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high, deployed at the end of a lander petal 
to isolate it from spacecraft thermal con- 
tamination (1 ,  2). Atmospheric tempera- 
ture was measured by four thermocouples: 
one designed to measure temoerature dur- 

u 

ing parachute descent and three designed 
for surface boundarv laver measurements 25. 

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

Experiment 

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. Wlnd 
was measured bv 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 temDerature differences be- 
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tween low and high current modes for each 
segment are used to determine wlnd speed 
and direction. 

The accelerometer and h4ET instrulnents 
recorded data continuously throughout EDL 

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 ( I  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-I) 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. 

until about 1 min after iinpact at about 
03 :00 local solar time (LST). Reg~llar 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- 
ine site when the entry vehicle had a ve- 

T h e  ASIIMET experiment consists of a 
suite of sensors designed to measure the ver- 

martian lower atmosphere by about 20 K 
relative to the conditions observed during 

" 
loclty of 7.4 km/s relative to the atmosphere 
and a flight path angle 14.8" below the 
local horizontal. 1.5 Inin later, the entry 
vehicle experienced a peak deceleration of 
15.9g at an altitude of 33 km. After 3 rnin 
(9 km) the parachute deployed, and at 3.4 
min (7.4 km) the heat shield separated from 
the lander, allo\ving the Dressure sensor to 

tical structure of the atmosphere during en- 
try, descent, and landing (EDL) and to s t ~ ~ d y  
martian surface meteorology and climate for 
the duration of the Pathfinder mission (1 ,2) .  

- 
the Vlking 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, Inloroved measurement sensitivitv and 

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, ASIIh4ET 
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 \Tiking 
landers obtained records of atmospheric pres- 
sure, temperature, and wind velocity at the 

temporal resolution (2) also reveal phenom- 
ena not seen by Viking and, together with 
temperature nleasurelnents at three levels, 
give better information on the exchange of 
heat and momentum between the atmo- 

u 

begin unobstructed measurements of the at- 
mosphere. The inflation of shock-absorbing 
airbags at 5.1 inin (0.3 km) terminated the 
unobstructed pressure measurements, and 
descent rocket firing at 5.2 rnin 10.1 km) 
ended the direct nloeasurement of aerody: 
nainic decelerations. The first imuact of the 

sphere and the surface. 
The ASIIMET experiment combined 

accelerometer and MET instruments (2). 
The accelerometer instrument contained 

probe with the martian surface occurred 5.3 
min after it entered the atmosuhere. In the 

science and engineering accelerometers 
that each monitored accelerations alone 

first minute after impact, the lander 
bounced 15 times and pressure sensor data 
indicated that it rolled 10 In vertically 
downhill. It came to rest about a minute 
later at a site 3389.7 km from the center of 
mass of Mars 16). Surface acceleration mea- 

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 

- 
three orthogonal axes. In each axis, the 
maxirnum sensitivity was 20 p,m/s2 [2 X 

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- 

J. T Schofield and D. Crisp, Jet Prop~~lsion Laboratory 
California Institute of Technology, 4800 Oak Grove Drlve, 
Pasadena, CA 91 109, USA. 
J. R. Barnes, College of Oceanc and Atmospheric Sc -  
ences, Oregon State University, Col?!als, OR 97331, 
USA 
R. M Habere, Ames Research Center, Moffett Field, CA 
94035-1 000, USA. 
S. Larsen, Wnd  Energy and Atmospheric Physics, Risoe 
National Labora:~~!,  AMV-125, Post Ofiice Box 49, 
Roskde, Denmark DK-4000. 
J A Magahges, J R Murphy, A. Selff, San Jose State 
University Foundailon San Jose, CA, and Ames Re- 
search Center, Moffett F e d ,  CA 94035-1000, USA. 
G Wilson, Arlzona State Unlverslty Tempe, AZ, and 
Ames Research Center, Moffett Fleld, CA 94035-1000 
USA 

, , 

surements of 3.716 m/s2 agree with values of 
3.717 m/s2 calculated for the lander loca- 
tion and'height ( 7 ) ,  providing a verification 
of accelerometer gain calibration. 

ment consisted of pressure, temperature, 
and wind sensors. Pressure was measured 
through a 1-in 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 pbar, which is more than a factor of 
100 better than that available to the \Tiking 
landers (5). All the h4ET temperature and 

" 

Because the engineering accelerolneters 
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 oressure and telnoerature data 
were collected at 2 Hz during the parachute wind sensors are lnounted on a mast 1.1 m 
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descent and landing phases of EDL. Holy- 
ever, spacecraft design constraints dld not  
allow the  descent temperature sensor to  he 
e x ~ o s e d  to the free flow around the  lander, 
so that dlrect atmospheric temperature 
lneasurelnents were not  uossihle (2 ,  8). 

For the 30-day primary landed mission, 
5 1 equallv suaced h4ET lneasurelnent ses- . , A  

sions nere  made each day to monitor the 
atmospher~c dillrnal cycle and synoptic (day- 
to-day) variations. These 3-mln sessions 
samuled the atlnosuhere at 4-s mter\,als and 
xere  interspersed with 15-mi11 and 1-hour 
sessions of 1-s samuline to lnonitor the sur- 
face ho~ l~ lda ry  laye;. l he boundary layer ses- 
sions were repeated as frequently as allowed 
by data volume, in a pattern that sampled all 
local tllnes of day as rapidly as possible. 
Finally, 011 sol 25, a 24-hour session was 
executed that sampled sclence data contin- 
uously at 4-s intervals for a colllplete daily 
cycle. T h e  continuous h4ET obser~~ations de- 
sired during the primary illission were inter- 
rupted by spacecraft computer resets. O n e  of 
these resets was associated with errors in 
MET software, and the measurements were 
lllnlted to the nighttllne froin sols 12 to 17, 
until the errors were corrected. 

