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Doppler and range measurements to the Mars Pathfinder lander made using its radio 
communications system have been combined with similar measurements from the Viking 
landers to estimate improved values of the precession of Mars' pole of rotation and the 
variation in Mars' rotation rate. The observed precession of -7576 ? 35 milliarc seconds 
of angle per year implies a dense core and constrains possible models of interior com- 
position. The estimated annual variation in rotation is in good agreement with a model of 
seasonal mass exchange of carbon dioxide between the atmosphere and ice caps. 

L i t t l e  is knou.11 about the  interior of 
Mars. From telescopic observations and 
spacecraft missions, the  mass and radius of 
Mars have been deter~nined and  hence its 
mean density. Because Mars is significant- 
ly asymmetric, its polar moinent of inertia 
C cannot be inferred from the  gravity 
field. Deterlnination of the  polar i n o ~ n e n t  
of inertia yields inforlnation o n  the  distri- 
bution of inass \\ithi11 the  planet,  such as 
a ~ h e t h e r  the  planet has a dense core sur- 
rounded by a lighter mantle.  Analysis of 
radio tracking nleasureinents froin the  Vi- 
king landers has deterinined the  normal- 
ized polar lnolnent of inertia C/MR2, 
where M is the  mass of Mars and R is its 
mean radius, to  be 0.355 t 0.015 ( 1 ) .  
However, the  uncertainty in  this estiinate 
is not small enough to  deterinine \ n t h  
certainty that  Mars has a dense core or  to 
distinguish between interior models rang- 
ing from a n  Earth-llke co~nposi t ion to  
iron-enriched compositions characteristic 
of the  meteorites thought to  originate 
from Mars (2 ) .  

T h e  Mars Pathfinder nlission has provid- 
eii an  opportunity to improve our knoa.1- 
edge of hlars' polar nloillent of inertia and 
hence our knowledge of Mars' interior. As  
with the Viking landers, the  Pathfinder ra- 
dio svstem used for coln~nunication with 
Earth kvas also used to measure the distance 
(from the  signal travel time) and changes in 
distance (from the Doppler frequency shift 
of the  signal) between Earth and Mars. 
These measurements provided infor~nation 
o n  the changing orbits of Earth and Mars 
and on the rotation of Mars (3).  Of partic- 
ular interest is the inartian rotatiol~al infor- 
matlon: secular precession and periodic nu- 
tation of the spin axis, seasolla1 and tidal 
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variations in the rotation rate, and Chan-  
dler-like wobble of Mars' figure axis relative " 

to the spin axls. These quantlties can be 
used to constrain ~nodels of the interior of 
Mars and estiinate the  annual inass ex- 
change between the  atmosphere and the 
polar ice caps. 

T h e  precession is driven by the gravita- 
tional torque of the  sun acting o n  Mars' 
oblate figure and is proportional to ( C  - ( A  
+ B)/Z)/C \vhere C > B > A are the  
principal moments of inertia of Mars. T h e  
factor C - ( A  + B ) / 2  = ],JARL is already 
known \vith high accuracy from detection 
of Mars' gravity field with the  use of Viking 
orbiter and other tracking data (4) .  Accu- 
rate nleasureinent of the nrecession is need- 
ed to deterinine the polar inolnent of iner- 
tia. Knokvledee of the  lnoinent of inertia, " 
combined \vith measurements of Mars' 
mass, size, shape, and low-order gravity har- 
monics, provides liey information for inod- 
els of the  interior structure. 

In  addition to  providing insight into the 
interior of Mars, the  nolar moment of iner- 
tia is of interest in determining the  martian 
climate over inillions of years. Due to the 
action of the  sun, Jupiter, and other planets, 
the  obliquity of Mars varies by tens of de- 
grees (5). T h e  change in  obliquity causes 
large changes in insolation that result in 
dranlatic changes in climate (6) .  T h e  his- 
tory of the  obliquity depends o n  the  value 
of the  i n a n e n t  of inertia, and a inore pre- 
cise determination of the  inolnent of inertia 
provides better esti~llates of the history of 
insolation. 

Mars' rotation rate is exnected to varv 
because of redistribution of Inass by seasonal 
sublimation and condensation of carbon di- 
oxide at the  polar ice caps (7). Smaller 
variations are expected as a result of gravi- 
tational solar tldes. T h e  size of the varia- 
tions depends o n  the amount of mass redis- 
tribution and o n  the  internal structure. 

