March to mid-September of 1998.
Data collection during the aerobraking

period. The atmosphieric density of Mars-at -

.the aerobraking altitude showed significant
variation over time as well as large orbit-to-
orbit differences. On each orbit the density
must be predicted to determine the appro-
priate and safe depth within the atmosphere
for the aerobraking passage sufficiently in
advance to command MGS to adjust its
orbit. Although science data acquisition
during the aerobraking phase was not in the
original mission plan, MOC, TES, the ac-
celerometer, the -electron reflectometer,
and the horizon sensor are all acquiring data
to support density predictions. During the
aerobraking passage through' the atmo-
sphere the spacecraft has the solar panels in

a V-configuration with the instrument pan-
el in the lee direction. The accelerometer
data is used to provide density profiles of
this atmospheric passage. At the end of the
aerobraking as the spacecraft exits the at-
mosphere it rolls to point the main antenna
toward Earth. During this roll MOC and
TES can obtain visual and thermal cover-
age of Mars. In addition, images from the
Hubble Space Telescope and ground-based
whole disk microwave observations are be-

ing utilized to predict changes in the atmo-

spheric density.
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The Mars Global Surveyor (MGS) z-axis accelerometer has obtained over 200 vertical
structures of thermospheric density, temperature, and pressure, ranging from 110to 170
kilometers, compared to only three previous such vertical structures. In November 1997,
a regional dust storm in the Southern Hemisphere triggered an unexpectedly large
thermospheric response at mid-northern latitudes, increasing the altitude of thermo-
spheric pressure surfaces there by as much as 8 kilometers and indicating a strong global
thermospheric response to a regional dust storm. Throughout the MGS mission, ther-
mospheric density bulges have been detected on opposite sides of the planet near 90°E
and 90°W, in the vicinity of maximum terrain heights. This wave 2 pattern may be caused
by topographically-forced planetary waves propagating up from the lower atmosphere.

The Mars thermosphere is that portion of
the upper atmosphere where the global
mean temperatures increase with height
above a minimum (~120 K) at altitudes of
100 to 120 km to maximum values of 200 to
350 K above 150 km. At the greater
heights, the thermosphere is dominated by
the absorption of extreme ultraviolet
(EUV) solar radiation and by the diffusive
separation of individual gases such as CO,,
O, N,, and CO (1). Variability in the ther-
mosphere reflects diurnal, seasonal, and so-
lar cycle variations in the solar flux at Mars
(2) and in the ability of energy to propagate
upward from the lower atmosphere (that is,
from below 100 km). This coupling of Mars’
atmospheric regions is particularly affected
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by atmospheric heating (3)-and dynamic
forcing in response to changes in the
amount of dust in the atmosphere (4).
Overall, the expansion and contraction of
the Mars lower atmosphere is controlled by
several processes that are difficult to sepa-
rate: (i) dust heating, (ii) solar infrared (IR)
heating that varies with the Mars heliocen-
tric distance, and' (iii) various dynamic in-
fluences such as gravity waves, planetary
waves, and tides.

Previous in situ measurements from Vi-
king Landers 1 and 2 and Mars Pathfinder
(5), and remote sensing measurements of air
glow, plasma and neutral density scale
heights, and monitoring of the altitude of
the Fl-peak in electron density (1, 6) have
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only partially characterized these thermo-
spheric variations because of the limited
coverage in space and time. Now, measure-
ments from the z-axis accelerometer aboard
MGS (7) have yielded to date more than
200 vertical structures of thermospheric
density and derived temperature and pres-
sure. These data have been obtained at
successive MGS periapses over a 5-month
period spanning northern fall on Mars
(Ls = 180° to 270°) (8), from September
1997 to February 1998, as MGS continues
aerobraking into its mapping orbit (9). Dur-
ing the mission the spacecraft periapsis has
moved from 32°N to 50°N and from a local
solar time (LST) of 6 p.m. to noon, with
data acquired from 170 km to as low as 110
km. ‘
The MGS z-axis accelerometer, aligned
closely to the spacecraft velocity vector (v),
measures the drag force acceleration (a),
related to atmospheric density (p) by the
classical relation:

p = [2m/v*Cpsla (1)