Entry, descent, and landing. Atmospher- 
ic density, pressure, and temperature profiles 
nere derived from ASIIMET deceleration 
ineasurernents during Pathfinder EDL and 
coinpared nit11 VL-1 results (Figs. 1 and 2).  
T h e  mean solar forcing of the martian atino- 
sphere at the time of the Pathfinder and 
I'L-1 profiles nas  similar. Solar longitudes 
(L,) of 98" (I'L-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 hy sun- 
spot counts, was near-minimum for hot11 pro- 
files, the lower atmosphere had comparable 
amounts of dust (9), and the  two lalldings 
ne re  at similar latitudes and longitl~des o n  
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 collld he inlnortant in under- 
standing their differences. 

For a n  entry vehicle, atmospheric den-  
sity is directly related to  aerodynanlic de- 
celeration, velocity relative to  t h e  atmo- 
sphere, and aerodynaillic characteristics 
12) .  Deceleration was measured directlv: , , , , 

velocity and position can be reconstn~cted 
by integrating the  equations of inotion 
using the  observed decelerations and a n  
initial velocity and position; and Path- 
finder entry vehicle aerodynamic charac- 
teristics are k n o \ ~ n  from computational 
aerodynalnic siinulations and laboratory 
experiinents. 

htinospheric densities measured hy Path- 

tlriilel \ atled fiom -5 X 10-" kg/m' ,rt the cause of lleatlng b\ s 
threshold of detection to 8 X lop3 kg/m' u l t l a ~  iolet ladlation, 
~mmeillatel) before palachute lelease at 9 a b o ~ e  125 km 111 the Pathfmder 
km (Fig 1 )  Floln 160 to 90 km, densities ploflle (Flg 2)  Although the unceltainties 
lange fiom a fact01 of 5 lowel than VL-1 111 the delir,ed t e m p e ~ a t u ~ e s  at these altltudes 
values neal and abor,e 120 km to a factoi of ale lalee, ~t aDueals that Pathfinde~ temuel- 

u A A 

2.5 lower near 90 km. T h e  increase in den- atures are close to or slightly higher than 
sitv between 90 and 80 km, which corre- those measured bv \'L-1. 
sponds to  a deep temperature minimum (Fig. 
2),  ralses the  Pathfinder densities at lorver 
altltudes to values sllghtly lower than VL-1 
densities. T h e  loner values of density, and 
therefore pressure, encountered hy Pathfind- 
er below 30 lan are generally consistent with 
the lower overall mass and suriace pressure of 
the inartla11 atmosphere a t  the time of the  
Pathfinder landing ( 1 C). T h e  decreased sur- 
face pressure results from the annual varia- 
tion in atmospheric lllass caused by conden- 
sation and sublimation froill the polar caps 
(11).  

T h e  il~artian thermosphere. \\,here tem- 
perature increases rapidly ~ v i t l ~  altltude be- 

From 65 to 125 lcm, observed tempera- 
tures were, o n  average, 20 K lower than  
those observed hy VL-1 (Fig. 2).  This con- 
trast 1s responsible for the lower Pathfinder 
densities above 90 lan. Because radiative 
time constants reach a rninimuln in this 
altitude range, a large response to diurnal 
forcing is a lilcely explanation for this dif- 
ference (1 2).  T h e  temperature ininimum of 
92 K at  80  k l l ~  is the  lowest temperature 
ever measured in the illastian atmosphere 
and may result from the  superposition of 
waves. such as therillal tldes. 01-1 the overall 
nlghttiine coollng. Tides propagate from 
the  lower atmosphere ~71 th  ainplitudes that 

o ~ I ' I ' ~ ' ~  
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Fig. 1 (left). The atmospherlc density profile derlved from ASI:MET. Tile solid lines give the mean 
atmospheric denslty pro fe  derived from the accelerometer data and profes reflecttig i 2 u  unceriain- 
ties in density based on uncertainties in the entry veloclty and the finlte digital resolution of the 
instrument. Errors in aerodynamic characterstcs are not Included but are not expected to change the 
error envelopes substant~ally. Further work with the accelerometer and pressure data will allow us to 
extend the density profile down to the surface, where the MET obsetvatons of pressure and ternpera- 
ture Indicate an atmospherc densty of 1.76 x lo-' kg:m3, marked by an oval on thex axs of the flgure. 
Results from the VL-I  atmospherc structure instrument (AS) (2, 3) and the Vkng  1 upper atmosphere 
mass spectrometer (UAMS) are also plotted for comparson (2, 3). Fig. 2 (right). The atmospheric 
temperature profile derived from the Pathfinder atmospherc density profe.  Temperature profes cor- 
responding to the nominal and =2u density profiles of Fig. 1 are represented by solid lines. The 
hydrostatic eqc~ation IS integrated to derive a pressure profile from the density profile, and temperature 
is calculated frorn density and pressure with the use of the ideal gas law To begn the integraton, an 
upper boundary temperature is determned from the denslty scale height at the upper boundary. 
Uncertaintes in this temperature affect the derived profiles signficanty only above 125 km, In order to 
derive temperatures, we have constructed a molecular weight versus atmospherc densty model based 
on the results of the Vikng UAMS 129). At present, we have no way of quantifying the accuracy of this 
model, which influences temperature above 120 km. At lower alttudes, the martian atmosphere IS well 
mixed, wlth a constant molecular weight of 43.49. Temperature profes from the VL-1 AS1 and UAMS 
experments (2, 3), the CO, condensaton temperature profile, and the suriace temperature measured 
by the Pathfnder MET instrument (circle) are also shown for comparson. 
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increase \\it11 altitude. 
A t  80  km, the Pathfinder telnperature 

profile is lower than the  CO; co~ideilsatioii 
temperature (Fig. 2 ) .  T h e  lower tempera- 
ture may result from supercooling or from 
iiiaccuracies in tlie vapor pressure cur17e for 
C O ,  (13) ,  but it is possible that C O ,  could 
be c-o~ideilsi~lg a t  these levels to form high- 

Time (sols) 

0 6 12 18 24 
Mars local time (hours) 

