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This paper reviews the use of accelerometer data for determining atmospheric density during aerobraking

operations of the Mars Global Survey, Mars Odyssey, and Mars Reconnaissance Orbiter missions. For all three

missions, accelerometer data were analyzed in near real time to provide estimates of thermospheric density, density

scale height, latitudinal gradients, global longitudinal wave structure, and small-scale (gravity) wave spectra. Mars

Global Survey,MarsOdyssey, andMarsReconnaissanceOrbiter provided data during approximately 850, 320, and

425 passes covering latitude ranges of 60�N to 90�S, 30�N to 90�N, and 0 to 90�S, respectively. Periapsis altitudes

varied from 95 to 130 km. A summary is given of the atmospheric phenomena encountered during the aerobraking

phase of the missions and of some of the scientific results based on these data.

Nomenclature

Ls = longitude of the mean sun along the Mars equator
� = density, kg=km3

� = standard deviation

Introduction

A EROBRAKING (AB) is the use of atmospheric drag for
beneficial orbit changes via multiple passes through an upper

atmosphere. The first planetary application of aerobraking from
which atmospheric properties were recoveredwas in 1993 during the
Venus Magellan mission [1], in which aerobraking was performed
for 70 days and for approximately 750 orbital passes. Because
accelerometer data were not available during that mission, atmo-
spheric density [2] at periapsis was recovered by the more traditional
method of determination of the change in the orbital period from
tracking data. DuringMagellan cycle 4, when periapsis was between

165 and 185 km, spacecraft attitude data were used to estimate
density and scale height [3,4], with very good agreement with the
drag results. The second AB mission began in September 1997 and
ended with more than 850 Mars Global Surveyor (MGS) AB passes
[5,6]. Mars Odyssey (ODY) followed in October 2001with over 300
AB passes [7]. Mars Reconnaissance Orbiter (MRO) began AB in
April 2006 and ended in August 2006 with 425 AB passes [8,9]. All
of these Mars mission established frozen orbits for the science phase
with 93-deg inclinations. The spacecraft were equipped with three
axis accelerometers with measurement noise below 0:5 mm=s for a
1-s count and allowed density recovery to better than 1 kg=km3. For
reference, aerobraking corridors are usually defined in terms of
maximum freestream heat flux, resulting in nominal densities of
about 30 kg=km3 at periapsis. MGS (ODY) provided meaningful
density data up to about 160 (150) km. The noise level for the much
improvedMRO accelerometer is below 0:005 mm=s2, equivalent to
a density of about 0:01 kg=km3.

As seen in Fig. 1, periapsis locations for these missions cover a
significant fraction of the seasonal (Ls), diurnal [local solar time
(LST)], and latitudinal space of interest for validation of atmospheric
models. Phase 1 (G1) of MGS AB was between 30 and 60�N during
fall (Ls � 180�) and early winter (Ls � 270�). MGS phase 2 (G2)
started at 60�N and arrived at the south pole as winter (Ls � 90�)
began. ODY (O) completed coverage of the north pole winter. MRO
(R) provided similar coverage toMGS at the south pole and provided
the first opportunity to use past experience during AB operations. As
seen in the lower right panel, aerobraking altitude generally
decreases as periapsis approaches the pole, because the atmosphere is
cooling and constant density surfaces decrease in altitude. In the
three-dimensional cube, these mission curves leave many voids, but
in the two-dimensional projections, the southern hemisphere spring–
summer quadrant remains the most obvious unsampled region. The
opportunity exists to sample this region with a 2011–2012
aerobraking mission. The lack of coverage between LST of 6 and
12 h is due to the characteristic that interplanetary trajectories have
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approach hyperbola periapsis between about 15 h (type I) and 21 h
(type II).

Small-Scale Variability

It had been suggested before the MGS mission that the Martian
thermosphere demonstrated between 30 and 40% short-time-scale
variability and that small-scale gravity waves might propagate to
aerobraking altitudes. Almost every AB pass confirms those
suggestions.

