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Navigating Galileo at Jupiter Arrival
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Analysis of Doppler tracking data from the Galileo spacecraft contributed to a successful encounter with Jupiter
and one of its moons, Io, as well as to the successful delivery of the � rst instrumented probe into Jupiter’s atmos-
phere. In support of this navigation work, geophysical parameters of the Jovian system have been determined.
These include an estimate of the third-order gravity � eld of Io, masses and ephemerides of Io and Europa, and a
revision to the massof Jupiter. These results are consistent with previouslypublished results for Voyagers 1 and 2. A
new Jupiter ephemeris was also computed from the tracking data. Jupiter showed a signi� cant 2¾ shift in position
with respect to the Jet Propulsion Laboratory ephemeris DE-143. Subsequently, using this updated ephemeris,
accurate reconstructions of the encounters of the Galileo spacecraft pair (orbiter and probe) with Jupiter and Io
were possible.

Introduction

T HE Galileo mission is a signi� cant development in the his-
tory of space� ight, for Galileo is the � rst spacecraft to deliver

a probe to, and enter into orbit around, an outer planet. Galileo’s
nominal mission orbiting the planet Jupiter will last for two years
and is scheduled to end in December 1997. We only describe the
navigationevents and results occurring on approach to Jupiter, pre-
ceding the commencement of orbital activities. Because delivering
the orbiter and probe to their respective targets required guidance,
we describe the Jupiter-approach trajectories and provide compar-
isons with a priori predictions.

The � rst major section addresses the probe and its delivery to
Jupiter, whereas the second major section details the orbiter trajec-
tory to Io. Additionally, in support of the navigation activities we
also compute new ephemeridesfor Jupiter, Io, and Europa, estimate
a third-order gravity � eld for Io, and revise the mass of Jupiter.
Background information describing the spacecraft and its mission
to Jupiter are documented in the literature.1¡4

In general, solutionscomputed with data to time t0 predict space-
craft states at some future time tn . Those predictions of spacecraft
paths are generated by mapping solutions at t0 out to tn by nu-
merical integration of the epoch state solution. On the other hand,
computing the actual state achieved by the trajectory at tn is an
a posteriori calculation encompassing all data up to, and often
beyond, tn .

Spacecraft trajectory predictions are described in terms of the
Bplane, a useful method for visualizing mapped dispersions. Un-
certainties at the target body may be visualized in probability space
as an ellipse placed perpendicularto the incoming trajectory, at the
point of closest approach.This plane is the Bplane, and an illustra-
tion of its coordinate system is provided in Fig. 1. The radius from
the center of the target planet to the point on the incoming asymp-
tote intersecting the Bplane is called the impact parameter B. The
elliptical area represents an uncertainty dispersion and is one mea-
sure of the statistical uncertainty in the predicted path of the space-
craft.

Signi� cant mission events associated with critical navigation
activities are discussed in sequential order and are chronicled in
Table 1.
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Atmosphere Probe
Probe Release

After an interplanetaryvoyage of six years, Galileo’s Jupiter en-
counter began on April 12, 1995, with a small thrusting event that
placed the spacecraft on a path toward its Jovian target. That ma-
neuver, the 23rd trajectory correction maneuver (TCM) for Galileo
(designatedTCM23), was designed to send the probe (after its sub-
sequent release from the orbiter) into Jupiter’s atmosphere. The
maneuver magnitude equaled 8 cms¡1 and targeted the probe suf� -
ciently close to the requiredentry corridor that a subsequentmaneu-
ver scheduled for June (TCM24) was determined to be unnecessary
and was canceled.