Fig. 3. (A) T~me-averaged surface pressures mea- 
sured by the MET Instrument over the flrst 30 sols 
of the Pathfinder landed m~ssion. The averages 
are primar~ly over the 3-lnin default measurement 
sessons, of which there are nominally 51 per sol; 
and the resulting points have been connected 
v~lth straight lines, except for sols ;2 through 15, 
where cubic splne interpolaton has been used to 
ill data gaps of about 8 hours in length. MET 
operat~on was restricted to nighttime obsewa- 
tions during this period to prevent spacecraft re- 
sets associated with MET data collection The 
major gaps In the data set at sols 1 ,  8, 11, and 17 
are caused by various spacecraft software reset 
and downlink problems. After sol 17, the reset 
problelns associated w~tli MET were corrected. 
and ccntinuous sampling was resumed. The ong- 
term trend In pressure is represented by a third- 
order pclynoma f~t to the data (solid cutve) (6) 
Diurnal pressure cycles for sols 9 (solid line) and 
19 (dashed h e ) ,  illustrating the obsewed day-to- 
day changes in the diurnal pressure cycle and 
allowing details of the daily pressure varation to 
be seen more clearly. 

altitude clouds. Observatio~ls by the  iinager 
for the  h?ars Pathfinder ( IMP) of sky hright- 
e ~ i i n g  well before tlie expected start of da~vi i  
inav indicate the  vreseiice of such clouds, 
although tlie substantial morning clouds 
ideiitified in images of the  eastern lioriroil 

u 

before s~lilrise are allnost certainly water 
clouds forined a t  much lower levels (9) .  

Below 60 km, temperatures measured by 
Pathfinder are higher than those ~ n e a s ~ ~ r e ~ i  

u 

by VL-1 d o ~ v n  to 35 kin and are siinilar or 
slightly louer at laver  altitudes down to 
16.5 km (Fig. 2). These ~liffere~lces are con- 
sistent with inillor variability in ilust con- 
tent and are also wit111n tlie amplitucies es-  
pected from vertically propagating atmo- 
spheric waves such as tides (1  0). In  vie\\ of 
the similar solar forciiig, it is not surprising 
that the  Pathfinder and VL-1 profiles are 
comparable in tile loner atmospihere. How- 
ever, Earth-based, disk-averaged microwave 
observations ox7er the  past 10 to 15 years 
have been used to suggest that the ~nar t ian 
lower at~nosphere ~liidergoes episodes of 
cooling, \\-liicli are characterized by reduced 
solar-absorbing dust cc>ntent a~ l i i  29 K lower 
telnperatures relative to the coilditiotls ob- 
served during the Viking mission (4) .  Tlie 
Patllfinder entr\- nrofile sliows no  evidence . L 

for sllbstantial coolitlg of the lower atmo- 
sphere (Fig. 2 ) ,  althougli microwave prof~les 
obtained before and after landing suggested 
that a cool atlnosphere n.ould he found (1 4 ) .  
Fl~rtliermore, IMP obser\~ations yield atmo- 
spheric ill~st opacities of 0.5 (9 ) ,  nli ich are 
comparable to tliose found Liy VL-1 at the 
sanie season. Tliese ot>acities are cotlsiste~it 
nit11 our temperature profile observations. 
Finally, ~t is ~lnlikel\- that Pathfinder entered 
a locally dusty and anomalously r a r i n  re- 
gion, as dust opacities remained stable 
tlirol~ghout the  30-day priinary 1liissio11 (9) .  

Below 16.5 kin a strong thermal inver- 
sioii is present in the Pathfinder data, ~vliere 
teinperature decreases from 209 to 181 K at  
10 km (Fig. 2).  This inversion is a t  too high 
an  altitude to be the strollg thermal inver- 
sion in the  lonrest few kilometers of tlie 
nighttime dillrnal thermal Lioundary layer 
o n  Mars preilicted by radiative-co~ivective 
models and one-dimensional dynamical 
bolmdary layer tnodels (1 5, 16).  A t  the  base 
of tlie Pathfinder profile, temperature ap- 
pears to increase with decreasing altitude 
again aiid call easily acliieve the  observed 
surface temperatl~re, including predicted 
near-surface thermal inversions, n.ithout 
esceediilg the  adiabatic lapse rate. 

T h e  temperature initlirnl~m in the 10-kin 
inx,ersion is  ell below the condensation 
temperature of Ivater 17apor i ~ i  the  tnartiail 
atmosphere, assuming tliat the 10 precipi- 
table inicrotneters of xvater derived from 
IMP measureinents are uniformly mixed 
(9 ) .  Tliis ~nvers ion inay mark the  altitude of 

clouds seen in IMP images before sunrise 
19)  and near the  ion-latitude i n o r ~ l i ~ l o  ter- , , - 
miiiator in  Huhble Space Telescope images 
( 1  7),  a l t h o ~ ~ g h  the  height of these c l o ~ ~ d s  is 
not  well known. After sunrise, tlie clouds 
burned off rapidly, and the  inversion may 
have disappeared. W h a t  triggered the  for- 
 nation of a strong temDerature in.i~ersion is ., . 
not k ~ l o \ y ~ l ,  but possible ~nechan i s~ns  in- 
clude the  horizontal advection of cooler air 
a t  10 k ~ n  ~ ~ l d  vertically propagating finite- 
amplitude gravity waves excited by surface 
topography ill the  strongly stratified near- 
surface iiiglittiine hounilary layer (18). 
Once clouds formed, tlierinal einissioii from 
tlie cloud tops c o ~ ~ l d  have enhailced the 
iiltziisitv of the  inversion at night. 

Measurements made after landing. Tlie 
pressure, temperature, and wind velocity 
data acquired by ASI/bIET during the land- 
ed ~nissioil allow tlie variability of the  mar- 
tian atmosphere at the i ires  alli is landing 
site to be studied duriiie tlie ~ n i d s u ~ n ~ n e r  " 
season 011 short, daily, synoptic (day-today), 
and seasonal time scales. Tliis reveals not 
only the local properties of the atmospliere 
and its ititeractio~i n ~ t h  the surface but also 
Inore global i~ifor~natioli  on atmospheric 
dust loading, circlllation, and the seasonal 
CO: cycle. Comparisons wit11 VL-1 data tak- 
e n  a t  the same time of \-ear can be used to 
identify longer-term cl~tnate clianges. 