Figure 2 provides evidence of significant wave structure during
four typical ODY AB passes. The solid lines are the recovered
density from the accelerometer data and the dashed lines are
MarsGRAM [10,11] profiles that have been scaled to provide the
same drag effect or approximately the same area under the profiles.
During Odyssey, this scale factor was determined for each orbit and
varied from 0.35 to 0.8 [12]. During MRO, the scale factor varied
from 1 to 5.5. ODY orbits 155 and 157 were during a phase of the
mission in which AB was in or near the polar vortex, which is a
concentrated westerly jet near 60� latitude near the winter pole. The
outbound leg of orbit 155 shows the traditional bell shape and closely
follows the scaled MarsGRAM profile. From 0 to 200 s, the vehicle
latitude is north of 82�Nand the variability is typical of the low small-
scale variability observed when inside the vortex. The “bump” in the
inbound leg at�100 s is about twice the outbound density at�100 s
and occurs at 75�N latitude. Periapsis occurs at about 82�N latitude
and 270�E longitude. Orbit 157 covers the same latitudes as orbit 155
but with periapsis at 162�E longitude. The respective periapsis
altitudes are 101.2 and 102.3 km and the latitudes and LST are
essentially the same. On both orbits, a maximum latitude of 87�N
was reached about 100 s after periapsis. Derivation of a density scale
height from accelerometer data is complicated by the combined
response to both horizontal and vertical density gradients projected
along the spacecraft trajectory during an AB pass. The density scale
height at periapsis is about 10 km. Based on altitude difference only,
a 11% change in periapsis density would have been expected. Like
those shown here, a factor-of-two change in maximum density from
orbit to orbit occurred occasionally throughout all three missions.

The density scale height of 10 km in the lower thermosphere
implies an atmospheric temperature between 140 and 150 K, which
is much warmer than expected or experienced on MGS. Postflight
analysis showed a strong latitudinal temperature gradient increasing
toward the pole, suggesting a polar warming. Reference [13]
interprets this warming as due to strong southern hemisphere
summer solar and dust heating near perihelion. This heating induces
strong interhemispheric circulation and increased adiabatic heating
near the north pole.

By P199, periapsis precessed farther south to 72�Nand the latitude
is north of 78�N from 75 to 400 s. The inbound leg had five waves

above periapsis. For thesewaves, also shown vs altitude in Fig. 3, the
peak-to-trough density ratios vary between 1.2 and 1.9 and the peaks
are about 2� apart in latitude and increase from 1 to 3 km in vertical
wavelength. The last peak just after periapsis is followed by a low
variability outbound leg after 75 s at a latitude of 78�N. The
interpretation is that the vortex boundary is near 76�, giving a highly
variable profile up to 75 swhen outside the vortex and low variability
inside the vortex after 75 s. Just before periapsis there is more than a
factor-of-2 decrease in density in about 10 s as the altitude decreased
by less than 1 km. Such rapid decreases are not uncommon and
occasionally occur even over smaller altitude changes. In Fig. 3,
minimal wave structure appears from 115- to 130-km altitude but
may then start again above 130 km. Somewhat similar structure
above 130 km may suggest that the upper atmosphere waves have a
large latitudinal span.

Finally, nearly circular orbit 280 is included to show that local
phenomena can produce nearly factor-of-2 changes in density over
very short time scales. The latitude range is from 35�N at �200 s to
57�N at �200 s. There is considerable variability from a mean
profile on both the inbound and outbound legs. The spike just after
periapsis has a latitude width of about 2�. It should be kept in mind
that for these AB missions the solar array temperature has been the
limiting factor and that thermal capacity and conduction through the
solar array smooths many of these short-term variations and such
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Fig. 1 Span of atmospheric parameters covered by MGS, ODY, and
MRO aerobraking periapsis locations.
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local peaks may contribute little to the solar array maximum
temperature.