On July 13, the spacecraft released the atmosphere probe. (For
probe release, the nominal spacecraft spin rate was increased from
2.89 to10.5 rpm to stabilize the probe. Spin rate is changed by
� ring thrustersperpendicularto the spinaxis;however,an imbalance
in thruster pointing direction yields a net velocity change to the
spacecraft during spin rate changes.) The probe target lay near the
Jupiter equator at an altitudeof 450 km relative to the 1-bar level of
Jupiter’s atmosphere. To mitigate excessive decelerations, prevent
skipping off the atmosphere, and at the same time maintain radio
link margins, probe targeting parameters consisted of � ight-path
angle with respect to the atmosphere (relative � ight-path angle),
entry latitude,and entry time. To satisfy probe objectives, trajectory
designers insisted that the probe enter Jupiter with a relative path
angle of ¡8:60 § 1:4 deg (99th percentile certainty) at a latitude of
6:57± §0:5± Jupiter true equatorof date (JTED), on Dec. 7, 22:04:26
§ 480 s universal time coordinated (UTC) spacecraft event time
(SCET). Estimates from the tracking data of selected propulsive
events occurring near probe-release time are listed in Table 2.

Probe Trajectory
The trajectory the probe followed to Jupiter was inferred from

orbiter tracking data as the probe was not tracked independently.
Initially, the probe state was deduced by numerical propagation of
the probe from the time of separationbasedon a prior determination
of the orbiter state. Later, after the Jupiter encounter, the probe
epochstatewasdeterminedaposterioriby combininganorbiterstate
determination, Jupiter ephemeris estimation, and (following probe
signal playback) analysis of probe-entry telemetry. (Accelerometer
data from probe telemetry revealed the actual entry time.) For the
reconstruction,an updated state and revised models were suf� cient
to yield a well-determinedprobe trajectoryandcovarianceat Jupiter.

The dominant systematic errors included uncertainties in space-
craft epoch state, Jupiter’s ephemeris, probe separation 1V , and
probe spin-up1V . Probe separation1V was of signi� cant concern
for reconstructingthe probe trajectorybecausethe separationmech-
anism (a spring-loadeddevice) was poorly characterized.The probe
spin-up1V should have equaledzero, inasmuchas spin-up thruster
pulsings were designed to cancel translational movements, but
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thrustermisalignmentsintroduceda bias.Uncertaintiesin the Jupiter
ephemeriswere signi� cant but well understood.Less signi� cant but
also includedas an error source were solar pressure forces acting on
the probe. Prelaunch error analyses can be found in Refs. 4 and 5.

The probe’s estimatedentry conditionsare listed in Table 3, along
with the target, its 1¾ requirements, and the preseparation condi-
tions. Probe reconstructionfound that, with respect to the target, the
probe arrived 18 s late, entered 0.19 deg too shallow, and dropped
in 0.03± south of the aim point. These results remained well within
the 1¾ requirements.

Fig. 1 Geometry of the Bplane.

Table 1 Jupiter encounter event times

Date,
Event month/day/year UTC/SCET

TCM23 4/12/95 17:04
TCM24 (canceled) 6/23/95 18:00
Spin up 7/12/95 08:17
Probe separation 7/13/95 05:30
Spin down 7/20/95 06:33
Spin up 7/22/95 07:04
TCM25 7/27/95 07:00
Spin down 7/28/95 09:32
TCM26 8/29/95 02:00
TCM27 (canceled) 11/17/95 18:00
TCM28 (canceled) 11/27/95 18:00
TCM28A (canceled) 12/7/95 20:00
Europa closest approach 12/7/95 13:09
Io closest approach 12/7/95 17:46
Jupiter closest approach 12/7/95 21:54
Probe entry 12/7/95 22:04
Spin up 12/7/95 23:55
JOI start 12/8/95 00:27
JOI end 12/8/95 01:16
Spin down 12/8/95 18:03
Solar conjunction data blackout 12/10–12/28 ——

Table 2 Selected propulsive events near probe release, 1¾

Deviation from
Events A priori Reconstruction a priori, ¾

Spin up for probe separation, mms¡1 —— 14.4 § 6.6 ——
Probe separation (axial),a mms¡1 44.8 43.7 § 0.4 1.5
Probe separation (lateral),a mms¡1 0 2.7 § 2.0 1
Spin down from separation, mms¡1 —— 8.4 § 7.7 ——
Spin up for TCM25, mms¡1 —— 1.6 § 13.0 ——
TCM25

Velocity change, 1V , ms¡1 61.855 61.114 § 0.012 1.5 (¡1.2%)
Right ascension of 1V ; ®, deg 101.890 101.939 § 0.021 <1
Declination of 1V; ±, deg 22.150 22.096 § 0.043 <1
Average thrust, N 403.95 395.19 § 0.08 1 (¡2.2%)

Spin down from TCM25, mms¡1 —— 8.2 § 5.0 ——
aActing on orbiter.