Pressure data. During sols 1 tllroueh 10. 
surface pressure at the  landing slte ~lnder-  
nrent substantial daily ~ ~ a r i a t i o n s  of 0.2 to 
0.3 mtiar, n.liicll \\ere associated primarily 
\\.it11 tlie large thermal tides in the thiil 
martian atmosphere (1 1 ) (Fig. ? A ) .  Daily 
pressure cycles were charactericeil Liy a 
strollg se~nidiurilal oscillation, w ~ t l i  t r o  
~ n i ~ l i m a  atid t ~ v o  ~nax ima  per sol, together 
~ v i t h  dlurlial and li~glier-order components, 
althougli there \vas cotlsiderable day-to-day 
variability (Fig. 3B). T h e  presence of a large 
semidiurnal tidal oscillation is indicative of 
atmosnlleric dustiiless ot7er broad reoions of 
Mars and o17er a n  altitude range of at least 
I 9  to 20 klli 119). 

A long-term trend in daily lneail pres- 
sure n.as also seen. A tli~rd-order nol\-nomi- 

L ,  

a1 fit t o  the  data sho\vs tliat lneaii pressure 
fell slowly at tlie heginning of the  period 
aiiil rose at tlie end, xvitll a minimuln just 
under 6.7 mLiar near sol 20 (L- - 153") (Fig. 
3 A ) .  This time correspo~ids to the annual 
deeu i n i t i i ~ n l ~ ~ n  in the seasonal oressure c\-- 
cle associated witli C O ,  colldensatio~l and 
subli~nation in the  polar regions of h?ars 
and r a s  seen pre\.iollsly by tlie Viking land- 
ers (11) .  

T h e  ASI/MET pressure sensor detected 
a variety of pressure \miations o n  relatively 
short time scales. These raiioed from sec- 
clnds to hours and had magnitudes of 1 to 50 
~ ~ , h a r .  T h e  shorter t~me-scale variations 
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(< lo  to 15 min) appear to be correlated 
with wind and temperature fluctuations and 
tend to be largest during late morning and 
early afternoon, when the boundary layer is 
most turbulent. The most dramatic pressure 
features were minima of 10 to 50 pbar, 
usually less than a minute in duration, as- 
sociated with vortices (dust devils) passing 
over the lander. A particularly good exam- 
ple was seen during the continuous sam- 
pling of sol 25. 

Tem~erature data. In common with the 
single-level observations made by VL-1 at 
the same season, the diurnal temperature 
variations at the three Pathfinder levels 
repeat from day to day with a high degree of 
consistency. The diurnal cycle was sampled 
particularly well on sol 25 (Fig. 4). For the 
top mast thermocouple, a typical maximum 
temperature was 263 K at 14: 15 LST and a 
tv~ical minimum was 197 K at 05 : 15 LST. , . 
shortly before sunrise. Because of the low 
density of the martian atmosphere, near- 
surface atmospheric temperatures are influ- 
enced by the surface temperature cycle, 
which is driven by solar heating during the 
day and infrared cooling at night. For this 
reason, diurnal temperature extremes at the 
bottom of the mast exceeded those at the 
top (Fig. 4). Temperatures at the top of the 
mast (1.1 m) were greater by 10 K during 
the day and 12 K at night than those seen at 
1.6 m by VL-1, probably because of the 
lower albedo and greater thermal inertia of 
the surface at thePathfinder landing site. 

The diurnal variation of the vertical tem- 
perature gradient was also consistent from 
day to day. At sunrise, the atmosphere is 
typically stably stratified, and cool dense air 
lies near the surface (Fig. 5). As the surface 
warms, the air mass is heated from below. By 
about 06:30 LST, all three mast tempera- 
tures are about equal, indicating that the 
near-surface atmosphere is neutrally stable, 
because isothermal and adiabatic la~se rates 
are indistinguishable over a vertical range of 
75 cm. By 07:30 LST, ground heating ex- 
ceeds the ability of the atmosphere to trans- 
fer surface heating by conduction, the tem- 
perature gradient reverses, the atmosphere 
becomes unstable, and convection begins. 
Turbulent mixing carries heat from the sur- 
face and is revealed by large rapid tempera- 
ture fluctuations of up to 15 to 20 K observed 
during the remainder of the morning and 
earlv afternoon. Later in the afternoon. the 
surface cools and turbulent mixing diminish- 
es (Fig. 4). By 16:45 LST, the thermal pro- 
file is neutral and what surface winds are 
observed convect heat quickly. Shortly after- 
ward, surface cooling causes the temperature 
gradient to invert, and the surface boundary 
layer becomes stably stratified for the dura- 
tion of the night. Major nighttime tempera- 
ture fluctuations are caused by downslope 

winds that disturb the surface boundary layer 
(Fig. 4). 

Large near-surface temperature gradients 
of 10 to 15 K are probably a common 
feature of the martian daytime boundary 
layer. Because of low atmospheric densities, 
the convective heat flux is unable to cool 
the surface as efficiently as on Earth, where 
atmospheric fluxes typically remove 80 to 
90% of the net surface radiative flux under 
convective conditions. 

Wind data. The ASIIMET wind sensor 
measured wind speed aid  direction 1.1 m 
above the base of the mast. Accurate s~eed  
determination requires further calibration 
of the relation between wind speed, air 
temperature, and sensor hot wire overheat 
under Mars surface conditions and is not yet 
available. Here we discuss wind direction 
and approximate speed based on azimuthal 
variations of wire overheat, which are a 
function of both wind speed and direction. 

For sols 1 to 30, wind direction generally 

Local solar time (hours) 

6 9 12 15 18 21 24 3 6 
Local solar time (hours) 

Fig. 4 (top). The diurnal variation of atmospheric 
temperature measured by the top (red), middle 
(black), and bottom (blue) mast thermocouples, 
from 06:OO LSTon sol 25 to 06:OO LSTon sol 26. 
These thermocouples are respectively 100, 50, 
and 25 cm above the plane of the lander solar 
panels. Temperatures are sampled continuously 
at 4-s intervals throughout this period, but the 
plots use 30-point (2-min) running means for clar- 
ity (this smoothing reduces the amplitude and fre- 
quency of the fluctuations that are present in the 
raw data). Fig. 5 (bottom). The data of Fig. 4 
plotted as temperature deviations from the mean 
of all three thermocouples. Sampling times and 
data smoothing are identical to those of Fig. 4. 

rotated in a clockwise manner 
through all the points of the com- 
pass &ring the course of 1 sol (Fig. 
6). This rotation was not uniform. Winds 
were consistentlv from the south in the late 
night and early morning hours and then 
rotated steadily through west, north, and 
east during the day. Over the 30-day period 
studied, nighttime wind direction was re- 
markably constant, but considerably more 
scatter was seen during the day (Fig. 6). The 
most anomalous wind variations were ob- 
served on sols 8 through 10, when north- 
easterlv winds were absent from the dailv 
cycle. A pronounced reduction in the daily 
variation of surface Dressure was seen in the 
same time interval (Fig. 3). 

