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Background

The gravity modeling program in the US has three central themes: 1) Collecting high accuracy measurements of the earth’s gravity field and assimilating the information from these measurements into accurate global and regional models for the earths gravity, 2) Applying repeat measurements of the global gravity field to monitor changes in the Earth’s mass distribution and 3) Interpreting the changes in the Earth’s gravity as mass flux associated with the changes in and interactions between the components of the Earth’s Dynamical System. The mean gravity model efforts focus on the properties of accuracy and spatial resolution. The studies of the temporal variations are captured as departures from the mean field during a specific observation interval. Mean gravity models, determined from satellite only measurements, capture the long to mid wavelength gravity model features very accurately. Gravity models, based on combined data sets that include surface gravity and satellite altimeter measurements over the oceans, complete the gravity model by adding the short wavelength features of the gravity field.

A very significant development in the mean gravity model area occurred with the release by the US National Geospatial-Intelligence Agency (NGA) of the Earth Gravitational Model EGM2008.  This model, developed under an international gravity model cooperative effort, is complete to degree and order 2159, and contains additional spherical harmonic coefficients extending to degree 2190 and order 2159. The model coefficients are available at:  http://earth-info.nima.mil/GandG/
As noted above the satellite data provides constraints on the long wavelength components of the gravity field in all combined solutions. The data from the NASA/DLR GRACE mission has provided the major data source for determination of both the satellite only mean gravity models and monthly temporal variations due to Earth System Dynamics mass flux. 

The GRACE Mission: Status and Contributions
The Gravity Recovery and Climate Experiment (GRACE) was launched on March 17, 2002 as a collaborative NASA and DLR mission. The objective of the GRACE mission is to characterize the spatial and temporal variations in the Earth's mass, through precise measurements of its gravity field. This is accomplished by using micron level inter-satellite range measurements to determine monthly solutions for the Earth’s global 
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gravity field. Currently, the GRACE mission has provided 85 monthly solutions that have 
led to unprecedented improvements in the accuracy of the mean gravity field, as captured 
in the Release 4 Models, GGM 03 and Eigen-GL 05C, and a 7.5-year record of monthly gravity signals associated with the global mass flux. The models can be accessed at:  

 http://podaac.jpl.nasa.gov/grace/.   This continuous, multi-year record of monthly measurements is supporting investigations that characterize the seasonal cycle of mass transport between the oceans, land and atmosphere; observe its inter-annual variability; and monitor the secular trends in both surface and subsurface mass transport. 

      Specific investigations are being conducted in: Oceanography (surface and deep ocean currents, mass and heat content change, sea-level rise); Hydrology (seasonal storage of surface and subsurface water, evapo-transpiration at land/ocean/atmosphere boundary); Glaciology (ice-sheet mass change, sea-level rise); Solid Earth (postglacial rebound, mantle viscosity and lithosphere density) and Geodesy (global and regional surveying, precise satellite orbit determination). 
Current projections indicate that the GRACE flight system will operate through 2013, or for 12 years following launch. The expected life of all satellite and instrument systems exceeds 12 years in every category: battery life, altitude, propellant, cumulative thruster actuations, solar panel power, and component life. After 8.5 years, the GRACE orbit altitude is approximately 460 km, down from the launch altitude of 498 km.   Nominal atmosphere models indicates an orbit life between 12 and 14 years. Excess propellant onboard could be used to raise the orbit to add another year to the orbit life. 

      The 2009 NASA Senior Review of all flight missions approved extension of the GRACE mission through 2012. Negoti0tions are underway between NASA and DLR to extend the collaborative arrangement for the expected mission lifetime. The goals for the extended mission, include improved estimates of the global water cycle, understanding mass and energy exchange across the land/ocean/atmosphere boundary, measurement of change in ocean mass and heat, inferring the deep ocean currents, and improving the prospects for assimilation of GRACE data into climate models. 
      The broad range of scientific investigations, based on the GRACE data, have transformed the mission objectives from a primarily gravity focus to one that is central to a number of climate change investigations. A sample of the wide range of current investigations can be found in the proceedings of the 2008 Grace Science Team Meeting, which can be found at 

http://www.csr.utexas.edu/grace/GSTM/2008/proceedings.html
The climate change focus places a requirement for a longer time series of monthly measurement of the global gravity and an added emphasis on accuracy assessment and calibration of the estimation error covariance matrix. The progress in these areas is relevant to the NASA Strategic Goals, and the goals of the U.S.CCSP, and supports requirements defined in the 2007 National Research Council (NRC) Earth Science Decadal Study and the 2006 World Climate Research Programme (WCRP) Report on Understanding Sea-Level Rise and Variability.  The importance of the GRACE measurements is recognized in the 2007 Intergovernmental Panel on Climate Change (IPCC) Climate Change Assessment Report.