with spacecraft mass (m), cross-sectional
area (s) relative to v, and drag coefficient
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(Cp)- The z-accelerometer (10) is 38 times
more sensitive (0.332 mm/s per count) than
the Viking entry accelerometers (11) allow-
ing measurements up to at least 170 km.
Accelerometer measurements sensitive to
the thermosphere are generally obtained
from 200 s before periapsis to 200 s after
periapsis, a span of about 30° in latitude.
Additional accelerometer measurements
are obtained before and after this period to
determine accelerometer bias for each pass.
Measurements are obtained every 0.1 s. In-
bound atmospheric measurements were
north of periapsis, and outbound to the
south. Extraneous accelerations associated
with spacecraft thruster activity and angular
accelerations were removed. Using space-
craft pointing knowledge, Cp was deter-

mined through an iterative process that ac- -

counts for the transitional regime between
free molecular and continuum flow (12).
Densities and scale heights were deter-
mined over 6-s running means to filter out
6-s oscillations of the spacecraft or 40-s
running means to filter out atmospheric
wave activity to better estimate mean struc-
ture. Accelerations of one micro-g were de-
tected. Overall, random errors in density
were estimated to be less than 3% at alti-
tudes below 140 km. At higher altitudes
uncertainties in accelerometer measure-
ment bias dominate error estimates. Sys-
tematic uncertainties in Cp, of less than
10% do not significantly affect measure-
ments of relative variations, such as wave
activity.

Thermospheric  structure. Thermo-
spheric densities measured by the MGS ac-
celerometer at the evening terminator near
the start of aerobraking were close to the
late afternoon Viking 1 densities (Fig. 1),
but at 130 km were a factor of 4.5 higher
than the corresponding pre-dawn Mars
Pathfinder values (5). Seasonal and diurnal
variations should contribute to this differ-
ence (13). Simulations by a coupled Mars
General Circulation Model (MGCM) and
Mars Thermospheric Global Circulation’
Model (MTGCM) (14) indicate that the
density difference between MGS and Mars
Pathfinder can largely be accounted for by a
factor of 2 increase in density due to sea-
sonal variation (Ls = 143° to 190°), and a
doubling due to diurnal variation within
the thermosphere (3 a.m. to 6 p.m.), assum-
ing a visible dust opacity level between 0.3
and 1.0. Using the MGCM-MTGCM mod-
el to adjust the Viking 1 thermospheric data
to the MGS periapsis latitude, LST, solar
activity level, Ls (8), and Mars-sun dis-
tance, the thermospheric densities in the
Viking 1 era are estimated to be more than
a factor of 2 higher than these MGS values.
This is primarily due to the large differences
in the Mars-sun distance between the two

www.sciencemag.org ® SCIENCE « VOL. 279 ¢ 13 MARCH 1998

thermospheric data sets. Thus, the close
overlap of these two thermospheric density
profiles (Fig. 1) may be associated with
long-term climate variations (1977 to
1997), differences in opacity (15), natural
variability, or a combination of all three
sources.

The MTGCM simulations reflect a
boundary forcing based on the MGCM sim-
ulations of the lower atmosphere for speci-
fied dust opacities. Currently, only zonally
averaged height and temperature fields and
specific (semi-diurnal) components of the
LST variation of the geopotential field are
included. In absolute terms, densities ob-
tained from the MGS accelerometer gener-
ally exceeded the unadjusted MTGCM val-
ues by 50 to 100%. These underestimates of
densities are equivalent to a 3- to 5-km offset
of the model and actual thermosphere
heights. To remove this bias, given the cur-
rent inability to validate the model temper-
ature fields between about 70 km and peri-
apsis altitudes, the MGCM zonally-averaged
heights used at the MTGCM lower bound-
ary (1.32-pbar level) are offset up to 5-km to
obtain the MGS accelerometer measured
height of the 1.26-nbar level in the thermo-
sphere (16). :