Table 3 Probe targeting history, 1¾ JTED

Entry time Relative � ight-path
Delivery 12/7/95 UTC SCET angle, deg Latitude, ± Longitude, ±

Target 22:04:26:0 § 188 s ¡8:60 § 0:55 6:57 § 0:20 none
Preseparation TCM23 22:04:29:0 § 37 s ¡8:59 § 0:15 6:57 § 0:02 354:60 § 0:46
Reconstruction 22:04:43:9 § 3:1 s ¡8:41 § 0:04 6:54 § 0:01 354:79 § 0:09

Bplane mappings of the probe delivery and 1¾ dispersions are
shown in Fig. 2. The preseparation mapped state of the probe at
the time of the TCM23 design is indicated, as well as a hypothet-
ical trajectory for the orbiter in the event separation did not occur.
This hypothetical trajectory consisted of a nominal sequence of or-
biter events, except that the probe was not released. Note that upon
separation,both the probe and orbiter trajectoriesdiverge from this
trajectory. The entry point of the probe with its associated uncer-
tainty is also shown, as are the probe entry target (with uncertainty)
and the impact radius of Jupiter (at the 1-bar level).

Orbiter Spacecraft
Subsequent to probe release, the orbiter performed a large

(61-ms¡1 ) orbit de� ection maneuver (ODM; or TCM25) to adjust
the path of the primary spacecraft toward an Io-centered Bplane
target. One month later, a smaller (1 ms¡1 ) maneuver (TCM26)
was performed to re� ne the targeting. The Bplane intercept of this
trajectory remained stable for three months. Not until two weeks
before the encounter, when the signal tracking Galileo began to
show signi� cant increases in information content (a manifestation
of Jupiter’s gravity signature), did the solutiondemonstrateany sig-
ni� cant change. These last two weeks of data determined a 2¾ shift
of spacecraft position in the Bplane. Subsequent results agreed for
the remainder of the approach and were consistent with posten-
counter reconstructions.

Predicted Performance
The post-ODM target for the orbiter was an Io-centered closest-

approach altitude of 1000 km and 1:6± south latitude. Because per-
turbationsto the spacecraftstateaswell as uncertaintiesin the Jupiter
and satellite ephemerides could possibly result in an altitude error
of several hundred kilometers at the Io � yby, four targeting maneu-
vers were planned from August throughDecember.As it turnedout,
only one maneuver was necessary (TCM26); all subsequent pre-Io
maneuvers, i.e., TCM27, TCM28, and TCM28A, were canceled
(Table 1).

Predicted 1¾ uncertainties in the Io Bplane for each of the four
approach maneuvers [plus Jupiter orbit insertion (JOI)] are listed
in Table 4. Note that this tabulation assumed availability of optical
navigation data, i.e., images of Galilean satellites acquired by the
onboard camera, as indicated in the rightmost column. Also recall
thatof the � ve maneuverslistedin Table4, onlyTCM26 andTCM29
(JOI) were performed.

Actual Performance
The data set for the Io/Jupiter encounters consisted predomi-

nantlyof two-waycoherentDopplermeasurements.Thesedatawere
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assigned per-pass a priori measurement uncertainties(weights) be-
tween 0.5 and 5 mms¡1 (7–70 mHz), with the mode being about
2 mms¡1. After JOI, a solar conjunctionon Dec. 19 imposed a data
blackout from Dec. 10–28 (¡7 to C7 deg sun–Earth–orbiter angle),
when tracking data were not received from the spacecraft. For ap-
proximately three or four days on each side of the conjunctiongap,
signi� cantly larger residuals were evident, with a post� t data noise
in the Doppler residuals of 3.7-mms¡1 rms. Except for these passes
straddling conjunction, however, data quality was satisfactory, ex-
hibiting Doppler residual noise of 0.7-mms¡1 rms.