The small-scale variations along an orbital pass have been
generally attributed to gravity waves. Studies [14,15] have
characterized the altitudinal, latitudinal, and seasonal variability and
correlated these with topography and the mean jet. A first cut at the
variability during each orbit is illustrated for orbit 199 in Fig. 4. The
small-scale waves are extracted by comparison of the 1-s data with
the 39-s running mean. The s=c had a horizontal velocity of about
4 km=s, and so the averaging is over about 1600 km along track.
From Fig. 3, the altitude range covered in Fig. 4 is from 105 to about
120 km. The lower chart shows horizontal wavelengths of about
100 km. Separating the vertical and horizontal structure is part of an
ongoing analysis. Nevertheless, the standard deviation of this ratio of
densities is a metric for gravity wave activity and orbit 199 had a
standard deviation of 0.12 over the entire pass.

This type of analysis was performed on each orbit of MGS,
Odyssey, and MRO, resulting in Fig. 5. The Odyssey data are only
presented poleward of 55�N, because there was a significant increase
in accelerometer data noise during later times in the mission [7].
Periapsis is precessing toward the pole during the initial phases of all
three missions (G1, O1, and R1) as well as late in MGS phase 2. The
seasons are fall–winter and LST is between 12 and 24 h (Fig. 1). All
three suggest a strong increase in variability as periapsis approaches
60� latitude and a rapid drop near the winter pole. These increasing
trends in variability have been interpreted as due to the presence of
the winter jet permitting waves to propagate to higher altitudes [14].
For allmissions, after periapsis passed over the pole and into the early
morning hours, there is lower variability, perhaps associated with a
more stable nighttime lower atmosphere. After midnight, MGS and
ODY show a small increase as periapsis precesses equatorward, but
MRO continually decreases, perhaps due to precession to a later
morning hour (Fig. 1). MGS phase 1 (G1) and ODY, during
precession toward the pole (O1), have the highest variability. It was
initially thought the large MGS values might be associated with the
Noachis dust storm, but ODY and MRO have similar variability.

Though limited in latitudinal and seasonal range, studies [14] of
the ODY variances, such as those shown in Fig. 4, led to a number of
results. For orbits 7 to 134, it was found that there is a localization of
high variance in the 130 to 180� longitude and 120–140-km altitude
ranges. Because of the limited sampling, it is difficult to separate
spatial and temporal variations. Nevertheless, high spatial and
temporal variability suggest filtering by large-scale waves or tides.
Wave spectra exhibited consistent shape with altitude, but amplitude
growth was much smaller than expected in the absence of dissipative
processes. Gravity wavemomentum flux estimates weremuch larger
than comparable Earth fluxes, adding additional evidence that
gravity waves have significant influence on large-scale motion. In
[15], it is shown that thermospheric gravity waves variability is not
geographically related to lower-atmosphere gravity wave source
regions. For example, the tropics are a source region in the lower
atmosphere and, as seen from Fig. 5, this is the region of lowest
variability in the thermosphere.

Orbit-to-Orbit Variability

One of the thermospheric properties of interest during AB
operations is the orbit-to-orbit variability. For short-period orbits,
this variation is likely due to longitudinal waves, whereas for long-
period orbits, a combination of longitudinal and temporal variations
likely contribute. To quantify this variation, a parameter called
persistence is calculated using the density profile from one pass to
predict the density at the periapsis altitude of the next pass. Because
altitude, latitude, and LST change so little from pass to pass, an
exponential density variation with altitude is fit by least squares to
determine density at periapsis and the local scale height, which is
typically between 6 and 10 km. This simple model is used to predict
the density at the next periapsis altitude. If no maneuvers are used to
raise or lower periapsis, subsequent periapsis, perturbed primarily by
the noncentral gravity field, is generally within 1.5-km altitude. Of
course, profiles such as that in Fig. 3 put into doubt the estimation of
both periapsis density and density scale height.