MGS-derived temperatures above 150
km from accelerometer-derived. scale
heights appear to asymptote to values near
200 K. The vertical temperature structures,
derived from scale heights and estimates of
mean molecular weight, are in general ac-
cord with MTGCM temperatures of the
upper thermosphere for visible dust opaci-
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Fig. 1. MGS accelerometer data between 110
and 140 km (solid circles) for PO12 (1 October
1997), taken at LST = 17:54 and Ls = 190°
compared with previous in situ martian thermo-
sphere density measurements (5). Dashed line
represents data from Viking 1, taken at LST =
16:18 and Ls = 100°. Heavy solid line repre-
sents data from Viking 2 at LST = 9:49 and Ls =
120°. Thin dotted line on left shows data from
Mars Pathfinder at LST = 3:00 and Ls = 143°.
Horizontal line shows estimate of change be-

tween Mars Pathfinder and MGS values due to:

seasonal and diurnal differences based on
MTGCM calculations.

ties of 0.3 and 1.0. However, observed scale
height derived temperatures at 130 km are
colder than the MTGCM model predic-
tions (120 K versus 150 K), even with the
altitude adjustment described previously.
These colder temperatures appear to be a
general characteristic of the Mars lower
thermosphere. The MTGCM takes into ac-
count the present low solar activity, but
may underestimate CO, 15-wm cooling (2,
17). Specifically, a larger O/CO, mixing
ratio would lead to an enhancement of CO,
cooling, as for Venus. This O/CO, ratio is
presently uncertain for Mars by at least a
factor of 2. Gravity wave processes may also
not be represented adequately in the models
and could contribute to the temperature
discrepancy.

MGS accelerometer measurements of at-
mospheric density obtained in the upper
thermosphere at 160 km (November 1997

“to January 1998) (Fig. 2) are different on

inbound and outbound. Densities to the
south exceed those to the north in every
case. On the average, the densities during
this northern fall season increase from 57°N
to 33°N by 75%. Comparable values simu-
lated by the MTGCM are about 66%, in
agreement with observations. The latitudi-
nal variations in the upper thermosphere
may be largely due to changing solar ex-
treme ultraviolet radiation (EUV) input
with solar zenith angle and changing con-
ditions at lower altitudes. In the lower ther-
mosphere at 130 km, densities are occasion-
ally higher to the north.

Two increases in density were observed
at 160 km, one maximum in density after
periapsis 50 (P050) and the second maxi-
mum in density after PO90 (Fig. 2). The first
peak is apparently related to a local dust
storm and the second feature may be caused
by an increase in EUV from the sun. The
10.7 cm solar flux, which is routinely used
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Fig. 2. Five-orbit running means of thermospheric
densities measured by the MGS accelerometer at
160 km from November 1997 through January
1998 north (inbound) and south (outbound) of
periapsis, separated on average by 24° in latitude.
Horizontal lines show mean inbound (solid line)
densities and outbound (dotted line) before and
after PO80.
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as a proxy to estimate solar EUV radiation
variations, reaches a local maximum, when
viewed from Earth 17 days before P093,
when 160 km densities maximized. With
the 27-day rotation period of the sun, this
face of the sun would be seen at Mars 17
days later near the time of P093. Such
atmospheric responses may have been pre-
viously obscured by the dust storm. The
response is not indicated in the lower ther-
mosphere (Fig. 3), due to much weaker
solar EUV effects at these lower altitudes.
Such possible 27-day variations in the ther-
mosphere, related to the 27-day rotation of
the sun, have been detected previously in
the Venus thermosphere (18).

Thermospheric storms. The MGS ac-
celerometer observed two episodes of pro-
longed and substantial increase in lower
thermospheric density. The first occurred
on PO15, with a 50% increase in atmospher-
ic density at 110 km altitude. Measurements
on P016 to PO18, taken near 121 km,
showed further increases of 60 to 90% as
compared to earlier orbits near that alti-
tude, indicating that the POl5 event was
not short-lived.