The recurrent southerly wind from late 
evening through morning is consistent with 
a drainage flow down Ares Vallis, which rises 
to the south of the lander (1); and the 
northerly wind seen in the afternoon is in- 
dicative of flow up Ares Vallis. Although the 
clockwise rotation of the wind vector agrees 
with that ex~ected from the westward-mi- 
grating classical diurnal thermal tide, the 
time-phasing of wind direction throughout 
the day does not. The classical tidal drive 
would generate a westerly maximum near 
18:OO LST and a southerly maximum at 
about 12:OO LST. It therefore appears that 
local topography, or possibly nonclassical 
tides, are controlling the wind direction at 
the Pathfinder location during midsummer. 

Winds measured at the VL-1 site at this 
same season 11 Mars vears earlier (1976) - ,  

were generally weak ( 2 6  d s ) ,  exhibited a 
time-averaeed northwesterlv direction. and ., 
were approximately upslope during the after- 
noon and downslope during the night and 
early morning. Increased wind speeds accom- 
panied the increased pressure oscillations 
seen during the several sols surrounding L, = 
150 (20). If the winds are slope-driven at this 

Local solar time (hours) 

Fig. 6. Time-averaged wind direction measured by 
the MET instrument over the first 30 sols of the 
Pathfinder landed mission, plotted as a function of 
LST. Each point represents an average over a 3- 
min default measurement session. Wind direction 
is defined as follows: 0" and 360" (northerly), 90" 
(easterly), 1 80' (southerly), and 270" (westerly). 
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season. the cliffere~ices between VL-1 ancl Patliflncler observations make the estinlatioli 
of periodicitles difficult. O n  the basis of the 
VL-1 c?ata and pre-landing general circula- 
tion model predictiolis for the Pathfinder 
site, it is expected that synoptic variations of 
~ l i ~ l c l i  larger aniplit~lde will begin as the tram 
sitlon to the fall and \i-inter Iveatlier reginie 
takes place (1 C, 2 1 ) .  There is evidence that 
this is beginnilig to happen at the end of the 
Pathfinder pressure record. 

Thermal tides. For the first 30 days of the 

by so1 27 .  Phase also varied &ring this 
Patlifmder n.lnds are expected to reflect dif- 
ferences in the nlael1it~lcle and dlrectioli of 

period, retarclillg during the first 15 sols 
tlien aclvancinn clurine the last 15 sols. T h e  

the slope at the ~ M . O  sites. Finally, prelim- 
nary estimates suggest that \\-ind speeds were 
comparable with or lower than those mea- 
sured bv VL-l a t  tlie same time of year. 

- 
amplitude of the  diurnal tide is sensitive to 
tlie calibration of the uressure sensor, ~ v h i c h  
1s still preliminary. Hoaever ,  the time vari- 
ation of amplitude ancl phase is relatively 

Speeds (Yere generally less than 5 to lL?'m/s, 
except during the passage of ilust del-ils, and 
were often less than 1 ln/s in the morning 
hours. This may be consistent a i t h  the loner 
slope at the Patlifinder site. 

Synoutic and seasonal variations. Svn- 

insensitive to callbration. 
These variations in the diurnal tide sup- - 

gest that it was moclulated by interference 
effects betiveen the sun-follo\ving west\vard 

landed mission, the selnidlurnal tide was the 
largest component of the daily variation in 
surface pressure (Fig. 7).  Its amplitude is 
generallv silliilar to that found by VL-1 alicl 

- 
tide alicl the topographically induced, reso- 
nantly enliancecl, eastward traveling, d i~ l r~ la l  
kelvin mode (19, 22, 24). O n e  possibility is 
that the interactiol1 is betn.een eastward ancl 

, . 
optic ancl seasonal variability in the nlartian 
atlllospliere a t  the  Ares Vallis la~idino slte " 

are seen most clearly in the pressure data 
(Fig. 3 ) .  In  particular, the  annual pressure 
cycle reacheel a minimum at  about sol ?Q,  
correspo~lding to the  greatest mass of the 
southern seaso~ial polar cap (1 1 ), although 
the precise timing of the  pressure minimum 
can be up to 5 sols earlier and 1 sol later, 
depe~iding o n  exactly hon. the  pressure data 
are analyzed. T h e  Patlifillder minil-ilum ap- 
pears to have occurred about 6 sols later 
than tliat seen during the first year at tlie 
VL-1 site [21) ,  \\-liicli seems to illiply Inore 
or longer lasting CO-. ~ o n ~ l e n s a t i o n  o ~ i  tlie 

is colisis'tent with a visible optical clepth of 
global dust of order Q.5 (19).  This value is 
comparable to that measured by the Ih?P 
(9) .  Gil-en the long 1-ertical \vavelengths 
associatecl with tlie se~liicli~~rlial tide, its 
nieasured amplitudes further suggest that the 
dust n.as deeply distributed in the atmo- 
sphere and was not co11filled to a shallon 
layer near the surface. This iliferelice is con- 
sistent with the clust scale lieight of about 11 
km deduced from IMP llleasurellielits (9 )  

~vest~vard mocles of comparable amplitude, 
where the eastward niode period is first 
slightly greater than and later slightly less 
than 1 sol. Altemativelv, the eastward and 
n.estn.arcl lnocles coulil have sl~lillar periods, 
alicl amplitudes may vary with time. Tlie 
modeling of this interaction may help to 
distinguisli betn.een these tn.o possibilities. 