T h e  Pathfinder tracking data acquired 

froin landing o n  4 July 1997 
through the  end of September 
1997 have been used in coinbina- 
tlon w t h  tracking data from the Viking 
landers to deter~nine iinnroved estimates of 
the  precession and seasonal rotation varia- 
tions of Mars. T h e  co~llbined data set is 
powerful, in spite of the relatively short 
snan of the  Pathfinder data,  because of the  
large moveinent of the  inartian pole from 
nrecession between the  time of the  Vikinn " 
lander ~niss ion and  the  Pathfinder mis- 
sion. T h e  Vikine lander data give the  - u 

mean spatial orientation of the  pole of 
rotation of Mars a t  the  lnidnoint of that  
experiment,  whereas the  Pathfinder data 
give the  nole orientation about 20 vears - 
later. I n  addition, iinproved estimates of 
the  seasonal variations 111 rotation rate, 
conlpared to previous Viking results, have 
been achieved by including 2 years of 
Doppler data fro111 the  Viliing I lander 
(recovered by R. Wimberly) that  were no t  
included in previous analyses. T h e  Path- 
finder data span is too short to  significant- 
ly improve estimates of seasonal variations 
in  rotation rate. 

Because the  Pathfinder radio systein op- 
erates a t  a higher frequency than the  Viking 
lander radio systems, the Doppler data are 
inuch less affected by fluctuating charged 
particles 111 the  solar systein and in Earth's 
ionosphere (8).  T h e  Pathfinder ranging 
lneasurelnents are si~llilarlv inore accurate 
than the Viking lander measurements, part- 
lv because of the  higher communications - 
frequency and partly because of improve- 
ments in ground station calibrations. 

T h e  Pathfinder and Viklng lander track- 
ine lneasurelnents have been analvzed to 
sorve for Mars rotation and orbit parame- 
ters. T h e  rotation from Mars-fixed coordi- 

Table 1. Estimated Mars rotation constants. 
Numbers in parentheses indicate uncertainties in 
the final digit or digits. 

Parameter Value 

Obliquity E (degrees) 
Obliquity rate ddd t  

(madyear) 
Node {b (degrees) 
Precession rate d$/dt 

(madyear) 
Rotation about pole (/, 

(degrees) 
Rotaton rate dMdt 

(degreedday) 
Annual term C1 (mas) 
Annual term S1 (mas) 
Semiannual term C2 (mas) 
Semannual term S2 (mas) 
Trannual term C3 (mas) 
Trannual term S3 (mas) 
Quarterly term C4 (mas) 
Quarterly term S4 (mas) 

133.61 259 (fxed) 
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comp~isition with near 75'0. In this 
case, an,l if the  core coml?osi t io~~ satisfies 
FeS/(Fe + FeS), X, < 5990, tliell the core 
radlr~s must he in the ra1i.r of 1459 to liC72 
la111 for warin moJels. T h e  lliolllelit c o ~ i -  
strailit for colcl lliodels n ~ t h  x5 <52 tenils to 
t a w r  illa~itle compositions \vith x , ~  near 
3P0u anLl core racili in the rarige of 1322 ti) 
1 4 2  km. 111 rlther case, Mars' core is a 
coi~si i lerabl~ smaller tractlo11 of tlie total 
planetary mass tliali 1s Earth's. 

\,'arlatlons 111 rotatLon a l ~ o ~ ~ t  the sr ln  
axls are tho~lght  to 'e dnm~nateci b\- mass 
excl~,inge lxtn.een the polar cap.; and the 
atmosphere. l31.1r~ng \vinter, part nt the  ,it- 
111os~~here cc>~~deiises at the ~ioles.  If tlie 

not he any i l ~ , i l ~ ~ e  in nlollleilt (of iilertia or 
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Fig. 2. Conparson of the an-pltclce anc phase of 
ttie estilnaiecl annual va-ia:on n rotation w~:h the 
lnode basec on Ice ca? s~~b lmat ion  a -d  accre- 
ton  and solar tides. Tne phase is wtt- resseci ro 1 
= C'. The esrimate labeled Vking ' is :aKe,- from 
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Fig. 3. Conh?arson of tthe alnpitude alhd pnase of 
;lie es:tnated semiann~a vara;ion in ro:a:on wi:,- 
rhe rnocie 'based on ice ca? sub~rnaton and ac- 
re t ion  a,-cl solar tides Tne phase is witn respec; 
;c ( = C'. The estimaye labeled ViKing" is taken 
t o r i  ! 7 1 .  