In other federal agency related objectives, both the United States and Canada are planning to replace the conventional leveling-based vertical datum by a gravimetric national reference system. The US National Geodetic Service (NGS) in its 10-year strategic plan states the intention to have in place a gravimetric national reference system by 2017. One of the requirements towards this goal is a geoid with 1-cm accuracy “any place, any time” through the North American continent. The GRACE data, and it’s accurate determination of the long and mid-wave length gravity field components, will play a critical role in achieving this objective.
The importance of continuing the GRACE measurement sequence has led to mission studies and technology development activities that provide a basis for future mission selection.
GRACE Follow-On Mission

The arguments that support continuation of the current GRACE mission would indicate a critical need for a follow on mission to continue of the sequence of GRACE time variable gravity measurements. These measurements play a unique role in constraining the Earth System mass flux and, as such will be central to understanding and predicting a number of Earth System dynamical processes. These arguments suggest that is it of paramount importance that the current GRACE measurement sequence be continued without interruption. The NRC Earth Science Decadal Survey recognized the importance of continuing the GRACE measurements and included a recommended mission in the suite of new missions for the next decade. The implementation time line would have GRACE 2 beginning close to 2020. To avoid the large break in the GRACE measurement sequence, a mission design effort was initiated to propose an approach for filling the gap between the end of the current GRACE mission and the planned GRACE 2 mission

The mission design study is lead by JPL and involves a range of agency and academic community participants. The study was conducted under the following assumptions:

•There is broad scientific consensus that GRACE measurements of mass flux are highly important for the study of critical climate change parameters

–
•Direct mass measurement by GRACE, not inferred from volumetric change by laser altimeter or radar, provide unique and important insight into Greenland and Antarctic ice mass trends. Full ice sheet coverage every month allows the trends and the seasonal cycle to be independently measured.
•Global, monthly coverage of every major river basin, as well as the ability to sense subsurface water change, allows annual and seasonal measurements of total continental water storage.
• Current analysis products are moving toward assimilation with land surface hydrology models for application to agriculture and land use
For climate studies, time series continuity and calibration accuracy are essential requirements. In view of this requirement, the study team viewed connecting the GRACE time series to a GRACE Follow-On mission as a fundamental mission requirement. The study team also noted the importance of actual overlap between GRACE and GRACE Follow-On to allow for data calibration and continuity. If direct overlap is not possible, limiting any gap to restrict the inter-annual variation contributions to any relative bias between the missions is a driving requirement.

In matching the science measurements requirements with the technology and mission architectures available to address them, the study team concluded that replicating the GRACE mission is the optimal strategy for avoiding a break in the GRCE measurement time line.

To avoid the large break in the GRACE measurement sequence, the study recommends that action be directed to implementing a low cost, rapid implementation bridge mission that would take advantage of the current GRACE technology and would implement satellite and measurement component improvements where such improvement can be made without a significant cost or schedule impact, including implementation purely as technology demonstration rather than mission critical elements. 

Technology Development

In preparing for a future GRACE follow-on mission, there have been two specific technology developments that will lead to improvements in the inter-satellite ranging accuracy

In the first effort, NASA has supported the development of an inter-satellite laser ranging system appropriate for a GRACE type mission. This ranging system is a candidate for the GRACE 2 Mission recommended in the National Research Council Earth Science Decadal Survey.
In an alternate development that will provide improved technology readiness, NASA/JPL is in the process of implementing the Gravity Recovery and Interior Laboratory (GRAIL) Mission. The objectives of GRAIL are to: 1) Determine the structure of the Moon, from crust to core, 2) Understand the thermal evolution of the Moon and 3) Extend knowledge of the moon to other terrestrial planets

The mission, which is based the GRACE mission concept, involves twin S/C with a single frequency K-Band inter-satellite ranging system. The two satellites will be lunched in September, 2011 and placed in a low altitude, 50 km polar orbit about the moon. The satellites will conduct a 90-day mapping mission to improve knowledge of the lunar gravity field. In addition to the major advance in knowledge of the lunar gravity field, the technology development for the GRAILMssion provides the basis for improvements in the GRACE K-Band Ranging technology used on the GRACE Mission. Any future mission that would involve the microwave inter-satellite ranging concept would benefit from this technology improvement.

Analysis Investigations 
Enormous progress in the accuracy of GRACE-derived estimates of mass flux has occurred, as the analysis groups have understood the intrinsic characteristics and errors in the GRACE measurements.  These improvements in surface mass estimates have also opened new areas of study, including much higher spatial resolution analysis of ground water variations, individual basin ice mass trends, and small variations in ocean bottom pressure, However, there is still additional improvements that are possible and further research is needed in several areas, particularly for the capturing the signals at the smallest spatial scales.  For example, GRACE-derived estimates of mass flux over Greenland have reported different values, though all estimates show significant mass loss over the GRACE lifetime. There is a growing understanding that these differences are due to the use of different data spans investigating a variable rate of mass-loss. However, differences occur due to variations in the analysis methods. One interesting technique for obtaining improved regional estimates is based on the mass-con approach. The two primary analysis centers using this technique report differences in the mass loss rates. To understand the capability of both the mass con techniques as well as other regional analysis approaches, the GRACE project is establishing a comparative study of appropriate methods based on a controlled study using simulated data. The results of these studies will be reported at appropriate future meetings.

 
