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Introduction: The MErcury Surface, Space 
ENvironment, GEochemistry, and Ranging 
(MESSENGER) spacecraft has completed three flybys 
of Mercury [1]. During the first (M1) and third (M3) 
flybys, MESSENGER passed behind Mercury when 
viewed from the Earth, occulting the radio-frequency 
(RF) transmissions. Combined with accurate 
ephemeris, the times of the RF occultations provide 
estimates of the planet radius at the surface location 
tangent to the grazing ray. These estimates provide 
radii measurements that are independent of some of the 
uncertainties associated with the planet-shape 
measurements derived from limb imaging [2], stereo 
mapping [3], and laser-altimetry [4]. The uncertainty in 
the occultation-derived radii is 100 m to 300 m and is 
less than the current estimates of uncertainty with the 
other approaches. The local topography can cause 
approximately 50 km uncertainty in the location of 
those radii on the surface. 

Data: In addition to enabling communication with 
the spacecraft, the MESSENGER RF system [5] 
provides radiometric data for navigation and for 
gravity analyses, with range and range-rate as the 
primary RF data types used by science team. The time-
dependent amplitudes during occultations are an 
additional radiometric data type that contains 
information for extracting planet radii. The best 
instrument for capturing these amplitudes is the Radio 
Science Receiver (RSR), which is an open-loop digital 
receiver operated by the Jet Propulsion Laboratory 
(JPL) Radio Science Systems Group (RSSG). Installed 
at the Deep Space Network (DSN) antennas, the RSR 
records the frequency spectrum and provides signal 
amplitude with a potential resolution of milliseconds. 
The Doppler data, captured using the DSN phase-
locked-loop receivers, have a native rate of 0.1 s. Since 
the Doppler data are available only with the spacecraft 
locked to the ground signal, Doppler data are not 
available at the egress of an occultation before the 
spacecraft receiver has had time to lock onto the 
uplinked signal. 

Most occultation data have a low signal-to-noise 
ratio because the RF link is through MESSENGER’s 
low-gain antennas. (During flybys of Mercury, 
observations by its instrument suite determine 
MESSENGER’s pointing direction, preventing use of 

the spacecraft’s high-gain antennas, which require a 
specific pointing attitude.) However, during M3, a 
spacecraft anomaly switched the RF system to the 
higher-power fanbeam antenna for egress from the 
occultation, and Figure 1 shows the RF time history at 
egress. This same anomaly caused a loss of signal 
before ingress, so there are only egress data for M3. 
For both ingress and egress during M1, low-gain 
antennas provided the RF link. With a 70-m antenna, 
Pc/No was 36 dB for the M3 occultation and 
approximately 20 dB for both ingress and egress of 
M1, where Pc is carrier power and No is the noise. The 
RSR data were collected at 16 bits per sample at four 
bandwidths, 1, 16, 50, and 100 kHz.  

The MESSENGER ephemeris, produced by the 
navigation team, provides most of the rest of the data 
required for deriving radii from RF occultations. For 
the flyby, KinetX analyzes data from many weeks 
before and after the encounter. These long, dense data 
sets enable KinetX to reduce trajectory errors at the 
time of occultation to less than 50 m with respect to 
Mercury [6]. 

To evaluate local topography, we use information 
from other sources, primarily images from the Mercury 
Dual Imaging System and results of stereo analyses of 
those images. 

Analysis: Analysis of the M3 RSR data shows that 
the best compromise between signal strength and time 
resolution occurs by binning the data into 0.1-s steps. 
At the time of the M3 egress, MESSENGER was 
approximately 2×104 km from the center of Mercury. 
Emissions this distance from the diffraction edge 
create measurable variations in the signal received at 
Earth. The scale length for edge-diffraction effects 
with this geometry translates to a time scale of 0.8 s for 
diffraction patterns at the primary DSN antenna at 
Goldstone. These effects are most noticeable as the 
slow rise in the RF power. The delay in signal at the 
Canberra station is another diffraction effect. The time 
of geometric occultation—when MESSENGER, the 
edge (surface of Mercury), and the antenna form a 
straight line—is when the RF power is ¼ of the 
unocculted level (36 dB). An arrow in Figure 1 shows 
the time when the signal is 6 dB below its nominal 
value. Because of the high signal strength, this time is 
after the time that the signal is first detected. The 
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earliest phase-locked data are 5 s later, so they are not 
useful for occultation timing for M3. 