Figure 6 shows the ratio of the observed density �o to density �p
predicted from the previous orbit as a function of latitude. One orbit
ofODYhad a ratio of 3.3 and another of 4.2,which are plotted as� at
a ratio of 2.9. The whole-mission standard deviations of these
persistence ratios �p are 0.39, 0.47, and 0.36 for MGS, ODY, and
MRO, respectively. References [7,16] demonstrate that the gamma
probability distribution provides a reasonable model for whole-
mission persistence. With mean values of 1.06, 1.09, and 1.05,
persistence is slightlymore likely to underestimate than overestimate
density. These data have borne out the preflight estimate of 40% 1�
orbit-to-orbit change. However, there is significant latitudinal
structure in the variability showing the highest ratios in the equatorial
region and lowest ratios near the pole. For MGS orbits at latitudes
within 30 deg of the equator, �p � 0:54, whereas poleward of 60�S,
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�p � 0:26. MRO and ODY showminima near 60� latitude, at which
the small-scale variability (Fig. 5) is a maximum, suggesting that the
polar jet plays a role in both small-scale and global wave propagation
into the thermosphere.

For phase 1 of MGS, periapsis precesses from about 35 to 60�N
(Fig. 1) during northern winter and �p � 0:38 over the entire 155-
orbit interval. At the start of phase 2, periapsis precessed southward
and from 60 to 30�N gave �p � 0:30. The Noachis dust storm [17]
occurred near orbit 50, causingmore than a 100% increase in density.
On the 20 orbits before the storm,�p � 0:22, and after the stormup to
the end of phase 1, �p � 0:39. So in addition to doubling the density
in the lower thermosphere, the storm appeared to also increase the
variability. Though difficult to observe in the figure, variability
decreased for periapseswithin about 10 deg of the pole. Recall that all
three missions perform polar crossing in the fall or winter, and so the
interpretation has been that the polar vortex is blocking lower-
altitude waves from propagating into this region.

For MGS, the increased variability in the tropics is largely due to
global-scale stationarywaves throughout this region [17], and Fig. 7
shows an example of these waves. Densities were determined at
reference altitudes at 10-km intervals. The� in the plots represents
these data. The solid line is a stationary s-wave 4 fit to the data. The
term s-wave will denote waves that are assumed to be stationary in
longitude to distinguish them from the traditional atmospheric wave
number notation. The dashed lines are the 1� deviation based on the
formal statistics. At the lower altitude, nearest to where AB occurs,
themaximum-to-minimum density ratio is about 3. DuringMGS and
MRO operations, these types of models were used to improve
prediction capability. No persistent wave structure was identified
during ODY. It is seen that these s-waves maintain phase across the
entire range of altitudes at which density can be extracted from the
data. Shortly after the end of MGS AB, a model was developed for
use inMars Climate Orbiter AB design [16]. The model provides the
amplitude and phase of s-waves 1 through 3 along the nearly constant
density surface represented by MGS AB altitude. A significant
increase in amplitude of s-wave 1 was also noted during the Noachis
dust storm without a change in longitudinal phase. Longitude phase
shifts due to either latitudinal or seasonal changes occurred rapidly
for s-wave 2 and more slowly for s-wave 1.

Although not recognized during MGS operations, the s-wave-2
component was anticipated preflight [18] as the result of the
westward propagating wave 1 diurnal Kelvin wave. Because this
Kelvin wave is in near resonance with the rotation ofMars, the wave
appears nearly stationary to a sun-synchronous satellite. Because of
the satellite being in a near-sun-synchronous orbit, other waves have
also been attributed to lower-atmosphere nonmigrating tides that
appear to be stationary [19,20]. The s-wave-3 component is “largely
due to a wave 2 K mode and an eastward-propagating wave 1
semidiurnal tide” [20]. A comparison of general circulation model
(GCM)-derived density-wave-component amplitudes shows [19]

very good agreement with accelerometer-derived density s-wave
amplitudes.