An even larger density increase occurred
on P051 (130%), after detection by the
MGS Thermal Emission Spectrometer
(TES) (18) two orbits earlier (P049, Ls =
224°, 25 November 1997) of a fully devel-
oped regiopal dust storm in the southern
hemisphere Noachis Terra region (initially
centered near 40°S, 20°E). Past data indi-
cate that such storms are likely to occur on
Mars during southern spring and summer,
particularly during Ls = 200° to 330° (4).
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Fig. 3. Change in pressure with time (and MGS
orbit number) at reference altitudes of 61 and 126
km and normalized to values on 26 September
1997, as derived from ground-based Mars disk-
averaged microwave data (75, 28) (solid triangles),
also normalized by surface pressure estimates.
The microwave data are compared to 126 km
MGS accelerometer data (open circles). Arrow in-
dicates first detection of Noachis dust storm by
MGS. Open triangles indicate even-numbered
periapsis pressures and are labeled below the
symbol.
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In both cases, density increases coin-
cided with warming and hydrostatic ex-
pansion of the lower atmosphere. In Fig. 3,
periapsis densities have been converted to
pressure at a common reference altitude of
126 km using atmospheric scale heights
derived from MGS accelerometer data.
These values are compared to pressures at
a reference level of 61 km, estimated by
using vertical profiles of temperature (as a
function of pressure) derived from micro-
wave (MW) spectrometer measurements
of thermal emission in the 230 GHz CO
line (15). The ground-based MW spec-
trometers average over the whole disk of
Mars visible to the Earth observatory and
so are representative of widespread chang-
es, while the accelerometer measurements
are specific to latitudes near periapsis be-
tween 32° and 50°N. The microwave and
accelerometer data sets show similar
trends, especially the onset of the dust
storm in late November followed by its
gradual decline. The stronger response in
the thermosphere to the dust storm may be
due to additional warming in the 70- to
120-km region which is not directly ob-
served. The delay of increase in periapsis
density by 2 to 3 days following the onset
of the Noachis storm probably reflects the
remote northern location of the aerobrak-
ing periapses.

Rapid increases in atmospheric temper-
atures have been seen in microwave data
acquired in previous Mars years, particularly
above 30 km (15). Such increases are at-
tributed to changes in atmospheric dust
loading, based on previous spacecraft data,
together with radiative and radiative-dy-
namical modeling of -the effects of dust
heating of the atmosphere (3, 4). However,
no dust storm activity was detected during
the PO15-P018 period by TES (18) or the
MGS Mars Orbiter Camera (MOC) (19),
although their coverage was restricted
largely to the Southern Hemisphere. Full
disk views on 5 October (P014) and 9
(P016-017) by the Hubble Space Tele-
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Fig. 4. The 1.26 nanobar pressure height (km)
measured by the MGS accelerometer.

scope (HST) (20) also showed no signifi-
cant dust activity or change (21). HST
images were obtained until mid-October
when the planet moved too close to the sun
for safe viewing by HST. Meanwhile, col-
umn opacity estimates from the Imager for
Mars Pathfinder (22) had also stopped with
that mission’s end in September.

By contrast, TES and MOC observed
the Noachis regional dust storm (18, 19),
and TES observations showed that by P052,
3 days after the storm was detected, the dust
opacity in northern mid-latitudes had dou-
bled. This is consistent with the higher
temperatures seen by TES (increases >10
K) in both hemispheres, the ground-based
MW data (Fig. 3), and increased thermo-
spheric densities measured by the MGS ac-
celerometer. The storm is classified as “re-
gional” because the area of high opacity
(>1) remained confined to Noachis and
adjacent regions.

MGS measured heights of the 1.26-nbar
level showed a general upward trend as
perihelion (near southern summer solstice)
approached and sharp increases (up to 140
km) during the Noachis dust storm (Fig. 4).
This height is a rough measure of the inte-
grated thermal structure of the lower atmo-
sphere and reflects changing seasonal IR
and dust storm heating of the lower atmo-
sphere (17).

The trend from 128 to 132 km of the
1.26-nbar height before the dust storm (be-
fore P049) is close to that expected for this
season (16). The orbit-to-orbit fluctuations
seen reflect the MGS densities measured at
thermosphéric altitudes (Fig. 4). Post-dust

“storm heights are seen to dip below 132 km

as the MGS periapsis moved northward.
Thermospheric densities had largely re-
turned to seasonal values by early January
(Ls = 250°; P085), while dust visual opac-
ities estimated from TES data had declined
from values greater than 1 to typically 0.5 or
less (18).