From late October to mid-November, three optical navigation
images were scheduledto supplement the baseline radiometric two-
way Doppler data. Optical navigation data consist of cross line-of-
sight measurements of the positions of, in this case, Io and Europa,
as viewed from the spacecraft. A tape recorder anomaly on Oct.
11, however, ultimately resulted in the loss of these images, thereby
eliminating this powerful target-relativedata type.

One-way Doppler tracking around the Io encounter admitted
an immediate reconstruction of the � yby conditions. (Two-way
Doppler was unavailable from Dec. 7, 4:16 UTC, through Dec.
8, 7:24, because of preparations for probe relay and orbit inser-
tion.) Accuracy of one-way data is a function of the frequency
stability of the onboard ultrastable oscillator (USO) and is sig-
ni� cantly less than that of two-way data. Nevertheless, one-way
Doppler may be characterized adequately for navigation purposes
by estimating a one-way Doppler bias, drift, and drift rate (using
adjacent two-way Doppler as a reference). At the time of the Io en-
counter, the USO showed a bias relative to the two-way carrier of

Table 4 A priori predicted Io Bplane orbit determination
uncertainties, 1¾

Data cutoff Number
time (days TCM B ¢ R, B ¢ T , LTOF,a of navigation
before Io) supported km km s images

¡114 26 258 395 28.4 0
¡27 27 64 108 8.1 1
¡19 28 60 110 8.3 1
¡6 28 A 32 54 4.1 3
¡3 29 (JOI) 32 26 1.4 3
aLinearized time of � ight.

Table 5 Io Bplane history, 1¾ Earth mean orbit of 1950 (no optical navigation images)

Data cutoff time TCM B ¢ R, B ¢ T , TCA,a Altitude,
(days from Io) supported km km 12/7/95 UTC km

Target —— 87 2847 17:45:44 1000
¡114 26 433 § 373 925 § 437 41:55 § 29 ¡800 § 429
¡27 27 205 § 120 2925 § 131 45:39 § 11 1084 § 126
¡19 28 226 § 102 2919 § 149 45:40 § 12 1080 § 145
¡6 28 A 420 § 70 2753 § 34 45:53 § 2:1 937 § 36
¡3 29 (JOI) 392 § 71 2708 § 23 45:57 § 0:8 888 § 27
C0:01 —— 474 § 2 2699 § 2 45:58 § 0:1 892 § 2
C55 —— 466:4 § 0:3 2705:6 § 0:2 45:58 § 0:0 897:3 § 0:2
aTime of closest approach.

Fig. 2 Probe delivery, Jupiter Bplane, Earth mean orbit of 1950 at Dec. 5, 1995, 22:00 UTC (1¾).

¡36:6§1:0 Hz (a hundredfoldincrease in the one-way Doppler un-
certainty with respect to the bias uncertainty of the previous day), a
drift of ¡0:49 § 0:26 mHzs¡1 (consistentwith previous estimates),
and a negligible drift rate of ¡2:4 § 16:8 nHzs¡2. Shortly after the
encounter (Dec. 7, 19:42), we observed signi� cant degradation in
the quality of the one-way data severe enough such that all one-way
dataafter that time were removedfrom the � t. Electron � uence,orig-
inating in the Jovian radiation environment and Io torus, is believed
to be the source of this degradation, as well as the hundredfold in-
crease in measurement uncertainty at the time of closest approach.
The one-way data before this time were assigned per-pass a priori
weights between 3 and 9 mms¡1 (20–60 mHz). For comparison,
post� t rms one-way residuals showed a scatter of 2–6 mms¡1, indi-
cating the data were of signi� cant value to the solution.

The tape recorder anomaly of Oct. 11 forced the cancellation of
imaging science at Io (in addition to the opticalnavigationcancella-
tions), which led in turn to relaxed targeting requirements. Without
science imaging of Io, camera pointing accuracies were not impor-
tant; instead, spacecraft energy change for orbit insertion became
the sole driver of the delivery. Because the encounter was to occur
at equatorial latitudes, spacecraft altitude would correlate with the
B ¢ T component of Io’s Bplane. The energy change imparted to
the spacecraft, a function of altitude, would therefore also correlate
with B ¢ T . The B ¢ R componentwas less important due to focusing
effectsand, therefore,latitude errorswere not signi� cant for an orbit
energy change (to � rst order).

