The Mars Pathfinder Atmospheric Structure
Investigation/Meteorology (ASI/MET) Experiment
J. T. Schofield, et al.

Science 278, 1752 (1997);

AVAAAS DOI: 10.1126/science.278.5344.1752

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of December 16, 2009 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/cgi/content/full/278/5344/1752

This article cites 19 articles, 5 of which can be accessed for free:
http://www.sciencemag.org/cgi/content/full/278/5344/1752#otherarticles

This article has been cited by 144 article(s) on the ISI Web of Science.

This article has been cited by 4 articles hosted by HighWire Press; see:
http://www.sciencemag.org/cgi/content/full/278/5344/1752#otherarticles

This article appears in the following subject collections:
Planetary Science
http://www.sciencemag.org/cgi/collection/planet_sci

Information about obtaining reprints of this article or about obtaining permission to reproduce
this article in whole or in part can be found at:
http://www.sciencemag.org/about/permissions.dtl

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
1997 by the American Association for the Advancement of Science; all rights reserved. The title Science is a
registered trademark of AAAS.

Downloaded from www.sciencemag.org on December 16, 2009


http://www.sciencemag.org/cgi/content/full/278/5344/1752
http://www.sciencemag.org/cgi/content/full/278/5344/1752#otherarticles
http://www.sciencemag.org/cgi/content/full/278/5344/1752#otherarticles
http://www.sciencemag.org/cgi/collection/planet_sci
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org

close to the observed value 29sin({ + 241°) mas.
23. We thank the Mars Pathfinder project team for their
enthusiasm and assistance in acquiring and under-
standing the tracking measurements; R. Wimberly
for recovery of the Viking lander Doppler data; and J.
Williams and an anonymous referee for helpful sug-

gestions. The research described in this paper was
carried out by the Jet Propulsion Laboratory, Califor-
nia Institute of Technology, under a contract with
NASA.

11 September 1997; accepted 5 November 1997

The Mars Pathfinder Atmospheric Structure
Investigation/Meteorology (ASI/MET)
Experiment

J. T. Schofield, J. R. Barnes, D. Crisp, R. M. Haberle,
S. Larsen, J. A. Magalhaes, J. R. Murphy, A. Seiff, G. Wilson

The Mars Pathfinder atmospheric structure investigation/meteorology (ASI/MET) ex-
periment measured the vertical density, pressure, and temperature structure of the
martian atmosphere from the surface to 160 km, and monitored surface meteorology and
climate for 83 sols (1 sol = 1 martian day = 24.7 hours). The atmospheric structure and
the weather record are similar to those observed by the Viking 1 lander (VL-1) at the same
latitude, altitude, and season 21 years ago, but there are differences related to diurnal
effects and the surface properties of the landing site. These include a cold nighttime
upper atmosphere; atmospheric temperatures that are 10 to 12 degrees kelvin warmer
near the surface; light slope-controlled winds; and dust devils, identified by their pres-
sure, wind, and temperature signatures. The results are consistent with the warm,
moderately dusty atmosphere seen by VL-1.

The ASYMET experiment consists of a
suite of sensors designed to measure the ver-
tical structure of the atmosphere during en-
try, descent, and landing (EDL) and to study
martian surface meteorology and climate for
the duration of the Pathfinder mission (I, 2).
In situ vertical structure measurements were
made only twice by the Viking entry vehi-
cles (3), both during the daytime. In addi-
tion to adding a third profile, ASI/MET
provides the first nighttime observation, giv-
ing information about the diurnal variation
of vertical structure, particularly in the upper
atmosphere, which is inaccessible to existing
remote-sensing techniques. Both Viking
landers obtained records of atmospheric pres-
sure, temperature, and wind velocity at the
surface that extended over several Mars
years. More recent Earth-based, disk-aver-
aged microwave observations have been in-
terpreted to indicate episodic cooling of the
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martian lower atmosphere by about 20 K
relative to the conditions observed during
the Viking missions (4). By continuing the
Viking record after 21 years, ASI/MET re-
sults are able to determine whether martian
meteorology and climate have changed or
remained stable in the late northern sum-
mer. Improved measurement sensitivity and
temporal resolution (2) also reveal phenom-
ena not seen by Viking and, together with
temperature measurements at three levels,
give better information on the exchange of
heat and momentum between the atmo-
sphere and the surface.

