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NASA's mission to measure the Moon's gravity and determine the interior structure, 
from crust to core, has almost completed its 3-month science data collection phase. The twin 
orbiters of the Gravity Recovery and Interior Laboratory (GRAIL) mission were launched 
from Florida on September 10, 2011, on a Delta-II launch vehicle. After traveling for nearly 
four months on a low energy trajectory to the Moon, they were inserted into lunar orbit on 
New Year’s Eve and New Year’s Day. In January 2012 a series of circularization maneuvers 
brought the orbiters into co-planar near-circular polar orbits. In February a distant (75- 
km) rendezvous was achieved and the science instruments were turned on. A dual- 
frequency (Ka and S-band) inter-orbiter radio link provides a precise orbiter-to-orbiter 
range measurement that enables the gravity field estimation. NASA’s Jet Propulsion 
Laboratory in Pasadena, CA, manages the GRAIL project. Mission management, mission 
planning and sequencing, and navigation are conducted at JPL. Lockheed Martin, the flight 
system manufacturer, operates the orbiters from  their  control  center  in  Denver, 
Colorado. The orbiters together have performed 28 propulsive maneuvers to reach and 
maintain the science phase configuration. Execution of these maneuvers, as well as the 
payload checkout and calibration activities, has gone smoothly due to extensive pre-launch 
operations planning and testing. The key to the operations success has been detailed 
timelines for product interchange between the operations teams and proven procedures 
from previous JPL/LM planetary missions. Once in science phase, GRAIL benefitted from 
the payload operational heritage of the GRACE mission that measures the Earth's 
gravity. 

 
 
 

I. Introduction 
HE Gravity Recovery and Interior Laboratory (GRAIL) project1 has nearly completed its prime mission with 
the collection of almost three months of gravity data at the Moon.  The science objective of increasing the 

understanding of the interior of the Moon from crust to core, by precise measurement of gravity field, is within 
reach. The flight team and the twin orbiters have performed almost flawlessly since the launch on September 10, 
2011. The two orbiters were inserted into lunar orbit on New Year’s Eve and New Year’s Day 2011/2012. During 
January and February 2012 the orbits were circularized and the flight formation for gravity data collection was 
established. Mission operations, conducted at Jet Propulsion Laboratory (JPL) in Pasadena and Lockheed Martin 
(LM) in Denver, have proceeded smoothly largely due to an extensive pre-launch mission operations system 
development program.2 Because the prime mission was only nine months and the mission timeline was busy from 
the start, containing 33 baseline propulsive maneuvers, the flight team was trained for all mission phases before 
launch. This paper provides a mission overview and highlights the operations experiences of the prime mission. 
NASA approved a six-month extended mission in March 2012 that will provide an additional three months of 
gravity data collection in the fall of 2012. The extended mission science phase will be conducted at a lower altitude 
than the prime mission enabling even higher resolution gravity measurements. 

 
 
 
 
 
 

1 Mission Manager, GRAIL Project, 4800 Oak Grove Drive/Mail Stop 321-320 

1 
American Institute of Aeronautics and Astronautics 

 



2 Deputy Mission Manager, GRAIL Project, 4800 Oak Grove Drive/Mail Stop 321-320 

2 
American Institute of Aeronautics and Astronautics 

 





III. Orbiter  Description 
The GRAIL-A (GR-A) and GRAIL-B (GR-B) orbiters, renamed Ebb and Flow after insertion into the lunar 

orbit, are nearly identical with heritage from past spacecraft built by LM.4 The orbiters are shown in Figs. 2 and 3. 
The main structure and propulsion system are based on the design used on XSS-11, and the avionics and flight 
software are based on heritage from Mars Reconnaissance Orbiter. The orbiters are three-axis stabilized with 
reaction wheels and hydrazine warm-gas thrusters for attitude control, and a star tracker and an inertial measurement 
unit (IMU) for attitude determination. The IMU propagates the attitude when the star tracker is off-line. Sun sensors 
provide attitude information in safe mode. A 22N hydrazine main engine operating in blow-down mode provides the 
thrust for all maneuvers except the small orbit trim maneuvers that are performed with the ACS 1N thrusters. The 
main engine is aligned in the –X direction, providing thrust in the +X direction.  Accelerometers in the IMU are 
used for main engine burn cutoff and maneuver reconstruction. There are two low gain antennas (LGA), one on the 
+X and one on the –X side of the orbiter for communication to the ground. The science payload is a GRACE- 
heritage lunar gravity ranging system (LGRS) that transmits and receives an inter-orbiter Ka-band signal to measure 
the relative velocity of the two orbiters and an S-band inter-orbiter signal for time correlation between the two 
orbiters. The science payload includes an Ultra-Stable Oscillator (USO) that provides a steady reference signal for 
all data, and a Radio Science Beacon to provide one-way X-band signal to the ground for precision orbit 
determination. The launch mass of each orbiter was 306 kg, including 106 kg of propellant. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Orbiter –X view. Figure 3. Orbiter +X view. 
 
 

IV. Ops Organization 
The flight operation organization consists of the eight teams shown in Fig. 4. All teams were located at JPL 

except the Spacecraft Team (SCT) that was located at Lockheed Martin in Denver. The SCT included the real-time 
operations staff that commanded the orbiters and provided real-time direction to the DSN station operators. Two 
teams at JPL utilized the Multi-mission Ground System Support (MGSS) services: the Mission Planning and 
Sequence Team (MPST) and the Data Management Team. The MPST members were dedicated to the GRAIL 
mission.             The      DSN 
scheduling function and the 
MOS/GDS configuration 
management function were 
also provided by MGSS. All 
MGSS services were funded 
by the GRAIL project. The 
Science Data  System (SDS) 
Team performed the Level 1 
science data processing and 
provided near-real-time 
assessment of science 
payload health. 

