; wave 2 is 
the more dominant. The eddy activity is enhanced in 
storm zones, maximizing in the vicinity of Acidalia 
and Arcada. 

Northern winter solstice I This interval covers 
the range of L, - 237-270 in the first year, a period 
just following the Noachis Terra dust storm event. 
Eddy temperature variances are as large as - 45 K2 at 
lower levels and - 225 K2 at upper levels in northern 
middle and high latitudes. Thus, the eddies have a 
very strong upper-level character in this period. 

Most prominent during this interval is an east- 
ward-traveling, very large amplitude, zonal 
wavenumber one disturbance having a period of 15- 
25 sols (Fig. 2 below, showing an example of the 
transient eddy thermal field at 0.5 mb). 
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This disturbance has only small temperature am- 
plitudes at low levels, so it is clearly not a typical 

phase structure consistent with barotropic energy 
conversions, as well as baroclinic coversions. Such a 
slowly moving wave one mode has been found in 
GCM simulations. The large amplitudes of this 
mode during the period just after the dust storm 
event certainly suggest that it is favored by a more 
intense zonal-mean circulation. There have been 
recent speculations that it could be associated with 
inertial instabilities in low latitudes (7). 

A number of other transient eddy modes are also 
present in this interval, One mode is also primarily 
zonal wavenumber one, but its period is - 6-8 sols. 
It exhibits large amplitudes at upper levels, but also 
has (relatively) much larger amplitudes at low levels 
than the 15-25 sol mode. A wavenumber one mode 
with a period of - 6-8 sols is prominent in the Viking 
data, as well as in GCM simulations (1,2,3). The 
GCM studies indicate that this mode is a typical 
baroclinic one associated with the surface tempera- 
ture gradient, whose low level temperature maximum 
cannot be seen by TES. The other prominent mode 
during this interval is a wavenumber two disturbance 
with a period of 3-4 sols. It has maximum tempera- 
ture variance at the lowest levels, but also exhibits a 
secondary maximum at upper levels. 

A very pronounced storm track structure charac- 
terizes the transient eddy activity in this period, with 
the largest variances (more than double the smallest 
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values) occurring in the vicinities of Acidalia and 
Arcada. The storm tracks persist to the highest lev- 
els. Large amplitude stationary wavenumber one and 
two eddies are present in this period, with wave 2 
dominating at lower levels. 

Northern winter solstice I1 This interval covers 
the range of L, - 270-293 during the first year; by 
this time the effects of the Noachis Terra storm had 
disappeared. Strong transient eddy activity is pre- 
sent, with variances as large as - 45 K2 at low levels 
and - 125-150 K2 at upper levels. The eddies thus 
do not have as much of an upper-level structure as 
those present before the solstice, and this is largely 
due to a considerable reduction in the amplitude of 
the long-period wave one mode. The sharpness of 
the mean thermal gradients is reduced in this interval, 
but not very greatly compared to the period prior to 
the solstice. 

The variance due to the slow wave one mode is 
roughly a factor of three smaller than in the interval 
prior to the solstice. The relatively fast wave one 
mode (- 6-8 sols) variance, however, is increased by 
a factor of about three. The 6-8 sol mode also has a 
strong wavenumber 2 component. The dominant 
wave 2 mode has a period of - 3.5 sols, with maxi- 
mum amplitudes at the lowest levels. There is also a 
mode with a period of 2-2.5 sols, at both wavenum- 
bers two and three, which is very shallow. 

The transient eddy activity is characterized by 
pronounced storm zones as in the period before sol- 
stice, and the location of these is very similar. Large 
amplitude stationary wave one and two eddies are 
again present, with wzvenumber two being larger at 
both lower and upper levels. 

Northern spring equinox This interval spans L, 
- 350-10 in the first year, a period during which the 
VL-2 meteorology data show very strong transient 
eddy activity in midlatitudes (1). The examination of 
this interval has been hindered by relatively poor 
TES data coverage, as we have not been able to per- 
form a full FFSM analysis poleward of 60 N. The 
temperature variance due to the transient eddies in- 
creases towards the pole, and there are values as 
large as -30 K2 at 60N at low levels, with the upper 
level values not exceeding - 25 K2 at 60 N. The 
eddies are thus much shallower than they are earlier 
in the winter season. 

riod is associated with a mode having a period of - 
2.5-3.5 sols. This mode has sizeable amplitudes at 
both wavenumbers 2 and 3. At wavenumber 1 there 
is a mode with a period of 5-10 sols. 