The ASI/MET experiment combined
accelerometer and MET instruments (2).
The accelerometer instrument contained
science and engineering accelerometers
that each monitored accelerations along
three orthogonal axes. In each axis, the
maximum sensitivity was 20 pm/s? [2 X
10¢ Earth gravities (g)], and the accelera-
tions expected during EDL were covered by
commandable measurement ranges of 16mg,
800mg, and 40g full-scale. The MET instru-
ment consisted of pressure, temperature,
and wind sensors. Pressure was measured
through a 1-m inlet tube that was exposed
to the atmosphere during parachute descent
as well as after landing (1, 2). The pressure
measurements have a maximum sensitivity
of 0.25 wbar, which is more than a factor of
100 better than that available to the Viking
landers (5). All the MET temperature and

wind sensors are mounted on a mast 1.1 m

high, deployed at the end of a lander petal
to isolate it from spacecraft thermal con-
tamination (I, 2). Atmospheric tempera-
ture was measured by four thermocouples:
one designed to measure temperature dur-
ing parachute descent and three designed
for surface boundary layer measurements 25,
50, and 100 cm above the base of the mast.
All four thermocouples have time constants
of 1 to 2 s and sensitivities of 0.01 K. Wind
was measured by a six-segment hot-wire
sensor at the top of the mast, 1.1 m above
the mast base. The wires are heated by a
current passed in series through all six seg-
ments, and the temperature differences be-
tween low and high current modes for each
segment are used to determine wind speed
and direction.

The accelerometer and MET instruments
recorded data continuously throughout EDL
until about 1 min after impact at about
03:00 local solar time (LST). Regular surface
pressure, temperature, and wind measure-
ments by the MET instrument began about 4
hours after impact at 07:00 LST on sol 1 (1
sol = 1 martian day = 24.7 hours), and the
MET mast was deployed at 13:30 LST.

The science accelerometer detected the
upper atmosphere 160 km above the land-
ing site when the entry vehicle had a ve-
locity of 7.4 km/s relative to the atmosphere
and a flight path angle 14.8° below the
local horizontal. 1.5 min later, the entry
vehicle experienced a peak deceleration of
15.9¢ at an altitude of 33 km. After 3 min
(9 km) the parachute deployed, and at 3.4
min (7.4 km) the heat shield separated from
the lander, allowing the pressure sensor to
begin unobstructed measurements of the at-
mosphere. The inflation of shock-absorbing
airbags at 5.1 min (0.3 km) terminated the
unobstructed pressure measurements, and
descent rocket firing at 5.2 min (0.1 km)
ended the direct measurement of aerody-
namic decelerations. The first impact of the
probe with the martian surface occurred 5.3
min after it entered the atmosphere. In the
first minute after impact, the lander
bounced 15 times and pressure sensor data
indicated that it rolled 10 m vertically
downhill. It came to rest about a minute
later at a site 3389.7 km from the center of
mass of Mars (6). Surface acceleration mea-
surements of 3.716 m/s? agree with values of
3.717 m/s* calculated for the lander loca-
tion and height (7), providing a verification
of accelerometer gain calibration.

Because the engineering accelerometers
were used to control parachute deployment
and remained in their least sensitive 40g
scale, atmospheric profiles were derived
from science accelerometer data only,
which were logged at 32 Hz throughout
EDL. MET pressure and temperature data
were collected at 2 Hz during the parachute
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descent and landing phases of EDL. How-
ever, spacecraft design constraints did not
allow the descent temperature sensor to be
exposed to the free flow around the lander,
so that direct atmospheric temperature
measurements were not possible (2, 8).