The passage of a dust storm event and its
effects on the thermosphere were also mon-

200 x
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Fig. 5. The two standard deviation thermospheric
disturbance levels (%) as defined in the text and as
measured by the MGS accelerometer. In log
space, a plus log residual of 200% corresponds to
a minus log residual of 67%.
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itored by tracking the thermospheric vari-
ability, méasured by the MGS accelerome-
ter, with time (Fig. 5). The ratio of the
thermospheric density measured on any giv-
en pass to the density measured on the
previous pass (adjusted for altitude using
the observed scale heights) was used as an
indicator of the atmospheric disturbance
level. The “variability” parameter plotted is
the 2-0 percent deviation of the logs of
these ratios using the present ratio and the
previous four ratios. Thermospheric distur-
bances sharply increased on P047 from 60%
to over 100% before the initiation of the
dust storm on P049. Maximum disturbances
of 200% occurred on P051. The thermo-
spheric disturbance level gradually decayed
between P052 and P075 back toward pre-
storm values of about 60%. These pre-storm
and post-storm disturbance levels are con-
sistent with prior estimates of short-term
variability of the Mars thermosphere esti-
_mated using the Mariner 9 (M9) radio oc-
cultation data (16), which did not cover the
onset of the 1971 global dust storm.
Planetary waves. A large part of the or-
bit-to-orbit variability observed with the
MGS accelerometer is due to a stationary
planetary-scale variation with longitude at
thermospheric altitudes (110 to 170 km).
Harmonic analysis of the longitudinal varia-
tions in densities were obtained from 14
accelerometer data sets, each with good lon-
gitudinal sampling (typically 10 orbits), and
adjusted to a common altitude of 125 km
(23). This analysis revealed a wave 2 pattern,
which is a two-cycle wave over 360° of lon-
gitude. This wave 2 is essentially fixed in
longitude, but varying in amplitude through-
out the MGS aerobraking mission. One min-
imum of this wave 2 pattern always occurred
near the central meridian, from 16°E to
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Fig. 6. Thermospheric density, normalized to 125
km, as a function of East longitude (solid circles)
measured from P090 through P110 by the MGS
accelerometer. The solid curve represents a least-
mean-square fit solving for wave 1 and wave 2.
For this case, wave 1 has an amplitude (mean to
peak) of 8% of the mean and a phase (for the
minimum) of 256°E, and wave 2 has an amplitude
of 22% of the mean and a phase of 1°E.
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18°W with an average phase of 2°E. Figure 6
shows the combined wave 1 and wave 2
variation during a non—dust storm time pe-
riod (PO90-P110). In most cases wave 2 was
stronger than wave 1, and wave 1 was not
stationary. During the initiation of the dust
storm the wave 2 percent amplitude in-
creased to +39% compared to mission mean
levels of *22%. Through additional har-

‘monic analyses, the standing wave 2 phe-

nomena was also detected in the 1.26 nbar
levels, 160 km densities, and conditions at
130 km.

The persistence of this- wave 2 pattern
with its nearly constant phase suggests a
forcing continuous in time related to sur-
face topographic forcing. MGS periapses
have spanned the latitude range 32°N to
50°N during fall and early winter. Mars’
surface topography exhibits significant
longitudinal variability at the MGS peri-
apsis latitudes (32°N to 50°N) (24) with a
substantial wave 2 component (*+2 km)
due to the Tharsis and Arabia highlands.
Low-level eastward winds at northern
middle latitudes during northern autumn
and winter can interact with this topogra-
phy and excite vertically propagating
planetary-scale waves. The ability of these
waves to propagate all the way into the
thermosphere depends on the presence of
eastward zonal winds in the lower atmo-
sphere. Such winds are inferred up to at
least 50 km from the TES temperature
cross-sections (18).

MGCM results suggest that waves 1 and
2 can be topographically forced during
northern fall and winter and can propagate
to above 80 km (25). Vertical propagation
above these altitudes depends upon the
winds at higher altitudes. The robust plan-
etary-wave pattern seen in the thermo-

. sphere in the accelerometer data indicates

that, unlike Earth, the eastward moving
winds present in northern mid-latitude dur-
ing the fall do not close off (that is, decrease
to zero wind ‘speed or reverse direction)
below the thermosphere, thereby permit-
ting strong planetary waves to propagate
into the thermosphere. ,