Estimated quantities consisted of orbiter state, satellite ephe-
merides, satellite masses (as well as the third-order gravity � eld of
Io), Jupiter’s mass and J2 and J4 harmonic terms, spacecraftpropul-
sive events, solar pressure, two-way Doppler biases, and one-way
Doppler bias, drift, and drift-rate terms. A list of all modeled and
estimated parameters used in the Io reconstruction is provided in
Ref. 6.

Systematic errors included sources similar to the list enumerated
for the probe. Other sources included additional maneuvers in the
data arc, satellite ephemerides, and data biases. As contributors to
the error budget, these sources were estimated in the solution.

By way of comparison with Table 4, Table 5 lists the results of
the actual Jupiter/Io approach. It can be seen that degradations ac-
company the loss of optical data. Surprisingly, in the last week of
the approach, the � ight data (without optical aid) produced smaller
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Fig. 3 Orbiter delivery, Io Bplane, Earth mean orbit of 1950 (1¾).

uncertaintiesin B ¢ T than were predicted from the simulation (with
optical data). This difference is explainable in terms of moderately
dissimilar estimation strategies, data weighting schemes, and track-
ing coverageassumptions.The B ¢ R uncertaintyremained large due
to the lack of opticaldata. (In general, B ¢ R knowledgewill improve
marginally with additionalDoppler but improves substantiallywith
the optical component.)

The movement of the spacecraft in the Bplane in the month pre-
ceding the encounter is shown in Table 5 and in Fig. 3. Note that the
altitude remained within approximately §150 km of the 1000-km
target altitude at all times, although the latitude deviated from the
target by as much as 8±.

Because of arrival options at Ganymede in June 1996, the low
altitude predicted by the TCM28A and TCM29 deliveries had sur-
prisingly benign consequenceson the trajectory (assuming a nomi-
nal JOI). The additional1V imparted to the orbiterby the low � yby
was found to (serendipitously) advancethe arrivaldate at Ganymede
by nearly one Ganymede orbital period (one week). Thus, the or-
biter could remain on its low trajectory (thereby eliminating last-
minute trajectory changes), perform the nominal JOI burn (thereby
eliminating last-minute main-engine parameter changes), reach
Ganymede with a nearly nominal sequence of events, and still re-
main within the orbiter’s budgeted propellant allotment.

The orbiter’s encounter with Io provided an unprecedented op-
portunity to directly measure the location of Io relative to Earth.
(The Io–spacecraftmeasurementwas 540 times more sensitive than
the one provided by Voyager.) By simultaneously estimating the
Jupiter–spacecraft state, Io’s location with respect to Jupiter was
accurately inferred.This measurementwas obtainedby radiometric
means duringthe � ybyand indicatedanerror in Io’s Jovicentricstate
at the time of the � yby of 9 km and 2 ms¡1 rss, with respect to the ex-
tant Jet Propulsion Laboratory a priori satellite ephemeris JUP076.

Relative to JUP076, the greatest difference was found along the
out-of-planecomponent. That differenceoscillatedover one orbital
period from approximately ¡50 to C50 km, a little more than 1¾ a
priori.This was expected,as thatdirectionrepresentsthegreatestun-
certaintyin the Io ephemeris.Furthermore, thedowntrackdifference
varied between 0 and 20 km, implying an approximate downtrack
secular bias of about 10 km in JUP076. That bias may indicate a
mean motion error in Io’s ephemeris. A de� nitive statement must
await further data. Radial differences oscillated between ¡5 and 5
km. The latter differences are small, about 1¾ . (For comparison,
Ref. 6 lists JUP076 a priori state uncertainties.)