Enhanced eddy activity is found in the vicinity of 
Acidailia and Arcada, much as is the case near winter 
solstice. The amplitudes of the stationary eddies, 
waves 1 and 2, are much reduced compared to the 

The bulk of the transient eddy activity in this pe- 

two solstice periods, and these eddies have a shal- 
lower vertical structure than those present in the win- 
ter season. 

Southern winter solstice I : This interval covers 
L, - 75-90 in the second mapping year, a period for 
which GCM simulations exibit very weak transient 
eddy activity. The analysis of the TES data confirms 
that the transient eddy activity is indeed very weak 
near southern winter solstice. The eddy temperature 
variance does not exceed 15 K2 and 25’ at low and 
high levels, respectively - and typical values are sub- 
stantially smaller than this. 

A wavenumber one mode with a period of - 6-8 
sols is present, having a very similar structure to the 
analogous mode in northern winter. There is also a 
westward propagating disturbance present with a 
period of roughly 2 sols, which has an upper- 
levelamplitude maximum. 

The weak eddy activity is concentrated in a re- 
gion roughly centered on Argyre. A very large am- 
plitude wave one stationary eddy is present, as well 
as a weaker wave 2 eddy. 

Southern winter solstice 11 This interval spans 
L, - 93-1 11 in the second mapping year, also a pe- 
riod for which GCM’s exibit very weak transient 
eddy activity. The FFSM analysis also yields quite 
weak eddies, with maximum low-level variance val- 
ues of - 15-20 K2 and average values much smaller 
than that; upper level variances do not exceed - 30- 
35 K2 with much smaller average values. 

A wave one disturbance with a period of - 8-10 
sols is present, along with a westward propagating 
wave one mode with a period of - 1.2 sols. The 
strongest transient eddy is a wavenumber three mode 
with a period of about 3.5 sols. This mode has a 
very shallow vertical structure. 

The transient eddy activity is strongest again at 
lower levels in a region roughly centered on Argyre. 
A stationary wave one eddy is present at large ampli- 
tude, along with a weaker wavenumber two eddy. 

Mid-southern winter This interval covers L, - 
136-155 during the first mapping year. Analyses of 
MGS RS data for this time period show relatively 
strong transient eddy activity, as do at least some 
GCM simulations. The FFSM analysis for this pe- 
riod yields transient eddy variances at low levels 
which are as large as - 90 K2, with upper-level val- 
ues as large as - 30 K2. These mid-winter eddies in 
the south are thus quite shallow in the vertical. 

The bulk of the transient eddy activity during this 
period is associated with a mode having a period of - 
2.2-2.5 sols (Fig. 3 below, showing an example of 
the transient eddy thermal field at - 3.7 mb). 
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This is the same disturbance that has been found 
in RS data for this season (8). This mode has signifi- 
cant amplitudes at zonal wavenumbers 1-4, with 
waves 2 and 4 being the largest. The structure of this 
mode is very shallow, with maximum amplitudes 
located at the lowest levels at all wavenumbers, in 
the vicinity of 55 S. 

The existence of substantial amplitudes at 
wavenumbers 1-4 implies a strong storm track struc- 
ture during this season in the south. The eddy activ- 
ity is strongest between 180 and 360 E, with the most 
vigorous activity again located in the vicinity of Ar- 
gyre. Large amplitude stationary wave one and two 
disturbances are present in this seasonal interval; the 
wavenumber 2 eddy has a very shallow structure. 