These thermospheric measurements from
the MGS accelerometer, coupled with si-
multaneous lower atmosphere measure-
ments, provide a quantitative means to ex-
amine the coupling of these atmospheric
regions. The physical mechanisms responsi-
ble for this coupling can be compared to
those known to operate for Earth. These
results may also benefit future Mars missions
that will rely on aerobraking or aerocapture.
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Magnetic Field and Plasma Observations at
Mars: Initial Results of the Mars
Global Surveyor Mission
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The magnetometer and electron reflectometer investigation (MAG/ER) on the Mars
Global Surveyor spacecraft has obtained magnetic field and plasma observations
throughout the near-Mars environment, from beyond the influence of Mars to just above
the surface (at an altitude of ~100 kilometers). The solar wind interaction with Mars is
in many ways similar to that at Venus and at an active comet, that is, primarily an
ionospheric-atmospheric interaction. No significant planetary magnetic field of global
scale has been detected to date (<2 X 102" Gauss-cubic centimeter), but here the
discovery of multiple magnetic anomalies of small spatial scale in the crust of Mars is

reported.

The Mars Global Surveyor (MGS) mag-
netic field experiment is identical to that
developed for the Mars Observer Mission
that failed to achieve Mars orbit in 1993
(1). The instrumentation provides fast vec-
tor measurements' (up to 16 samples per
second) of magnetic fields over a dynamic
range of 0.005 to 65,536 nT per axis. The
fundamental objectives of this investigation
are to establish the nature of the magnetic
field of Mars, to develop appropriate models
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for its representation, and to map the crust-
al remnant field to a resolution consistent
with spacecraft orbit altitude and ground
track separation. The. instrument comple-
ment includes two redundant triaxial flux-
gate magnetometers and an electron reflec-
tometer (). The vector magnetometers
provide in situ sensing of the ambient mag-

"netic field in the vicinity of the MGS

spacecraft over the automatically selected
full-scale ranges of =4 nT to +65,536 nT,
with a digital resolution of 12 bits. The
electron reflectometer measures the local
electron distribution function in the range
of ~1 eV to 20 KeV and will remotely sense
the strength of the magnetic field down to
the top of the martian atmosphere using
directional information provided by the
vector magnetometer. This synergistic com-
bination was designed to increase the sen-
sitivity and spatial résolution achievable
from martian orbit with the vector magne-
tometer alone. Electron reflection magne-
tometry was first used on measurements
from Apollo 15 and 16 Particles and Fields
subsatellites (2).

Unlike Mars Observer, MGS lacks a
boom to separate sensors from the space-
craft body to reduce interference by space-
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craft-generated magnetic fields. Instead,
each magnetometer sensor is placed at the
outer edge of the articulated solar panels,
about 5 m from the center of the spacecraft
bus. The electron reflectometer sensor is
mounted directly on the spacecraft nadir
panel. This “twin magnetometer” configu-
ration does not allow the real-time estima-
tion of spacecraft fields (3) but provides
redundancy and the near real-time detec-
tion and identification of spacecraft-gener-
ated magnetic fields. This instrument con-
figuration required the design and imple-
mentation of magnetically “clean” solar ar-
ray panels, which are used for aerobraking
of the MGS spacecraft to achieve the final
mapping orbit and are articulated about two
orthogonal axes with respect to the space-
craft bus. Therefore, the orientation of the
magnetic field sensors with respect to the
spacecraft is variable and follows that of
the solar panels, which are controlled to
satisfy a variety of engineering require-
ments. The estimated accuracy of the
measurements reported here is =0.5 nT
before and after reconfiguration of the
spacecraft for aerobraking, and *3 nT
during the aerobraking phase. The magne-
tometer and electron reflectometer
(MAG/ER) designs have extensive space
flight heritage, and similar versions have
been flown in numerous planetary and
space physics missions. The instrument is
operating nominally, and 2 to 16 vector
samples per second of magnetic field data
are acquired, depending on the telemetry
rate supported by the telecommunication
system. ‘

The MGS spacecraft was inserted ini-

“tially into a highly elliptical orbit with

apoapsis >10 Rm (1 Rm = Mars equatorial
radius = 3397 km) and periapses as low as
112 km above the surface. The significant
advantages of aerobraking orbits to the
MAGI/ER  investigation were recognized
early in the planning of the observations. In
these orbits the spacecraft dips below the
bottom of the martian ionosphere, allowing
the MAGJ/ER experiment to achieve high
sensitivity and spatial resolution for the de-
tection of weak crustal fields. In addition,
high plasma densities expected at these low
altitudes required a different measurement
technique, so a Langmuit probe operational
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