Nighttime temperature inflections. AS11 
A'lET ten~perature measurements show tliat, 
o n  average, atmospheric temperat~~res  fall 
monoto~iically through the evening ancl 
night ~ ln t l l  su~lrise. O n  l~iost niglits, lie\\-el-- 

~, 

and with our entry profiles, v-liich s h o ~  a 
relatlvelv warm lower atlliosohere belo\\. 62 
km. However, as ~lielitiolied earlier, a deeply 
distributed elobal clust hare is not colisistel1t 

south polar cap. \'ariations from \-ear to 
pear of at least several sols in the tillling of 

er, the  steacly decline in temperature was 
interrunteii hi- one or more ilitlectio~ls in the 

ii-ith Earth-based micron.ave measurements 
for this same period (14).  

T h e  amplitucle of tlie diurnal tlde nras 
sn~aller and more variable. O n  sols 5 and 9. 

gradient, vvhere the temperature fell less rap- 
idly or even rose before resumine its don.n- 

the  annual pressure minimum were ob- 
served by the  two Viking landers (22) .  

Small synoptic variations in amplitucle of 
less than 1 to 4 K in temnerature ancl ?L? to 

ward trencl. Striking features of this kinel are 
seen in Fig. 4 at 18:15, 19:0Q, ?0:4Q, and 
L?3:L?5 LST and are particularly Inarkeel in 
top Iliast t h e r l l l o c ~ ~ ~ p l e  temueratures. 

3Q yhar in pressure are present in the ' G I /  
h1ET data, after diurnal fluctuations and 

~iorlnalized amplit~ldes \yere don.11 to L?.0Q? 
(Fig. i ) ,  n~h ich  is lliore than a factor of 2 
smaller than a l~ything measureel by Viking. 
T h e  variation seen bv Patlifiniler is some- 

longer term trends are removed. \'ariations 
of comuarable magnitude xere  found in the 

Temperature i11flectio1ls seen in tlie 
VL-1 temuerature data set were attributed to - 

VL-1 data for this season; the greatest vari- 
ance was at relati\-el\- long (10- to 30-sol) 
perioclicities (21, 23).  hlissing data and tlie 
limited temporal extent of tlie available 

what systelllatic in that diurnal a~liplit~lcles 
\yere lo\\ during the  first 5 to 12 sols, grad- 
~lally rose to values of around Q.L?lQ by sol 
2Q, tlien declined to  rather lon. values again 

racliatil-e effects associated ni t l i  the forma- 
tion of ground foes 125). A t  the Pathfincler 

u 

lanclil1g site, temperatures are about 10 K 
11-armer than those of \'L-l at night, and 
collcle~isatio~i is unlikely, given the 10 pre- 
cipitable micrometers of water measured by 
the IA'lP (9) .  Ho\ve~.er, there was a positive Fig. 7. I A ~  The amptc~de 0.012 

of the diurnal :black d i a  ; o ,O1O 
monds; and semidiurnal - .- 
(open diamonds) s~lrface E 0.008 
pressure t~des for the 
frst 33 sols of the Path- a 
flnder landed misslon 0.004 
Hmptudes are normal- g 0,002 
zed relat~\~e to the ,nean 
pressure for each day. 0.000 

correlatio~i betn-een increaseel n~ ind  speed 
and the  observed tliermocouple temperature 
inflections. Increased horirontal flow may 
have dist~lrbed the strong temperature in- 
version that developed a t  nlght, bringing 
warmer air from aloft don.11 to thermocouple 
heights through e~ihaliced 1-ertical mixing. 
After the nighttime a.;lrming episodes, tem- 
peratures fell rapidly in conlunction with 
substantial reductions 111 \\-inel speed. T h e  

(61 The phase, In LST. of 12:00 
tLie d~urnal (black d~a -  B 
mondsi and sern~d~urnal - 0  0 00": 0 0 0 0 0 0 ~ 0  000 

(open damonds; surface - O o O  * *  + 
niglittilne temperature inflections occurred 
i ~ i  the ureselice of southerly n-inds and can- 

pressure ides .  Enough 8 g:oo 
pressure data were col- g 8:00 
ected to character~ze 

* * *  
the rherma tlde on 20 ':0° - 

0 

sols. Pressure ,neasure- 6:OO - 

ments from each of 5:OO ' t J 

these sols were firred 0 5 10 15 20 25 30 
with a c~lbic spline, from Sols 
which 51 equally spaced nte~vals were sampled to defne the tide. 

not be'produced by thermal co~l taminat io~l  
from the bocly of the spacecraft, \vliich is 
locateel to the  north\\-est of the h1ET mast. 

Dust devils. Short-term variatio~is in  
measureel surface pressure, n-ind velocity, 
and air temperature over periods of tens of 
seconds to minutes suggest that small-scale 
c o n v e c t ~ \ e  vortlces passed tlirough tlie 



Pathfinder larider site. During the  passage 
of one of tliese features, Dressure fell and 
recovered rapldly, accolnpanied by abrupt 
shifts in  .ivinel direction. These events, 
a l i ich  we refer to as dust devils, are proba- 
bly slinilar in character to features noted in 
the  I 'L- l  a~icl I'L-2 meteorology data (26)  
and inay have been seen by the  I ' ik i~ig  
orblter cameras (27).  T h e  narrow, well-cle- 
filleel pressure in lninn~m is the  niost char- 
acteristic feature of these vortices, but it was 
not  seen in the  Vikillg lander pressure 
record because of poor r e so l~~ t ion  and coarse 
temporal sampling. There are currently no  
Pathfinder lander images to indicate whetli- 
er the  apparent vortices entrain dust, but 
the  passage of a particularly large feature o n  
sol 62 was correlated with a short-liveel 
reductio~i of about l . jOh in tlie power gen- 
erated by the  Pathfincler solar panels. 
A dust devil event at 14: 15 LST on sol 25 

has the characteristics of a clock~vise-rotatmgg 
vortex travelilie toward the south-southeast 
(160°), with tlie vortex center passing nest 
and south of the lancler (Fig. 8) .  During this 
event, pressure fell 0.L125 ~nbar  in 24 s to a 
minimum, followed by a more rapid rise of 
0.027 mbars in 8 s. The pressure rniliinl~lm 
was accompanied by a local temperature mas- 
imum at all three thermocouple heights. 
These telnDerature inaxilna are themselves 
embedded in a pronounced temperature 111111- 

imum, ah lch  extendeel 1L1 to 42 s l~efore and 
after the pressure minimum. Wind clirectio~i 
rotated from nortliwesterly, nlilch was tlie 
mean flow direction before the vortex arrived, 
tlirough nortli to northeasterly in the 42 s 
prececlillg tlie pressure minimum, before shift- 
111g abruptly tlirough ~iortherly to westerly at 
ancl just after the pressure minimum. Winel 
direction slo\?-ly returned to north-nortli~\-est- 
erly over the ininutes following tlie pressure 
minirnum. This pattern is consistent with a 
clockwise-rotatin. vortex enlbedcled in an u 

arnbielit flow tliat has a speed less than the 
vortex rotational speed (26).  , , 