Discussion: 

FFSM analysis has been performed on seven dif- 
ferent seasonal intervals of TES nadir temperature 
data, including winter solstice periods in both hemi- 
spheres. The results of the analysis confirm the 
GCM-based prediction of very weak transient eddy 
activity near winter solstice in the south (1). The 
northern winter solstice eddies in the first mapping 
year (following a regional dust storm event) exhibit 
very large upper-level amplitudes. Prior to winter 
solstice, a - 15-25 sol, wavenumber one disturbance 
is very prominent at upper levels. Following solstice 
this disturbance is still present, but a - 6-8 sol, wave 
one mode dominates (this mode being present prior 
to solstice as well). Earlier in the first year winter, 
before the dust storm, the transient eddy activity is 
marked by substantial amplitudes at wavenumbers 1- 
3. A version of the wave one, 6-8 sol mode is pre- 
sent, along with - 2-4 sol and - 1.4-1.7 sol modes at 
both wavenumbers 2 and 3. The early winter eddies 
have maximum amplitudes substantially further 
poleward at low levels than those near solstice. This 
appears to be a consequence of the structure of the 
mean thermal field - the strongest meridional tem- 
perature gradients are located further equatorward 
near solstice. Fairly strong transient eddy activity 
exists near spring equinox in the north, but these 

eddies have much shallower structures than those 
during the winter season. 

The mid-winter season in the south (Ls - 136- 
155) is a very interesting one, in that the low-level 
eddy activity is quite strong. These eddies are very 
shallow in nature, which appears to directly reflect 
the shallowness of the meridional temperature gradi- 
ents in the zonal-mean flow at this season. 

In all the intervals that have been examined to 
date, the transient eddy activity is very substantially 
enhanced in certain longitudinal regions. There are 
strong storm zones, as predicted on the basis of 
GCM simulations (9). In the north, the storm zones 
are located in the Acidalia and Arcada regions, 
which are broad lowlands. In the south, the eddy 
activity appears to be strongest in a region centered 
roughly on the Argyre basin. In all cases, the storm 
zones appear to correlate with trough regions in the 
zonal flow. 

The structure of the transient eddies varies 
greatly with season and hemisphere. In particular, 
the eddies in northern winter are extremely deep, 
with very large amplitudes at upper levels. In early 
northern winter the eddies are much shallower, and 
they are shallower yet near spring equinox. In the 
south, the eddies are relatively shallow in all three of 
the intervals examined to date. The zonal flow is 
strongest and the upper level meridional temperature 
gradients are sharpest near northern winter solstice 
(in the first mapping year), and such a basic state 
appears to yield very deep eddies. GCM studies 
have shown a similar behavior (1). 

Along with weak transient eddies near southern 
winter solstice, GCM simulations have evidenced 
very large amplitude stationary wave one amplitudes 
in southern winter. The TES data confirm this basic 
picture of the southern winter solstice planetary ed- 
dies. Near northern winter solstice, the TES data 
reveal large amplitude transient eddies, as well as 
fairly large amplitude stationary eddies. GCM stud- 
ies have found a similar basic picture of the planetary 
eddies in the two winter hemispheres (1,lO). 

The observed mid-winter transient eddies in the 
south are much more vigorous than those near sol- 
stice, and preliminary examinations of the TES data 
appear to show even stronger eddy activity near the 
southern fall and spring equinox seasons. All of this 
activity appears to be largely confined to very low 
levels. 

In summary, FFSM analysis of TES nadir tem- 
perature data has yielded a basic determination of the 
planetary eddy properties and structures during seven 
different seasonal intervals in both hemispheres. The 
results confirm the basic GCM-based picture of 
strong northern and weak southern transient eddies 
during the solstice seasons. Relatively strong eddy 
activity is present during the middle of southern win- 
ter, though it is confined to low levels. Fairly strong 
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activity is present in the north in early winter as well 
as near spring equinox, though these eddies are much 
shallower than the very deep ones which are present 
in the winter solstice season. Storm zones are very 
prominent in all of the seasonal intervals examined to 
date. 
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Introduction: 

The Martian atmosphere is a highly dynamic envi- 
ronment, characterized by major changes on a daily 
basis. Transient baroclinic eddies contribute greatly 
to this variability -the weather - as do thermal tides, 
and smaller-scale circulations. The MGS TES at- 
mospheric temperature data now permit the daily 
variability of Martian weather to be seen, globally, 
for the first time. Fast Fourier Synoptic Mapping 
(FFSM) is an analysis method that allows synoptic 
maps to be constructed from the highly asynoptic 
TES data. FFSM preserves the full space-time reso- 
lution of the data, without distorting or smoothing 
higher frequency pheonomena such as weather sys- 
tems. During periods when both ascending and de- 
scending (2 PM and 2 AM) orbital data is available, 
the fi-equency resolution of the TES data is equivalent 
to two synoptic maps per sol. During periods for 
which either ascending or descending data are avail- 
able, but not both, the resolution is only one map per 
sol. In any case, FFSM readily allows the generation 
of maps at arbitrary frequencies and times. 