For the 30-day primary landed mission,
51 equally spaced MET measurement ses-
sions were made each day to monitor the
atmospheric diurnal cycle and synoptic (day-
to-day) variations. These 3-min sessions
sampled the atmosphere at 4-s intervals and
were interspersed with 15-min and 1-hour
sessions of 1-s sampling to monitor the sur-
face boundary layer. The boundary layer ses-
sions were repeated as frequently as allowed
by data volume, in a pattern that sampled all
local times of day as rapidly as possible.
Finally, on sol 25, a 24-hour session was
executed that sampled science data contin-
uously at 4-s intervals for a complete daily
cycle. The continuous MET observations de-
sired during the primary mission were inter-
rupted by spacecraft computer resets. One of
these resets was associated with errors in
MET software, and the measurements were
limited to the nighttime from sols 12 to 17,
until the errors were corrected.

Entry, descent, and landing. Atmospher-
ic density, pressure, and temperature profiles
were derived from ASI/MET deceleration
measurements during Pathfinder EDL and
compared with VL-1 results (Figs. 1 and 2).
The mean solar forcing of the martian atmo-
sphere at the time of the Pathfinder and
VL-1 profiles was similar. Solar longitudes
(L)) of 98° (VL-1) and 142° (Pathfinder)
correspond to a seasonal difference from
mid- to late summer and to a smaller Mars-
sun distance at the time of the Pathfinder
profile. Solar activity, as measured by sun-
spot counts, was near-minimum for both pro-
files, the lower atmosphere had comparable
amounts of dust (9), and the two landings
were at similar latitudes and longitudes on
Mars. However, the different time of day
(03:00 LST for Pathfinder versus 16:15 LST
for VL-1) and the 21 years separating the
two entry profiles suggest that diurnal and
secular effects could be important in under-
standing their differences.

For an entry vehicle, atmospheric den-
sity is directly related to aerodynamic de-
celeration, velocity relative to the atmo-
sphere, and aerodynamic characteristics
(2). Deceleration was measured directly;
velocity and position can be reconstructed
by integrating the equations of motion
using the observed decelerations and an
initial velocity and position; and Path-
finder entry vehicle aerodynamic charac-
teristics are known from computational
aerodynamic simulations and laboratory
experiments.

Atmospheric densities measured by Path-
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finder varied from ~5 X 107! kg/m’ at the
threshold of detection to 8 X 107 kg/m’
immediately before parachute release at 9
km (Fig. 1). From 160 to 90 km, densities
range from a factor of 5 lower than VL-1
values near and above 120 km to a factor of
2.5 lower near 90 km. The increase in den-
sity between 90 and 80 km, which corre-
sponds to a deep temperature minimum (Fig.
2), raises the Pathfinder densities at lower
altitudes to values slightly lower than VL-1
densities. The lower values of density, and
therefore pressure, encountered by Pathfind-
er below 30 km are generally consistent with
the lower overall mass and surface pressure of
the martian atmosphere at the time of the
Pathfinder landing (10). The decreased sur-
face pressure results from the annual varia-
tion in atmospheric mass caused by conden-
sation and sublimation from the polar caps
(11).

The martian thermosphere, where tem-
perature increases rapidly with altitude be-
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cause of heating by solar extreme
ultraviolet radiation, is evident
above 125 km in the Pathfinder

profile (Fig. 2). Although the uncertainties
in the derived temperatures at these altitudes
are large, it appears that Pathfinder temper-
atures are close to or slightly higher than
those measured by VL-1.