Boundary layer results. Tlie near-sur- 
face boundary layer of the martian atmo- 

Fig. 8. Pressure, wind. 
and temperature chang- 
e s  associated with a 
small-scale vortex, or 
dust devil, passing 
through the Pathfinder 
landing site The mea- 
surements were taken at 
4-s intewals. 

sphere can he described by "un~versal" scal- 
ino laws involving clinlellsionless coeffi- 
u u 

cients determined from measurements in 
Earth's atmosphere. Tlie Viking alicl Path- 
finder measurements provide us with a n  
opportunity to test this universality by using 
measurements in another atmosphere. Al- 
though the  martian atmosphere differs in 
nlaliy respects from our own, nlost of the  
~lniversal relations are expected to be valid, 
baseel o n  the  analysis of I'lklng data (28) .  

Relative to Viking, the  Pathfinder mea- 
surements have the  following advantages for 
boundary layer studies. Temperature mea- 

Fig. 9. An average pov~er spectrum S(f) for the 
martian atmosphere (dashed line) IS compared to 
a simar spectrum from Earth obtalned under 
weakly unstable condit~ons (bold n e )  The aver 
age spectrum IS derved from nght- and daytime 
power spectra for 1 0-mln martian atmosphere 
temperature time seres measured by the bottom 
mast thermocouple The spectra are normazed 
by the turbulence temperature scale T derived 
from the temperature profiles, assuming a loga- 
rlthmic profile of Tfz) = T /k Ln(z/zOl where K is 
Von Karman s constant andz is alttude, and plot- 
ted versus the frequency f The difference be- 
tween the Earth and Mars spectra at high frequen- 
cies IS many due to sensor tme constants The 
line marked 213 represents the deal slope of ihe 
inertal subrange power law 

6 6 8 l  I I I I I I 1255 3 
0 30 60 90 120 150 190 210 240 

Seconds 

sulenieiita at seleral heights allov 

the vertical temperature graclient, 
and the successful A'lET samplilig strategy 
has ensured that turbulence and profile clata 
with high temporal resoh~tion (1  Hz or bet- 
ter) are available over a wide variety of con- 
ditlons, with good systenlatic coverage of 
cliurnal and intercliumal variability. 

As an  exanlple of the analysis of turbu- 
lence cliaracteristlcs from Patlifincler, we 
show an  average temperature power spectrum 
obtained from the Fourier deco~npositioll of 
several temperature time series (Fig. 9) .  Indi- 
viclual spectra are scaled by the appropriate 
temperature scale T , which, following the 
h,\.loni~i-Obuchov formulation, is tlie inost itn- 
portant scaling parameter for both vertical 
profiles and spectra (28). The  T values scal- 
lng the spectra were derived from the mea- 
sured temperature gradients, assuming close to 
neutral thernlal stability due to the proximity 
of the ground (0.25 m),  although T ranges 
from 5 K to +0.2 K. Although simplified, 
tlie scaling does a reasonable job 111 collapsing 
mclividual spectra ancl hence in supporting 
the applicability of the Xlonm-Obuchov scal- 
llig laws. 
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Results from the Mars Pathfinder Camera 
P. H. Smith*, J. F. Bell Ill, N. T. Bridges, D. T. Britt, L. Gaddis, 

R. Greeley, H. U. Keller, K. E. Herkenhoff, R. Jaumann, 
J. R. Johnson, R. L. Kirk, M. Lemmon, J. N. Maki, M. C. Malin, 
S. L. Murchie, J. Oberst, T. J. Parker, R. J. Reid, R. Sablotny, 

L. A. Soderblom, C. Stoker, R. Sullivan, N. Thomas, 
M. G. Tomasko, W. Ward, E. Wegryn 

Images of the martian surface returned by the Imager for Mars Pathfinder (IMP) show a 
complex surface of ridges and troughs covered by rocks that have been transported and 
modified by fluvial, aeolian, and impact processes. Analysis of the spectral signatures 
in the scene (at 440- to 1000-nanometer wavelength) reveal three types of rock and four 
classes of soil. Upward-looking IMP images of the predawn sky show thin, bluish clouds 
that probably represent water ice forming on local atmospheric haze (opacity -0.5). Haze 
particles are about 1 micrometer in radius and the water vapor column abundance IS 

about 10 precipitable micrometers. 

A f t e r  hIars Pathfinder's landing o n  4 July 
1997, the Imager for Mars Pathfinder (IMP) 
( I  ) returned the  first pictures of Mars fl-om 
the  surface s n c e  the Viklne illissiolls 21 
years before. T h e  pa~lora~l l ic  views (Plate 
I A )  show a terrain littered \vith boulders 
stretchi~lg to a horizon graced by tn-o hills 
( the  "Twin Peaks"), the  southern one con- , , 

lcal with a vertical stripe, the northern one 
broader and banded 1~1th possible terraces. 
But stereoscopic views (Plate 1B) later re- 
vealed that the terrain betn.een the  lander 
and the Twin Peaks was a series of shallov\~ 
gullies, some filled I\-ith fines material. This 

rlilge and trough structure appears to be a 
remlallt  of the  catastrophic floods that 
came through this area inore t h a ~ l  2 blll lo~l 
\-ears ago from Tiu Vallls, southwest tc? 
north\vest trend, and from Ares Vallis, 
south-southeast to north-nort11n.est t r e~ ld .  