A simplemetric to identify the existence of s-waves is to perform a
running fit of a density-wave model at a fixed altitude and compare
the variance after the least-squares fit to the variance of the original
data set. Figure 8 shows the ratio of these two varianceswhen awave-
4 model is used along with 41 orbits of data centered on each orbit.
The inbound and outbound legs are fit independently. Note that
orbital periods vary from 18 to 2 h, and so this is probably not the
optimal way to search for s-waves. During these three missions, the
most persistent waves occurred during phase 2 of MGS, which
begins at about 50�N in the upper panel and precesses to the south
pole. It is seen that the variance ratio is less than 0.5 over almost all of
this phase. During ODY operations, repeated attempts to use wave-
model predictions showed little promise. This was especially
important early in the mission when periapsis was near the pole. But
it can be see that there is little reduction in variance for anymission in
the polar regions. Postflight analysis [7] suggests that a weak drifting
wave 1 was present that was not captured by the constant-phase
models. There were periods of time during MRO when the wave
model showed promise. So even though both missions show
increased orbit-to-orbit variability (Fig. 6) in the tropics, neither
provided the persistent stationary waves demonstrated by phase 2 of
MGS. Reference [16] provides amplitude and phase variations for s-
waves 1 through 3 for the entire MGS mission.

Noachis Dust Storm

Following the 22-orbit hiatus to recover from the discovery of the
broken solar array, MGS started aerobraking again on orbit 40.
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Thirteen orbits later, the Noachis regional dust storm occurred and
the density at periapsis increased bymore than 100%.Over the rest of
MGS phase 1, the density seemed to exponentially decay back to
expected values. After the storm was recognized, periapsis altitude
was immediately raised, resulting in 140 km being the lowest
reference altitude with complete coverage over this time. Figure 9
shows the inbound and outbound density measurements after the
hiatus. Inbound (outbound) latitude starts at 44�N (27�N) and
precesses to 69�N (52�N). Amodel was fit to these data that assumed
density varied quadratically with latitude over the entire data set and
exponentially with time after orbit 52. The solid line shows the
resulting model prediction and the dashed line is only the latitudinal
contribution. The best fit occurs for a decay time of 50 days for both
the inbound and outbound data, but the solution is equally good for
decay times between 45 and 55 days. Density more than doubles
from the mean before orbit 53 to the model prediction at orbit 53.
Orbit-to-orbit variability has also significantly increased and, for the
inbound leg, decays along with the density perturbation. Outbound
orbit-to-orbit variability also decays, but not as rapidly as inbound.
The inbound latitudes are more northerly, and the higher decay rate
could be due to the dust storm decay as well as to the decrease with
latitude shown in Fig. 6.

Crosswind Recovery

The inherent aerodynamic stability of AB vehicles provides the
opportunity to recover winds that influence either the pitch (vertical
winds) or yaw (crosswinds) of the vehicle. Along-trackwinds are too
small, relative to the vehicle velocity of 4 km=s, to be recovered.
MGS andODYperformedABwith the solar arrays nearly horizontal
so that the vehicle orientation is most sensitive to a crosswind.
Preliminary wind recovery has been reported forMGS [21]. All three
missions have orbits with 93-deg inclinations; thus, except near the
pole, the cross-track component is essentially the zonal wind
throughout most of the orbit. During an AB pass, both MGS and
ODYweather vane into the apparent wind. Deviations from the trim
orientation produce aerodynamic torques on the body that can be
calculated from attitude rate information [21]. The yaw angle to the
relative wind can then be recovered from the aerodynamic moment
database. Finally, the crosswind is determined from the angle
between the inertial velocity and relative wind direction.

Accelerometer data provide an independent solution by using the
ratio of the horizontal acceleration to the axial acceleration. Again,
from the aerodynamic force database, the yaw angle to the relative
wind is determined. The vehicle attitude is known from the onboard
guidance system, and so the yaw angle can be determined and then
the crosswind. During a typical AB pass with a peak density of
30 kg=km3, the drag acceleration reaches about 15 mm=s2. The
ODY (MRO) noise level of 0:08�0:005� mm=s is equivalent to a
change in heading of about 0.005 (0.0003) rad. This maps into a
cross- or vertical-wind sensitivity of 20�1:5� m=s. Clearly, there is
significant potential in directly recovering winds from accelerometer
data.