From 65 to 125 km, observed tempera-
tures were, on average, 20 K lower than
those observed by VL-1 (Fig. 2). This con-
trast is responsible for the lower Pathfinder
densities above 90 km. Because radiative
time constants reach a minimum in this
altitude range, a large response to diurnal
forcing is a likely explanation for this dif-
ference (12). The temperature minimum of
92 K at 80 km is the lowest temperature
ever measured in the martian atmosphere
and may result from the superposition of
waves, such as thermal tides, on the overall
nighttime cooling. Tides propagate from
the lower atmosphere with amplitudes that
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Fig. 1 (left). The atmospheric density profile derived from ASI/MET. The solid lines give the mean
atmospheric density profile derived from the accelerometer data and profiles reflecting =20 uncertain-
ties in density based on uncertainties in the entry velocity and the finite digital resolution of the
instrument. Errors in aerodynamic characteristics are not included but are not expected to change the
error envelopes substantially. Further work with the accelerometer and pressure data will allow us to
extend the density profile down to the surface, where the MET observations of pressure and tempera-
ture indicate an atmospheric density of 1.76 x 1072 kg/m?3, marked by an oval on the x axis of the figure.
Results from the VL-1 atmospheric structure instrument (ASI) (2, 3) and the Viking 1 upper atmosphere
mass spectrometer (UAMS) are also plotted for comparison (2, 3). Fig. 2 (right). The atmospheric
temperature profile derived from the Pathfinder atmospheric density profile. Temperature profiles cor-
responding to the nominal and =2¢ density profiles of Fig. 1 are represented by solid lines. The
hydrostatic equation is integrated to derive a pressure profile from the density profile, and temperature
is calculated from density and pressure with the use of the ideal gas law. To begin the integration, an
upper boundary temperature is determined from the density scale height at the upper boundary.
Uncertainties in this temperature affect the derived profiles significantly only above 125 km. In order to
derive temperatures, we have constructed a molecular weight versus atmospheric density model based
on the results of the Viking UAMS (29). At present, we have no way of quantifying the accuracy of this
model, which influences temperature above 120 km. At lower altitudes, the martian atmosphere is well
mixed, with a constant molecular weight of 43.49. Temperature profiles from the VL-1 ASI and UAMS
experiments (2, 3), the CO, condensation temperature profile, and the surface temperature measured
by the Pathfinder MET instrument (circle) are also shown for comparison.
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increase with altitude.

At 80 km, the Pathfinder temperature
profile is lower than the CO, condensation
temperature (Fig. 2). The lower tempera-
ture may result from supercooling or from
inaccuracies in the vapor pressure curve for
CO, (13), but it is possible that CO, could

be condensing at these levels to form high-

A
e

Pressure (mbar)
o o
~I x

b4
=)

6.5 L

Pressure (mbar)
o o
~ (o2}

o
2

6.5 nnnnn | P 1 Lo 0
o] 6 12 18 24

Mars local time (hours)

Fig. 3. (A) Time-averaged surface pressures mea-
sured by the MET instrument over the first 30 sols
of the Pathfinder landed mission. The averages
are primarily over the 3-min default measurement
sessions, of which there are nominally 51 per sol;
and the resulting points have been connected
with straight lines, except for sols 12 through 15,
where cubic spline interpolation has been used to
fill data gaps of about 8 hours in length. MET
operation was restricted to nighttime observa-
tions during this period to prevent spacecraft re-
sets associated with MET data collection. The
major gaps in the data setat sols 1, 8, 11, and 17
are caused by various spacecraft software reset
and downlink problems. After sol 17, the reset
problems associated with MET were corrected,
and continuous sampling was resumed. The long-
term trend in pressure is represented by a third-
order polynomial fit to the data (solid curve). (B)
Diurnal pressure cycles for sols 9 (solid line) and
19 (dashed line), illustrating the observed day-to-
day changes in the diurnal pressure cycle and
allowing details of the daily pressure variation to
be seen more clearly.
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altitude clouds. Observations by the imager
for the Mars Pathfinder (IMP) of sky bright-
ening well before the expected start of dawn
may indicate the presence of such clouds,
although the substantial morning clouds
identified in images of the eastern horizon
before sunrise are almost certainly water
clouds formed at much lower levels (9).