To obtain the planet radius at the grazing-path 
location, we compare the time of geometric occultation 
to the time of occultation derived from the ephemeris. 
For ephemeris analysis, we assume a fixed value for 
the planet radius. The difference between the 
calculated and measured times is due to a difference 
between the assumed and actual location of the surface 
at the tangent point of the grazing ray. Using 
MESSENGER’s speed normal to the line of sight, the 
difference between the calculated and observed times 
converts to radius. 

Analysis of the M3 occultation produces a 
preliminary radius of 2,441.7±0.15 km at 36° N, 28° E. 
This is the distance between Mercury’s center of mass 
and the occulting point at the surface. This preliminary 
result is approximately 2.0 km larger than the IAU 
radius. 

The contributions to error in the planet radius are 
shown in Table 1. The uncertainty in spacecraft 
position with respect to Mercury correlates directly to 
uncertainty in radius; for the flybys, position error is 
small, tens of meters. Uncertainty in the velocity 
component normal to the line of sight includes 
uncertainty in the relative velocities of Earth and 
Mercury. Timing uncertainty converts to radius error 
through the velocity normal to the line of sight; this 
will often be the largest uncertainty. 

Local topography at the location of the grazing ray 
provides a final source of error that is variable and 
possibly larger than the other error sources. If they are 
high enough, ridges near the tangent location will 
intercept the RF transmissions rather than the tangent 
location calculated on the basis of a smooth sphere. On 
a sphere with Mercury’s radius, a ridge 1 km high 
intercepts the tangent location up to 70 km from the 
sphere tangent point. To obtain the correct location of 
the radius measurement, we must plot the ray path on 
the surface and use data on the local topography from 
other sources. In cases with high, isolated ridges, the 
intersecting edge can be clear, but for most locations, 
there may be several potential intersecting locations. 
The measurements may have small uncertainty in 
radius but be poorly located on the surface, which is 
the case for M3. The best images at the M3 tangent 
location are poor, but the tangent location may be the 
rim of a 100-km crater. This local topographical 
feature may account for the difference between the 
measured radius and the nominal planet radius of 2440 
km. 

After calculating the radii from the M1 occultation, 
we will compare the values to the results of the 
analysis from the limb images taken during the flybys. 
Once in orbit, Mercury will occult MESSENGER’s RF 
transmissions every 12 hours for half of the 12-month 

prime mission. Due to MESSENGER’s eccentric orbit 
with a periapsis initially at 60°N, data from the 
Mercury Laser Altimeter will be available only in the 
northern hemisphere. The north-latitude occultations 
will provide additional absolute reference points for 
MLA measurements, and south-latitude occultations 
will provide important constraints on the global planet 
shape. 
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Figure 1. RF power in received by three DSN antennas and 
measured by the RSR at the time that MESSENGER egressed 
from its occultation with Mercury during M3. The graph spans a 
period of 4 s. The dark blue line (70-m antenna DSS-14 at 
Goldstone) shows the slow rise, a peak above the final power (36 
dB-Hz), and the ringing due to diffraction.  
 
 

Parameter 

Range of 
Uncer-
tainty 

Effect 
on 

Radius 

M3 
Uncer-
tainty 

Total 
Uncer-
tainty 

Spacecraft 
Position  10-400 m 1:1 30 m 30 m 

Velocity 10-100 m/s 
x time 
offset 10 m/s 70 m 

Occultation 
Time 0.1-1.0 s 

x 
velocity 0.1 s 140 m 

Total RMS Uncertainty   150 m 
Table 1. The sources of uncertainty for the M3 radio occultation 
measurement. Position and velocity are orthogonal to the line of 
sight. Not shown are the errors associated with local topography. 
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