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Motivation

Experience from MGS shows that an orbital sounder tak-
ing nadir and limb measurements can constrain the global
Martian meteorology on a daily basis. Mutually consistent re-
trievals of all significant atmospheric variables can be obtained
— and can be calibrated or validated against independent mea-
surements — using data assimilation techniques. But this can
be an arduous process. The low level data products (e.g., cali-
brated infrared radiances) required as input to the assimilation
process are not immediately available and, as a result, it is
not yet possible to produce timely analyses and forecasts of
Martian weather by these techniques. The growing number
of current and future instruments that will contribute to our
knowledge of the Mars atmospheric system — in addition to
the Thermal Emission Spectrometer which is the major at-
mospheric instrument in orbit around Mars at this time, there
are radio occultations and Horizon Sensor infrared measure-
ments from MGS, broadband (but high spatial resolution) ob-
servations from MO THEMIS, and Mars Express will provide
infrared and UV data from PFS and SPICAM — makes the
problem of collecting all the relevant data even more difficult.
Nevertheless, there are many scientific and operational reasons
why a new approach targeted at producing real-time weather
products is desirable for Mars: to guide scientific observa-
tions of rapidly-varying phenomena (like dust storms on many
scales); to implement adaptive observations that will improve
the scientific return from spacecraft missions; to assist in aer-
obraking or aerocapture operations; to facilitate exploration
by gliders, balloons, and aircraft; to warn surface explorers
of dust storms; to assure the intercomparability of different
instrument datasets; etc. In addition, the ready availability of
such products is bound to inspire a host of new investigations
by scientists and laymen. This paper describes the current
state of the art in Martian weather analysis and forecasting and
steps that will make it possible to produce real-time high-level
meteorological data products (i.e., four dimensional wind, tem-
perature, geopotential, and tracer fields) in the near future.

Requirements

Real-time weather analyses can only be produced by au-
tomatic data processing of raw observational (and calibration)
data. But the automatic processing (results presented here are
based on TES 15 micrometer nadir and limb infrared radiance
observations and were obtained using 4-D variational data as-
similation into a specially designed baroclinic spectral general
circulation model) is very rapid ( � 10 minutes workstation cpu
time per sol) and leads to excellent results: retrievals within
the instrument noise except for pathological cases (see Figure
1), all physically consistent with each other and with the con-

Figure 1: (a) RMS residuals as a function of TES channel
for the direct assimilation of some 200,000 averaged spectra,
in units of erg/cm

�
/s/sr/wavenumber. Results are improved

somewhat (blue curve) when the global average surface pres-
sure of the assimilated fields is increased by 16% over the pre-
calculated model value of 5.6 mbar at

���
= 141 (red curve).

(b) Biases (in the same units) are small (red curve) and can be
further diminished by rescaling the correlated � coefficients
used in the radiative forward model with adjustments on the
order of 1% (blue curve). This is equivalent to making a small
adjustment in the channel center wavenumber. The standard
values for those wavenumbers are 624.27, 634.85, 645.43,
656.01, 666.60, 677.18, 687.76, 698.34, and 708.92, respec-
tively.

straints of the GCM. In addition, the retrievals provide infor-
mation about atmospheric parameters that are only indirectly
observed and (by self-consistency arguments) calibration of
the retrieval process.

The results (which are after all 4-dimensional, global
fields) can be profitably compared with other observations at
any time and place (see Figures 2 and 3). Ideally, all avail-
able data should be included in the assimilation and individual
datasets compared with the full output (which gives a clue to
instrument or retrieval biases). In the Martian case, TES data
so overwhelms other observations as to make this impractical,
but it will be an important and exciting exercise to try to com-
bine TES and MCS observations in this way. Results can also
be used to recreate the original data (generally to within the
instrument noise level). So except for specialized purposes all
that needs to be stored (or distributed to interested scientists) is
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Figure 2: Comparisons of some low latitude radio occultation
profiles (blue with cyan error bars) and assimilated tempera-
ture profiles (red with orange error bars) for the same times
and places.

the model state ( � 47 kBytes per sol in our case) instead of the
spectral data ( � 2 MBytes just for the 15 micrometer band).
The compression of several orders of magnitude is significant;
the observed weather for a whole mission can fit on a CD and
it’s in a form that can readily be compared with scientific mod-
els. In addition, the data can be readily reprocessed by other
techniques. For this purpose, it is desirable that instrument
teams publish their forward models for the benefit of the com-
munity who can use the information to retrieve the original
data from the higher level products and to conduct their own
assimilations, again resulting in a major compression of the
data that must be handled.

With the processing fast and automatic and the compres-
sion significant, why not do the assimilation onboard and only
communicate the high-level results back to Earth? This elim-
inates bottlenecks caused by low bandwidth or reveiver avail-
ability problems. It also makes the data readily available
at Mars where it is most useful. An aerobraking spacecraft
can predict atmospheric densities and decide its own trajec-
tories; a Mars airplane or balloon can choose an altitude for
favorable winds. (It would probably need an orbiter to do
the observations.) Cameras hoping to study dust devils or
clouds (of various types: dust, ice, CO � ) would know where to
point. Astronauts can schedule long EVA’s based on expected
wind conditions. In all of these cases, the decision-making is
straightforward if the data (i.e., the meteorology) are available.