Similarly, new insights were forthcomingat Europa, as that � yby
provided data 40 times more sensitive than Voyager. (Galileo’s al-
titude at the time of closest approach to Europa was 32,994 km.)
A satellite state measurement equivalent to that for Io was obtained
for Europa, and an adjustment in its Jovicentric state at the time
of the � yby was computed: 108 km and 3 ms¡1 rss. Downtrack er-
ror dominated this determination, showing a consistent 40 km bias
(about 1¾ offset) modulated with a periodic difference, or uncer-

Table 6 Io gravity

A priori characteristics
Data arc 11/12–1/31
70 days arc length
Uncorrelated J2, C22 , and S22
A priori J2 £ 10¡6 D 2000 § 610
A priori C22 £ 10¡6 D 600 § 70

Results
Flyby altitude 897:3 § 0:2 km
TCAa (UTC) 45 min 58 s § 0:01 s
J2 £ 10¡6 D 1863 § 423
C22 £ 10¡6 D 547 § 14
S22 £ 10¡6 D 19 § 12
G MIo D 5960 § 3 km3s¡2

Io adjustment D 9 km
aTime of closest approach.

tainty,between the ephemeridesof about the same magnitude. (This
downtrack bias also suggests a mean motion error in JUP076.) Out-
of-planeperiodicdifferencesare signi� cantly larger (¼200 km), but
the mean of this component is unbiased.These out-of-plane(and ra-
dial) differences oscillating around zero suggest small adjustments
to the node or inclination have occurred.

The Io encounter acquired the � rst ever sampling of Io’s grav-
ity � eld, for which the following parameters were estimated: mass
and a third-order gravity � eld (but we report only the signi� cant
second-ordercoef� cients). The data near closestapproachexhibited
a uniform scatter with white rms noise of 2.4 mms¡1 , indicating the
estimated model � t well with the data. The details of this gravity
determination are outlined in Table 6. Masses are expressed as the
product G M , that is, the universal gravitational constant G times
the mass of the body in kilograms M , in units of (km3s¡2). The mass
error estimates presented here represent our evaluation of real, as
opposed to formal, 1¾ errors.

Pending additionaldata,we estimate the followingvalues for Io’s
gravity � eld: G MIo D 5960 § 3 km3s¡2 (within 1¾ of the Voyager
results), J2 D 1863 § 423 £ 10¡6 , C22 D 547 § 14 £ 10¡6, and
S22 D 19 § 12 £ 10¡6 . Although these results are still preliminary,
it can be shown that the estimates suggest a differentiated structure
for Io.7 That is, Io can be shown to contain an iron or iron-sulphide
core with a radius of approximately 50% the satellite radius.

A preliminary gravity map of Io is reproduced in Fig. 4a, which
assumes a synchronously rotating satellite in tidal and rotational
equilibrium. In general, a gravity map spatially displays poten-
tial � elds and indicates mass inhomogeneities. Contour lines map
the magnitude of the local gravity acceleration measured in mGal
(0.01 mms¡2 ). Solid lines represent positive accelerations(with re-
spect to an equipotential surface), whereas dashed lines represent
negative values. Note that the tidal distortion bulge .C22/ is clearly
indicated by gravity mounds at the sub-Jupiter point (0± longitude)
and at the anti-sub-Jupiterpoint (180± ). The spacecraft’s closest ap-
proach occurred over a point at ¡10± latitude, ¡100± longitude.
Figure 4b indicates the 1¾ uncertaintyassociatedwith the measure-
ments in Fig. 4a.

For the mass of Europa, we compute G MEur D 3199§ 5 km3s¡2,
a value within the measurement uncertainty of Voyagers 1 and 2.

Our best estimate to date of the Jupiterephemeris indicatesa shift
of greater than 2¾ in Jupiter’s position from the latest pre-Galileo
Jet PropulsionLaboratoryplanetaryephemeris,DE-143. These cor-
rections are listed in Table 7. The precision of this measurementhas
improvedsigni� cantly frompreviousdeterminationsby the Pioneer,
Voyager, and Ulysses spacecraft.Radial uncertainty decreases by a
factor of � ve and downtrack uncertainty improves sevenfold, with
respect to DE-143 (Ref. 6). Jupiter’s out-of-plane (normal) uncer-
tainty decreases by a factor of four.