Here, along wlth (Z), we present results 
o n  a range of topics from the  geomorphol- 
ogy and mineralogy of the  site to the atmo- 
spheric properties and astrollomical obser- 
vations. During the  first 30 da\-s of opera- 
tlon, the IhIP returned 9669 images from 
the surface of hlars; man\- of these are sub- 
fl.ames taken of the  sun, various tarpets o n  
the lander, 01 l n ~ ~ l t i s ~ e c t r a l  apota o n  select- 

P. H. S ~ ~ t l i ,  D T 3<1tt, M. Lelrmon, R J Red. Ivl. G ed rocks aIld soil. T h e  large panoralnas 
Tot-iasko, E. \Pjeglyn, Lmar  ancl Planetaly Labo,atoly. 
Un~:/e,sity of Afzona, Tucson. W 85721. USA (Plate 1)  and their characteristics are listed 
,. F 3 e  I ancl R Sulvan Ccrnel Un~ve~s~ty ,  tnaca . NY in Table 1. 
14853, USA. Overview of the Pathfinder landing 
N. T. 3,1cIges. K. E. Hefkenhcff. J. N. Ivlak. T ,. OaCker, site, ~h~ patllfinder laniling site, at the 
Jet Propus cn Labo~atoly Ca fc rna  ns t t -~ te  o'Techno- 
cgy. Oasadena, CA 91 109, LSA. mouth of the Ares and Tiu flood channels, 
L Gadds, J F .  ~onnscn ,  F .  L. Krk. L A. Soderblom, 12l. \\.as selected as an  area likel\- to have a 
\Pjacd L S. Geocgca  Suwey 'Iagsta7. W 8E001 USA, diversity of rock types (3 ) .  hs from 
R Gfeelej/, Arzona State Lnvefs ty  Tempe. AZ 85287 
USA. orblt, the  principal elements of the  geology 
'i L .  Keler, R Sablotny, N. Thomas, h11ax Panck n s t -  of the  area include ( i )  relatively smooth 
tute for AeConolry, Katnenb~rg-Lndau, Gemany plains, (i i)  scattered hills that appear to be 
R Ja-~mann and J. Oberst, DLF, 3e,n, Germany. 
i;,I. C Main, IVlaln Space Science Systems, Sari Dlego remilants of a former, eroded surface, (111) 
CA9219I .  LSA impact crater rims and other eiecta deposits, 
S L. Murcne, Apued  Physcs Labcratc;], Jcnns Hop- aIld ( iv)  streallllinej tails behind toPo- 
.c is  Unvecs ty, 3a I t~o ,e ,  h11D 21 21 8. USA. 
C Stcke,, NASA Alnes Reseacch Center, Mofiett ,~ le lc l ,  graphically ~ ro ln ine l l t  features. so~l th-  
CA 94035 LSA ern Chryse plains are pltted by primary and 

.d,, h2T CcrrespOndence sho-IId be adclressed E.mall: secondary impact craters that indicate a late 
pslntnap.arzona edu Hesperian to early Amazonian age. hlem- 

hers of two secondary impact crater clusters 
lie a i t h i ~ i  12 km of the  lander, toward the 
southeast and north-northeast. Faint linea- 
ments, trending south.ivest-nortlleast, are 
seen throughout the  region follo\ving the 
same trend as the  terraced remnants of 
channels and large tails that occur do\vl.n 
slope of the  hills. Divergence of these lin- 
eaments be\-ond the mouths of channels 
reinforces the iinpressioll that they are 
streamlines. 

Postflood, geonlorphic processes 1lal.e 
been relativel\- benign neither physical nor 
chernical weathering has led to substantial 
deterioration of boulders. Derivative debris 
surrounding rocks is ~llillilllal and where 
debris is collected around boulders, it au- , L 

pears as thin lag deposlts atop bright fines, 
and therefore is intermeted to be aeolian in  
derivation. Some rocks show indisputable 
evidence of abraslon. which attests to a flux 
of saltati~lg particles through tlie area at 
some point, although none of the rocks 
shons the extreme abrasion expected for 
two or more billion years of exposure to 
sand blasting a t  ~ l l a r t i a~ l  n ~ i n d  speeds. A t  
the Viking la~lding sltes, where el~idence for 
abrasion was limited and for sand was dls- 
puted, ~t was suggested that the rocks could 
have been b~lrled or that nindblo\vn parti- 
cles were i~lcauable of abraslon. Clear evi- 
dence of rock abrasion a t  the  Pathfinder site 
suggests, and may require, sand-transporting 
wi~lds.  

Sight lines to large distant knobs are 
~ ~ s e f i ~ l  for locating the landing site o n  the  
V ~ k i n g  orblter images; the  landing site is 
about 3 km ~lorth-northv\lest of a 1.5 km 
iliameter impact crater and 1 km east of tn70 
hills less than 50 ~n tall ( 3 ) .  Viknlg orbiter 
images suggest that a subtle, kilometer-wide 
as\-mmetrical rise lies i~n~nediate lv  nest of 
the  landing site, and that this rlse has a 
short, steep \ v e s t - ~ l o r t l e t e r  slope and a 
gentler east-southeastern slope. T h e  twin 
hills are located alonp the crest at the west- 
ern (presumably upstream) end of this ridge. 
T h e  lander is located o n  a south-fac~np 
slope near the  ~lortherllmost extension of 
the  rise, close to the  point \vllere the  relief 
becomes inilistinguishable from the  flatter 
plains. T h e  portion of the rise that exte~lds  
north of the lander hldes all but the  summit 
of a 1QQ m hill located about 2 k ~ l l  north of 
the lander. 

T h e  Pathflllder site is more rugged than 
either of the Vik11lg la~ldillg sites (4)  and 
has a pronounced ridge-and-trough texture 
(Plates 2 and 4). Over distances of 50 to 
100 m, these ridges and troughs ha\-e am- 
pl~tudes  as hlgh as 5 m,  and are irregularl\- 
spaced but conl~llollly 15 to 25 in crest-to- 
crest. South\vest-northeast and south-north 
trends comparable ivith the  large-scale Tiu 
and Ares flo\v directions are modestl\- ex- 
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