A considerable amount of mapping orbit, nadir, 
TES temperature data have been subjected to FFSM 
analysis. A wide range of seasonal periods have been 
analyzed, fi-om more than two full Mars years. The 
basic product is synoptic temperature maps. From 
these maps, the geopotential height field can be esti- 
mated, along with the horizontal winds. The combi- 
nation of these products constitute Mars weather 
maps, which allow the very dynamic nature of the 
atmosphere to be depicted. 

Data Analyses: 

MGS TES nadir temperature data have been 
binned into one-degree wide latitude bins, spaced at 5 
degree intervals. Maps have been produced for a 
number of the TES pressure levels, ranging from the 
lowest scale height to 30-40 km above the surface. 
Typically, intervals of data of about 20-40 sols in 
length are subjected to the FFSM analyses. Space- 
time spectra are a by-product of the analyses, and 
these are extremely useful for detailed studies of the 
circulation. The maps are produced at one-half sol 
intervals, nominally. For periods with insufficient 
data, the nominal interval is one sol. For animation 
or other purposes, the maps are often generated at 
much shorter time intervals. Several different basic 

types of maps have been produced. These include 
maps showing only the transient eddy (non-tidal) por- 
tion of the temperature field, and the total (non-tidal) 
temperature field. Maps including the westward di- 
urnal tide can be produced, but this tide is not hlly 
resolved by TES. 

Using the results fiom the FFSM analyses of tem- 
peratures, maps of the geopotential heights can be 
constructed. At present, these maps are based upon 
an assumption of a flat geopotential surface at some 
pressure level near the ground (this is equivalent to 
assuming zero horizontal winds at this level). Using 
the geopotential maps, synoptic maps of the horizon- 
tal winds can then be produced. A linear balance 
approach has been used to determine the winds. This 
approach yields much better wind estimates than 
geostrophic or gradient wind balance does, when the 
winds are fairly strong. It also offers some major 
advantages when combined with the FFSM method. 
Weather maps combining the height data, the tem- 
perature data, and the wind data, are then constructed. 

Results: 

In the fall, winter, and spring seasons, the synop- 
tic maps evidence a highly dynamic atmosphere. In 
the summer season, the atmosphere is much less dy- 
namic except at high latitudes (except for the tides). 
Weather systems grow and decay on short time scales 
(as short as one sol or less), and can move rapidly 
both zonally and meridionally. Front-like structures 
are often prominent. In both hemispheres the weather 
systems preferentially amplify in certain regions - 
storm zones (Figs. 1 and 2). At times, the systems 
have a highly global structure. The systems are of 
planetary scale, being dominated by zonal wavenum- 
bers 1-3. The larger scale systems have extremely 
deep structures, with large amplitudes at very high 
levels. An extreme example of this is a very-large 
amplitude disturbance which is present during north- 
ern winter (Fig. 3). It is dominated by wavenumber 
one, and has only small amplitudes near the ground. 
It propagates to the east quite slowly (having a period 
of - 15-25 sols), but this propagation is actually 
rather complex when viewed in the maps. This dis- 
turbance is almost certainly not the same basic kind 
of weather system as the others in the maps, and it 
may have no real terrestrial counterpart. It does ap- 
pear to be quite characteristic of the Martian northern 
winter atmosphere under dusty conditions. 



Near to the winter solstice season, the weather 
systems in the northern hemisphere are much stronger 
than those in the south (Figs. 4 and 5). This is basi- 
cally in agreement with the results of GCM simula- 
tions, and appears to be a result of both the topogra- 
phy of Mars and the eccentricity of the orbit. How- 
ever, later in southern winter the systems are found to 
be much more vigorous. They are also more vigorous 
in early spring in the south. The southern hemisphere 
weather systems are somewhat different than those in 
the north, as they are largely confined to the western 
hemisphere and especially to the vicinity of the 
southern extension of Tharsis and Argyre (Fig. 6). 
They tend to have relatively shallow vertical struc- 
tures, and tend to be characterized by shorter zonal 
scales than the northern winter systems. They also 
have shorter dominant periodicities. 