r ~ t ~ i t ~ o ~ ~  rate. However, lxc;lu.,e of Mars' 
o rh ta l  rcce11tricit~-. iiifference in elevation. 
,il~ii dlffeference 111 albeLlo, the  pole caps are 
not forme,l svmmetrlc,illv. Tlie ~111hal~11ced 
Ivaxiri9 anti \vanliig of the  L!l;lrtian polar ice 
caps results in seasonal c11,inges 111 alr pres- 
sure a t  tlie Patlifin~ier anLi \'ilting lanLler 
sites (19). It h'lars lias a liquid core, tlic 
chailge 111 rotatioil rate will ~iepenii  o n  
cl~ailges in the m a ~ ~ t l e  polar lnolnellt of 
iricrtia C,,, (ass~~llled here to inclu~ie tlie 
crust). Seasolla1 rn~ ia l  \ v i ~ ~ d s ,  \ v l ~ ~ c h  are tlie 
primary mech,inism tcir momentum change 
o n  Earth ( 2 i ) ,  are apparentlv r n ~ l c l ~  less 
~ rnpor ta l~ t  f ~ ~ r  Llars. A s s ~ ~ m l i ~ g  that the 
n o r t l ~  , in~ l  s i )ut l~  ~ ~ o l a r  ice caps ha\-e ~~nifcxrn 
tlilckiless and similar arig~llar extent, tlie 
predicted c l i ; u i ~ ~ e  in rotation rate can be 
infcrrecl fronl the pressure history ( 1 ,  2 1 ) 

X secondarv source of rotation v , i r ia t lo~~s is 
the  det~ormat i i i~~ of h'lars' ti9ure 1.y ,solar 
ti,ies. T h e  predicted response is ui17en I>v ( I  ) 

Gh(mas) = -k:,,,l'lR'/C , 
9 i s i n ( i )  - 6?sin(?l  - ?01,, - ? h )  
+ 14sin(3( - 70,. - 3 b )  + i s in (71)  

- 5.9si11(3( - ?c~I,, - ? h )  

1v11ere I<::,, 
an,i wr is 
sured from 

is the mantlc tiii,il Love number 
the lol~gitude of' periapsis mea- 
the intersection of the  rn,irtian 

(&it ,il~ii the  ecliptic. T h e  factor kl,,,llR1/ 
C,,, r,inge> fl-o~ll 2.3 t ~ i  17.8 f ~ ) r  p l a ~ l s l ~ l e  hlar, 
models, 1vitl1 C7.5 taken as a ~ ~ o m i n a l  value. 

T h e  estim,iteLi ann~ la l  tern1 1s 111 reasii11- 
ahlv good agreelnellt 1vitli tlie moclel (Fig. 
3 ) .  T h e  st,iti,tic,illv s y n i f i c a ~ ~ t  shift horn 
the 13reI~io~1s r e s ~ ~ l t  is thouylit to he due to 
systematic effects in the rari9liip data that 
11-ere ~lsecl esclusivelv in the ~lrevious anal- 
\-sis (1 ), n-liereas our scason,il estimates are 
domin,iteLl 1':- tlie L7iliing Doppler ciat,i. T11e 
estimateLl semiannual term iloe? not agree 
as 11-ell wit11 tlie moLlel ( F L ~  3 )  Tliis may 
indicate the  l~eccls for i m p m ~ e m e l ~ t  111 the 
model, i rn~~roverncl~ts  in the treatment o t  
the  data, or a11 ~u~~moi ie l ed  eftect, s u c l ~  as 
interaction of the  surtace n-itli n-incls. T h e  
estlmatcLl triannual anL! quarterli- amp11- 
tuLles are in fair agrcemel~t \vith t11e ~nociel 
hut are not stat1sticall\; signiticalit (22) .  
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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- 

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

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- 
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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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