Revised estimates for Jupiter’s mass and its second and fourth
zonal harmonic coef� cients, i.e., GMJup; J2 , and J4 , are also listed
here. G MJup was estimated to equal 126,712,718 § 85 km3s¡2, a
value within the uncertaintyquoted by Campbell and Synnott.8 The
tabulated values of J2 and J4 do not differ from values in the lit-
erature, although we have improved the precision of the estimate.
Our updated values and uncertainties are listed in Table 8. (The
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ephemerisand gravity estimateswere determinedwith trackingdata
acquired after the Jupiter encounter and are re� nements of previ-
ous ephemerides determined prior to and during the Io/Jupiter en-
counter.)

JOI Burn
The JOI burn model consisted of the following parameters: JOI

start time, burn duration, burn direction (right ascension ®, dec-
lination ±), and thrust (modeled with a � fth-degree polynomial).

Table 7 Jupiter’s position corrections (with respect to DE-143)
and formal 1¾ uncertainty, sun-centered, Earth mean orbit
of 1950, Jupiter orbit � xed, Dec. 7, 1995, 17:46 UTC SCET

Radial, km Downtrack, km Normal, km

18:8 § 2:0 ¡69:3 § 4:9 549:4 § 58:8

Fig. 4a Io 3 £ 3 gravity � eld (mGal); closest approach point at latitude ¡ 10±, longitude ¡ 100±.

Fig. 4b Io 3 £ 3 gravity � eld 1¾ uncertainty (mGal).

The nominal thrust pro� le of JOI is illustrated in Fig. 5. Because a
� fth-degreepolynomialcannot, in general, adequately� t a curve of
the shape illustrated in Fig. 5, an exponentially decaying accelera-
tion of 5-min duration was independentlyestimated during the � rst
5 min of JOI to supplement the JOI thrust model during that time.
Additionally, the spin-up and spin-down activities occurring on ei-
ther side of JOI were modeled with impulsive burns (instantaneous
1V components along three orthogonal axes).

Table 9 lists the reconstructedvalues and uncertainties of JOI, as
well as theiroffsetsfrom thenominalvalues.We determinedan over-
burn of 0:1% for JOI 1V and a spacecraft pointing error of 1 mrad.

Table 8 Jupiter gravity

G MJup, km3s¡2 J2; £10¡6 J4; £10¡6

126,712,718§ 85 14,736§ 0.5 ¡587§ 2.5
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Table 9 JOI events, 1¾

Deviation from
Events A priori Reconstruction a priori, ¾ a

Spin up for JOI, cms¡1 —— 6:64 § 2:37 ——
JOI

1V , ms¡1 644.400 645:301 § 0:552 <1 .C0:14%)
®, deg 87.700 87:765 § 0:0063 2.8
±, deg 27.600 27:609 § 0:024 <1

Start time, UTC 00:27:24.5 00:27:22:0 § 0:2 s 2.5 (¡2:5 s)
Duration 48 min 37.1 s 49 min 4.4 s § 0.3 s 5 .C27:3 s)
Average thrust, N 391.44 386.00 § 0.33 <1 .¡1:4%)
Spin down from JOI, cms¡1 —— 2.93 § 2.06 ——
aThe deviation from a priori is with respect to orbiter capability, not with respect to required JOI accuracy. These
deviations are well within the 1¾ error bars of JOI requirements.

Fig. 5 JOI thrust pro� le.

Closing Remarks
Deliveries of the Galileo atmosphere probe and orbiter to Jupiter

and Io, respectively,met their objectivesand were highly successful
events. The probe fell well within acceptable limits, missing its
target by approximately 0.3¾ . The orbiter missed the Io target by
3¾ (relative to the last trajectory correction opportunity), but this
undershootwas known in advanceand was supported and approved
by the Galileoproject (the lossof opticalnavigationdata contributed
signi� cantly to this error). The effect on the mission was benign.

Probe entry occurred on Dec. 7, 1995, 22:04:43.9UTC SCET §
3.1 s. The spacecraft’s closest approach to Io occurred on Dec. 7,
1995, 17:45:58.4 UTC SCET § 0.004 s, at a distance of 897.3 §
0.2 km and latitude of ¡9:55± § 0:01± . An Io gravity � eld and new
Io ephemeris were computed as an integral part of the spacecraft’s
encounter reconstruction.Encounterdata also determineda 2¾ shift
in the position of Jupiter.
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