Below 60 km, temperatures measured by
Pathfinder are higher than those measured
by VL-1 down to 35 km and are similar or
slightly lower at lower altitudes down to
16.5 km (Fig. 2). These differences are con-
sistent with minor variability in dust con-
tent and are also within the amplitudes ex-
pected from vertically propagating atmo-
spheric waves such as tides (10). In view of
the similar solar forcing, it is not surprising
that the Pathfinder and VL-1 profiles are
comparable in the lower atmosphere. How-
ever, Earth-based, disk-averaged microwave
observations over the past 10 to 15 years
have been used to suggest that the martian
lower atmosphere undergoes episodes of
cooling, which are characterized by reduced
solar-absorbing dust content and 20 K lower
temperatures relative to the conditions ob-
served during the Viking mission (4). The
Pathfinder entry profile shows no evidence
for substantial cooling of the lower atmo-
sphere (Fig. 2), although microwave profiles
obtained before and after landing suggested
that a cool atmosphere would be found (14).
Furthermore, IMP observations yield atmo-
spheric dust opacities of 0.5 (9), which are
comparable to those found by VL-1 at the
same season. These opacities are consistent
with our temperature profile observations.
Finally, it is unlikely that Pathfinder entered
a locally dusty and anomalously warm re-
gion, as dust opacities remained stable
throughout the 30-day primary mission (9).

Below 16.5 km a strong thermal inver-
sion is present in the Pathfinder data, where
temperature decreases from 200 to 181 K at
10 km (Fig. 2). This inversion is at too high
an altitude to be the strong thermal inver-
sion in the lowest few kilometers of the
nighttime diurnal thermal boundary layer
on Mars predicted by radiative-convective
models and one-dimensional dynamical
boundary layer models (15, 16). At the base
of the Pathfinder profile, temperature ap-
pears to increase with decreasing altitude
again and can easily achieve the observed
surface temperature, including predicted
near-surface thermal inversions, without
exceeding the adiabatic lapse rate.

The temperature minimum in the 10-km
inversion is well below the condensation
temperature of water vapor in the martian
atmosphere, assuming that the 10 precipi-
table micrometers of water derived from
IMP measurements are uniformly mixed
(9). This inversion may mark the altitude of

clouds seen in IMP images before sunrise
(9) and near the low-latitude morning ter-
minator in Hubble Space Telescope images
(17), although the height of these clouds is
not well known. After sunrise, the clouds
burned off rapidly, and the inversion may
have disappeared. What triggered the for-
mation of a strong temperature inversion is
not known, but possible mechanisms in-
clude the horizontal advection of cooler air
at 10 km and vertically propagating finite-
amplitude gravity waves excited by surface
topography in the strongly stratified near-
surface nighttime boundary layer (I8).
Once clouds formed, thermal emission from
the cloud tops could have enhanced the
intensity of the inversion at night.

Measurements made after landing. The
pressure, temperature, and wind velocity
data acquired by ASI/MET during the land-
ed mission allow the variability of the mar-
tian atmosphere at the Ares Vallis landing
site to be studied during the midsummer
season on short, daily, synoptic (day-to-day),
and seasonal time scales. This reveals not
only the local properties of the atmosphere
and its interaction with the surface but also
more global information on atmospheric
dust loading, circulation, and the seasonal
CO, cycle. Comparisons with VL-1 data tak-
en at the same time of year can be used to
identify longer-term climate changes.

Pressure data. During sols 1 through 30,
surface pressure at the landing site under-
went substantial daily variations of 0.2 to
0.3 mbar, which were associated primarily
with the large thermal tides in the thin
martian atmosphere (11) (Fig. 3A). Daily
pressure cycles were characterized by a
strong semidiurnal oscillation, with two
minima and two maxima per sol, together
with diurnal and higher-order components,
although there was considerable day-to-day
variability (Fig. 3B). The presence of a large
semidiurnal tidal oscillation is indicative of
atmospheric dustiness over broad regions of
Mars and over an altitude range of at least
10 to 20 km (19).

A long-term trend in daily mean pres-
sure was also seen. A third-order polynomi-
al fit to the data shows that mean pressure
fell slowly at the beginning of the period
and rose at the end, with a minimum just
under 6.7 mbar near sol 20 (L, ~ 153°) (Fig.
3A). This time corresponds to the annual
deep minimum in the seasonal pressure cy-
cle associated with CO, condensation and
sublimation in the polar regions of Mars
and was seen previously by the Viking land-
ers (11).

The ASI/MET pressure sensor detected
a variety of pressure variations on relatively
short time scales. These ranged from sec-
onds to hours and had magnitudes of 1 to 50
pwbar. The shorter time-scale variations
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