Unfortunately, these processes have random noise components
and biases. One of the potential biases is due to errors in the location
of the center of mass of the vehicle. Center of mass location errors
directly bias the aerodynamic moment coefficients. Both methods
depend on the aerodynamic database, and although the database may
be adequate for mission design and operation, there is no guarantee
that it is adequate for wind recovery. Further, the two approaches are
not completely independent, because the dominant force is drag in
free-molecular flow and moments and forces are linearly dependent.
Few orbits get into the strong transitional flow regime in which the
forces and torques are less dependent.

Nevertheless, aerodynamic torque data have been used to obtain a
mean crosswind during MGS AB [21], and the results compare
favorably with upper-atmospheric GCM predictions, even though
there are potential biases due to the broken solar array. Odyssey
provides a much more favorable opportunity to recover winds, and
studies have been proposed to dowind comparisons withwinds from
thermospheric models [22]. A preliminary result is shown in Fig. 10.

The upper panel provides the recovered wind. One profile is derived
from accelerometer data and the aerodynamic force database, and the
second profile is derived from angular rate gyro data and the
aerodynamic moment database. The overall trend in the winds is the
same for either recovery. However, the vertical location of the
moment derived winds is very sensitive to the location of the center
of mass. Center of mass varies throughout the mission due to the use
of attitude control fuel. Another example of engineering data
required to recover atmospheric properties during AB. The results in
the figure were derived by solving for a fixed center of mass over a
20-orbit interval. The vehicle passes closest to the pole at about 40 s
after periapsis and the winds are nearly zero, as might be expected if
the winds were purely zonal. This is not a consistent result through
the full orbit set. For purely zonal winds, the crosswind changes
direction in the spacecraft frame upon pole crossing, as shown in the
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figure. The winds are clearly stronger on the inbound leg than on the
outbound, suggesting that the polar vortex is not symmetrical.

Additional evidence of the polar vortex and the asymmetry is
shown in Fig. 11, taken from [7]. In an attempt to understand the
temporal and spatial variations, polar plots of the density variation
were made daily for orbits from the previous days. Each track on the
plot shows the density along the orbit path on a latitude–longitude
polar plot. All of the measured densities were mapped to a common
reference altitude: in this case, 100 km. Periapsis is identified by a star
on each track. The time between close ground tracks (e.g., 160 and
167) is about 1 sol, and such adjacent pairs were compared to
generate confidence in the mapping and to identify trends in the
variations in the density field. A strong s-wave-1 pattern is clearly
evident at this time, with maximum density occurring in the first and
fourth quadrants. Further, along-track variability is small within 10�

of the pole and increases as latitude moves south, consistent with
Fig. 5. Along-track variability is most apparent in orbits 159, 165,
and 166. The strong latitudinal density gradient away from the polar
region is also quite evident, particularly in the first and fourth
quadrants.

Comparisons of Accelerometer Data

Detailed discussions of accelerometer data processing are given in
[5,7,9] for the three missions. This section only summarizes some
data noise considerations. The basic output of modern
accelerometers is the change in velocity over the sample time, and
so noise is quoted in change in velocity instead of acceleration.
Depending on the implementation, sample rate may influence the
conversion to acceleration accuracy. After orbit 18 of the MGS
mission, the data noise and bias were essentially constant. The data
noise was constant, because every sample (10/s) was transmitted and
there was no preprocessing of the data on the vehicle or the ground.
Bias was nearly constant, because the accelerometer block had an
active temperature control system. Before the recognition of the
broken solar array on orbit 15, 10 contiguous counts of accelerometer
data were transmitted every 8 s. The profiles generated from these
data produced much discussion about what we now recognize as the
shortwave activity in the Martian thermosphere. Explanations
ranged from instrument errors to CO2 sublimation off the solar
arrays. During this trying time, the benefits of the accelerometer for
engineering purposes became clear and more telemetry channels
became available for the full data set when aerobraking resumed on
orbit 40. Odyssey did not have actively thermal control of the IMU
and showed bias shifts at about one-fifth of the noise level across an
AB pass [7]. Odyssey accelerometer bias often increased rapidly at

the end of the pass. The cause was likely aerodynamic heating of the
bus; however, there were no IMU temperature measurements
available with which to correlate. Further, there was some sort of
double digitization inside the IMU that resulted in nonstationary
noise. Because of onboard memory limitation, the sample size was
reduced twice during the mission and, due to the sampling process,
the coherence between the data was lost.