Figure 3: RMS temperature residuals for the comparison of
low latitude radio occultation profiles and assimilated temper-
ature profiles for the same times and places. The comparison
spans 2 occultation seasons, nearly 1000 orbits. This indicates
the expected accuracy of forecasts at arbitrary times of day
based only on TES observations. TES forecasts at the subor-
bital times of 2 AM and 2PM have rms residuals of less than 4
K (based on the assimilation of temperature profiles retrieved
by the TES team).

What developments will enhance this program? To en-
able onboard processing in the face of limited resources, a
fast, sequential algorithm is desirable. With this technique ob-
servations can be thrown away as soon as they are assimilated
and the spacecraft always maintains a current best atmospheric
state. The observational sequence is timed to allow the com-
putations to keep up with the input stream (perhaps taking
advantage of slewing time between nadir and limb, for exam-
ple). Traditional sequential assimilation, which is ultimately
based on the Kalman filter or its extensions, would be quite
compute intensive. However, a new approach promises to
make the technique very fast — and can be readily restarted
whenever this is desirable. It also offers room to account for
model imperfections in the assimilation algorithm. (Details
are given in the appendix.)

The Future

MGS and MOO have provided an excellent testbed for the
methodologies of data assimilation as applied to the Martian
atmosphere. MCS will be in the right time and place to per-
form the rapid turnaround of high-level products. This would
be greatly facilitated if the prospect of data assimilation were
fully integrated into the preparations for this mission, includ-
ing the programming of a forward radiative transfer model, its
linearization, and its adjoint. As stated above, MCS can also
participate in the very exciting mutual assimilation with MGS
which will allow the scientific extension of observations across
both missions. The observations at different times of day will
greatly enhance our understanding of the diurnal variabilities
in the Martian atmosphere. There is no follow on to these mis-
sions now planned. But any future instrument should consider
the value of onboard high-level processing, perhaps optimized
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by hardware transforms of the data. The applicability to the
exploration of other celestial bodies and other extensive NASA
datasets should be obvious.

Appendix: A Fast Sequential Assimilation Algorithm

Data assimilation, like any retrieval procedure, seeks to
minimize the residuals between model and observations given
a set of physical constraints. In terms of operator notation,
we represent the predictive dynamical model by � and the
observation operator (a forward model that projects from a
model’s state into the space of observable variables) by � . A
vector of observations is given as � and the model state control
vector by � . We seek to minimize the cost function
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where � is a previously computed model background state, �
is the model forecast error covariance matrix, and � is the
observational error covariance matrix.

To facilitate onboard decision making, it is highly desirable
to have the model state updated for each new datum. This is
also the case when the model is considered imperfect (as they
all are) and correction terms are added to the equations. Since
these corrections are generally (highly variable) functions of
time, it is desirable that they be updated frequently, rather than
computed once per day, for example. The usual solution to this
sequential assimilation problem is the Kalman filter wherein
the model state is continually updated by
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The challenge in dealing with the Kalman filter is the need
to propagate the forecast error covariance matrix which for a
model of 9 variables requires 9 model steps per time step.
This is an intriguing problem for a massively parallel computer,
but it is out of the question for an onboard real-time system.

The key to our new methodology is to note that the dif-
ficulty with

+
arises from the fact that that it maps into the

space of model variables (for which we have no direct obser-
vations and so no easy knowledge of error covariances). If, on
the other hand, we consider the operator � + which maps into
the space of observables, there is no computational difficulty
since the new error covariance matrix ���"�!� � � � can be
estimated from the observed residuals (i.e., directly from the
observations). We therefore desire to find

) � from the relation
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Of course, � is generally not invertible, so we follow the
least-squares practice of instead inverting
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Use of this update procedure reduces the remaining model
residual from �B���.� to � 1 �D@�=� � � �54 ��� 
 �E���.�/� , which
will be quite an improvement if the original residual (as indi-
cated by � @�=� � ) is large. The use of dynamically balanced
variables in the model state control vector would help to limit
the amplitudes of undesired gravity waves.

This mathematics of the new technique strongly resembles
the variational procedure that has been successfully used with
MGS data. It is therefore expected to be fast (<10 seconds
per update on a low-end off-the-shelf processor) and easily
implemented. In fact, the procedure can be extended over
more than one timestep to
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which allows the assimilation to start up from a sufficiently
large quantity of accumulated data. No a priori knowledge of
the atmospheric state or of the forecast error covariance is ever
required.

It would be further desirable to allow an onboard processor
using this technique to adjust the assimilation timestep and the
observation sequencing for best results. All this can be tuned
depending on the observed residuals.
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