The northern weather systems are typically 
marked by strong storm zones. These storm zones 
basically coincide with the broad lowland regions in 
the north: Acidalia and UtopidArcadia. They can 
extend to very high altitudes. Especially within these 
regions, the weather systems are often seen to pene- 
trate well to the south (Fig. 7). A similar behavior 
has been seen in the MOC imagery in late winter and 
spring, when it is associated with dust events. The 
weather systems near the winter solstice season in the 
north tend to have very deep structures, while those in 
the fall and in the spring are much less deep. The 
systems tend to be located further south in winter, and 
are located at higher latitudes in the early fall and the 
spring seasons. They always are located near the 
region in which the north-south temperature gradients 
are strongest, which tends to be near the edge of the 
seasonal polar cap. 

The very strong global dust storm which began in 
early fall in the second MGS mapping year had a 
strong impact on the weather systems. They were 
greatly diminished in strength in comparison with the 
systems in the same season in the first mapping year. 
This is consistent with observations made by the Vi- 
king Landers during the first Viking year. Later on, 
when this global storm was still raging, the slowly 
moving, wave-one disturbance was present in the 
north at very large amplitudes. There are consider- 
able differences in the weather system activity in the 
two Mars years of MGS mapping, and the bulk of 
these appear to associated with regional and global 
dust storm activity, 

FFSM analyses of MGS TES nadir temperature 
data have allowed the construction of Mars weather 
maps: synoptic maps showing temperatures, geopo- 
tential heights, and horizontal winds on constant pres- 
sure surfaces. The winds have been determined by 
making use of a linear balance approach, which is 
much more accurate than geostrophic balance when 
the winds are fairly strong. It is assumed that the 
winds vanish at a pressure level near the ground, in 
the absence of sufficiently accurate surface pressure 
data. Maps have been produced for a wide range of 
seasons in both hemispheres, at levels between the 
surface and - 40 km, for more than two full Mars 
years. 

The maps show a highly dynamic atmosphere in 
the fall, winter, and spring seasons. Weather systems 
are seen to grow and decay on short time scales, and 
can move very rapidly. They tend to amplify in cer- 
tain regions - storm zones - which are strongly corre- 
lated with the topography. The storm zones have 
very different structures in the two hemispheres, pre- 
sumably reflecting the very different topography in 
the two hemispheres. The weather systems can have 
very deep vertical structures, with some of them ex- 
hibiting maximum amplitudes at very high levels (- 
30-40 km or above). Near to the winter solstice sea- 
sons, the northern weather systems are much stronger 
than their southem counterparts - much as predicted 
by GCM studies. The northern systems also tend to 
be of larger scale and to have deeper structures. They 
tend to have longer periodicities. 

The weather maps allow the highly dynamical na- 
ture of the atmosphere to be clearly seen. This is 
limited by the difficulty that the TES retrievals have 
in sampling the lowest part of the atmosphere, and by 
the relatively coarse resolution of these retrievals. 
Nonetheless, a great deal of complex weather activity 
is apparent in the periods which have been mapped to 
date, and this activity differs substantially between 
the two MGS mapping years. The synoptic maps 
have considerable potential, in synergy with MOC 
imagery,and TES dust and water vaporhce data, to 
give us a much better picture of the atmospheric part 
of the climate system of Mars. Such studies are cur- 
rently underway. 

Summary: 
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Figure 1: Temperature variance of the weather Figure 3: A synoptic map of upper-level tem- 
peratures during a northern winter period when the 
slow, wavenumber one disturbance is dominant. 

systems in northern winter, at the 6.1 mb level. 

YY *. h I ,,:t*u n.2 Figure 4: Zonally-averaged weather system tem- 
perature variance for a northern winter solstice pe- 

Figure 2: Temperature variance of the weather riod. 
systems in southern mid-winter, at the 3.7 mb level. 
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Figure 5: Zonally-averaged weather system tempera- 
ture variance for a southern winter solstice period. 
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Figure 7: A synoptic map of temperatures associated 
with northern weather systems during the first mapping 
year fall season. 

Figure 6: A synoptic map of temperatures associ- 
ated with southern weather systems during mid-winter. 
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