Figure 12 shows the noise level derived from data collected
outside the atmosphere. For the first 138 orbits, the noise level of
0:086 mm=s is fairly close to the least significant bit value of
0:0758 mm=s. The influence of changing the number of high rate
samples from200/s to 50 and then to 20 is clearly evident. The lowest
noise level corresponds to determining density to about
0:15 kg=km3 and the largest corresponds to about 1:1 kg=km3.
This increase in noise level reduced the applicable altitude range of
the data by two scale heights or between 15 to 20 km. The higher
noise level also occurred late in the mission when the periapsis
altitude was being raised (Fig. 1), further reducing the value of the
data. The MRO accelerometers are a modification of the models on
ODY and have a noise level of between 2e-3 and 5e-3 mm=s2, or
about 30 times smaller than the best ODY data. Based on noise level
only, the sensitivity may be sufficient to measure density three scale
heights higher. To accommodate the science data requirements,
MRO had copious onboard memory and high-bandwidth
communications. This provided large quantities of engineering data
not seen on other missions. Such data included individual
accelerometer temperature data, reaction control system catalyst bed
temperatures, and other data that will help to improve the value of the
accelerometer data to recover atmospheric properties. Nevertheless,
as of this writing, there are unresolved issues that might degrade the
minimum density recoverable. In particular, what appears to be fuel
sloshing has clearly been identified in a number of orbital passes.
Amplitudes as large as three times the noise level were found on the
outbound leg at altitudes above 150 km. Similar phenomena may
have occurred on other missions, but were not observable due to the
higher data noise. Modeling studies are underway to quantify this
phenomena.

Other Data Types

The accelerometers are seldom mounted sufficiently close to the
center of mass to ignore the accelerations due to the angular motion
of the vehicle. During AB, the attitude control system is generally in
the reaction control mode with a wide angular dead band and rate
limited. Consequently, the body rates can become significant
contributors to the measured acceleration. Off-the-shelf rate gyros
generally have sufficient accuracy to correct the accelerometer
measurements to the noise level, assuming the relative location of the

Fig. 11 Polar plot of densities mapped to 100-km altitude for ODY

orbits 153 and 159 through 168. Color scale from 20 to 100 kg=km3 and

density truncated at 100 kg=km3 to enhance variability.
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accelerometers to the center of mass is accurately estimated preflight
or calibrated in flight.

A typical history of the body rates for ODY are shown in Fig. 13.
The x (z) rates are shifted up (down) for clarity. The y axis is into the
wind and had no aerodynamic restoring force. The other two axes are
stable. Motion about all three axes are coupled through the cross
products of inertia and onboard momentum supplied by the reaction
wheels. The angular acceleration derived from these rates is the
major contributor to the correction of the measured acceleration. For
typical AB passes, the maximum contribution is less than
0:5 mm=s2, which is larger than the noise level. From the y axis
angular rate data, it is seen that large thruster firings took place at
�160 and �75 s. Though more difficult to see, there are nearly
continuous small firings from �75 s through about 120 s. These
particular attitude control jets are coupled and theoretically produce
no net acceleration of the s=c. However, residual imbalances remain
and short impulses are very difficult to calibrate due to the sensitivity
of the total impulse to initial catalyst temperatures and other
parameters. For MRO, the minimum attitude thruster firing
introduces a change in velocity about three times the noise level on
the accelerometer data.MRO telemetry contains temperature data for
each accelerometer and the thruster catalyst bed temperature.
Postflight analysis will determine the value of these data in
improving accelerometer data quality.