Figure 4. Flight Team organization comprised of eight teams. 

4 
American Institute of Aeronautics and Astronautics 

 









determination of the higher-order gravity coefficients that describe shorter-wavelength and shallow structure, while 
that collected at the longer distances favors determination of the lower-order coefficients that describe longer- 
wavelength and deeper structure. 

Since data continuity is critical for the gravity experiment, GRAIL utilized a double data-transmission strategy: 
all science and engineering data were transmitted to the ground twice, on two consecutive DSN passes. This 
avoided extra effort on the part of the flight team to retrieve missing data. With the excellent performance of the 
flight system, this strategy enabled the capture 99.992% of available science data over the first two mapping cycles, 
March 1 to May 1. (This paper went to print midway through the third mapping cycle.) 

 
A. Initial Gravity Measurements 

A typical ground track on March 2 and the corresponding inter-orbiter range residuals along that track as 
measured by the Ka-band dual one-way tracking is shown in Fig. 11. The bottom portion of the figure shows the 
topography along the track and the orbit altitude. The figure clearly shows that the gravity measurement is more 
sensitive at lower orbit altitudes. The altitude varies between 24 and 86 km on this orbit. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11. Inter-orbiter Ka-band range residuals from GRAIL match the ground track topography from 
the LOLA instrument on the Lunar Reconnaissance Orbiter, and are more sensitive at lower altitudes. 
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predictive capabilities the ephemeris delivery frequency was reduced to once a week. The new field noticeably 
reduced the solution differences from one orbit determination solution to the next. However, with the new field it 
was still necessary to add the periapsis impulses within the orbit determination analysis to get the best data fit. The 
size of these impulses was reduced markedly. 

 
H. E/PO Imaging 

Each GRAIL orbiter carries a camera with four imaging heads to support the Education and Public Outreach 
(E/PO) activity led by Sally Ride Science. Middle school students request images of particular spots on the Moon 
and supervised students at University of California San Diego prepare commands to capture the images and have 
them downloaded. The cameras are aligned with the orbit plane, two looking nadir, one looking forward and one 
backward.  The  forward  and  backward  looking  cameras  are 
separated by 60 degrees. One nadir camera has 5.4-degree FOV; 
the others have 44-degree FOVs. The initial image set was taken 
in the OPR phase on January 18-19 by GR-A.  The cameras were 
turned on for the science phase on March 5. The GR-A cameras 
operated throughout the science phase except for March 7-13. 
The GR-B cameras operated in Mapping Cycle #1 (except March 
7-14) and Mapping Cycle #3 but were off during Mapping Cycle 
#2 (See Section B). Thus far, GRAIL E/PO activity involves 
3116 student operations centers at 2853 unique schools. Fig. 15 
shows a sample MoonKAM image from a 44-degree FOV camera. 

Figure 15. Sample MoonKAM image. 

 

IX. Science Results 
The most accurate global gravity model of the Moon to date has been developed from the first month of GRAIL 

science data. The measurement uncertainty is improved by one order of magnitude on the near side and more than 
two orders of magnitude on the far side. A much more detailed lunar gravitational landscape is revealed, particularly 
over the lunar far side, showing the gravity signals of numerous craters and basins not seen before. At the current 
resolution of the field nearly all craters larger than 25-km diameter display gravity signals indicative of the processes 
of formation. 

GRAIL is revealing gravity details that correlate with the lunar topography obtained from by the Lunar Orbiter 
Laser Altimeter (LOLA) measurements from the Lunar Reconnaissance Orbiter (LRO) mission. Fig. 16 compares 
the LOLA topography with the GRAIL gravity data in the region of Tycho, a prominent 86-km diameter complex 
crater on the Moon’s nearside. This preliminary GRAIL gravity model is to degree and order 270, corresponding to 
a spatial resolution of 20 km. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16. Tycho, a prominent 86-km diameter complex crater on the Moon’s nearside, is shown in LOLA 
topography (left) and GRAIL gravity (right). Tycho is in the upper left of each figure. In the gravity map 
reds correspond to mass excesses and blues to mass deficits. 
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Appendix A 
Acronym List 

 
ACS Attitude Control System 
C&DH Command & Data Handler 
DLR Deutsches Zentrum für Luft- und Raumfahrt 
DSN Deep Space Network 
E/PO Education and Public Outreach 
ECM Eccentricity Correction Maneuver 
FOV Field of View 
DVC Digital Video Controller (MoonKAM) 
GDS Ground Data System 
GPA Gravity Processing Assembly 
GR-A GRAIL-A Spacecraft (Ebb) 
GR-B GRAIL-B Spacecraft (Flow) 
GRACE Gravity Recovery and Climate Experiment 
GRAIL Gravity Recovery and Interior Laboratory 
IMU Inertial Measurement Unit 
LGA Low Gain Antenna 
LGRS Lunar Gravity Ranging System 
LM Lockheed Martin Space Systems Company (Denver) 
LOI Lunar Orbit Insertion 
LOLA Lunar Orbiter Laser Altimeter 
LRO Lunar Reconnaissance Orbiter 
MK MoonKAM 
MoonKAM Knowledge Acquired by Middle School Students 
MOS Mission Operations System 
MGSS Multi-mission Ground System Services 
MPST Mission Planning and Sequence Team 
OPR Orbital Period Reduction 
OTM Orbit Trim Maneuver 
RSB Radio Science Beacon 
SCT Spacecraft Team 
TCM Trajectory Correction Maneuver 
TLC Trans-Lunar Cruise 
TSF Transition to Science Formation 
TSM Transition to Science Maneuver 
TTS Time Transfer System 
USO Ultra-stable Oscillator 
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