Lessons Learned

A well-designed experiment to recover atmospheric density
requires numerous supplemental data sets. Further, a systems
approach to the overall design of the vehicle is required to extract the
most information from the data. For example, potential degradation
of the accelerometer data can result from structural vibration or fuel
slosh. The broken solar array on MGS introduced a 6–7-Hz
oscillation, and the archived data set is a seven-point mean of the 1-s
density recoveries. This vibration degraded the potential horizontal
spatial resolution from 4 to 25 km. Generally, structural vibration is
sufficiently small and of high enough frequency to have a negligible
influence on the density recovery. Fuel slosh is a different issue.
When out of the atmosphere, the fuel distribution in the tanks is
controlled by surface tension. As the vehicle enters the atmosphere,
drag eventually overcomes surface tension and the fuel moves
forward. The center of mass of the vehicle moves relative to the
accelerometers and produces an artifact in the data. It is thought that
any oscillation is rapidly damped because drag is rapidly increasing
on the inbound leg. On exiting the atmosphere, the process is
reversed, but now the fuel can slosh around under the weak surface
tension forces. Slosh oscillation periods are difficult to estimate, but
appear to be on the order of 25 to 100 s and could introduce artifacts
that might be misinterpreted as density waves in the upper
atmosphere.

Geometric symmetry and simplicity are also highly desirable for
density or wind recovery. The fidelity of the aerodynamic database is
likely diminished for asymmetric bodies or bodies that have
complicated geometries. During the inbound leg, the dynamic
pressure increases and attitude oscillations are damped. After
maximum dynamic pressure is reached, the attitude oscillations
rapidly increase and the vehicles often experience large yaw or pitch
angles. Vehicles with complicated geometries make accurate
aerodynamic calculation more difficult at these high angles. For a
dedicated aeronomy mission that depends on accelerometer data, a
system study should be performed to trade tighter attitude rate
control, thruster torque unbalance, attitude fuel usage, and
aerodynamic database accuracy to optimize the science return.

Conclusions

MGS was the first Mars mission in which an accelerometer
experiment was project-approved. The experiment was not an
official science experiment and had none of the privileges given to
such experiments. When aerobraking began, of the 10 samples per
second collected onboard the vehicle, two samples were transmitted
each second and all 10 were sent every 8 s. There was not enough
telemetry bandwidth to include more accelerometer data, because of
all the other engineering data required to monitor the health of the
spacecraft. The two-sample-per-second data proved useless, but the
full sample every 8 s provided reasonable profiles and showed
curious features, one being called “Batman’s ears.” On orbit 15, the
solar array deflected 10 deg from its nominal position and the project
realized it had amajor anomaly. After aerobraking restarted 20 orbits
later, all ten samples were sent every second, because one way of
monitoring the vibration of the solar array was with the
accelerometer data. This serendipitous data set led to discoveries
of the planetary scale waves, the gravity waves, and the incredible
latitudinal, seasonal, and diurnal variability of the atmosphere. These
data still provide the basis for numerous ongoing scientific studies.
So there was at least one good outcome from the broken solar array.

The great variability of the atmosphere, discovered by MGS,
added a level of risk to future AB missions. Consequently, real-time
analysis of accelerometer measurements during AB operations
became a high priority for ODY. Because the accuracy of the
accelerometers was adequate to monitor aerobraking, the
accelerometer design would not be enhanced for scientific studies.
Nevertheless, ODY accelerometer measurements provided addi-
tional insight into the Martian thermosphere. The scientific benefits
of these data became generally accepted, and MRO was the first
mission to include the accelerometer as a facility experiment, with a
competition for selection of the facility team. With that status, the
team could place measurement requirements on the project. This
resulted in the significantly improved accuracy of MRO over ODY
that resulted from modification of the ODY accelerometer
electronics.

The potential exists to use accelerometer data to make additional
contributions to our knowledge of the upper atmosphere. Higher
spatial resolution could provide information on gravity wave
dissipation processes, greater sensitivity would permit higher-
altitude measurements and could quantify the transition from the
thermosphere to the exosphere, and using an orbit with a lower
inclination would provide in situ longitudinal and diurnal structure.
To assure success of future accelerometer experiments requires that
the accelerometer be recognized as a scientific instrument and be
given the same role in the spacecraft and mission design as is
currently afforded to a camera or a spectrometer.
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