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INTRODUCTION

1.1 Scope and Purpose

This document represents the final report of the Next Generation Gravity Mission (NGGM) study. 
2. Documents

2.1 Applicable Documents

[AD-1] Assessment of a Next Generation Gravity Mission to monitor the variations of Earth’s gravity field, Statement of Work, EOP-SF/2008-09-1334, Issue 2, 20 November 2008, Appendix 1 to AO/1-5914/09/NL/CT     

[AD-2] Special Conditions of Tender, Appendix 3 to AO/1-5914/09/NL/CT

[AD-3] Draft Contract. Appendix 2 to AO/1-5914/09/NL/CT.

2.2 ESA Reference Documents

[RD-1] T. van Dam et al., Monitoring and Modelling Individual Sources of Mass Distribution and Transport in the Earth System by Means of Satellites, Final Report, ESA Contract No. 20403, November 2008 

2.3 Further Reference Documents

[RD-2] Study Technical Note “Requirement Analysis”, NGGM_SCI_1, Issue 1, Revision 1, 08-February, 2010 
[RD-3] WP1100 Requirements Analysis, 4 December 2009

[RD-4] TN3_IAPG: From Science to Sensor requirements, TN3: Observing Techniques and Instrument Concepts, 29 October 2010 (WP2110)

[RD-5] TN_IAPG: Reprocessing of mass transport data, 29 October 2010 (WP2320)

[RD-6] WP2330 Backward Module, 1 November 2010

[RD-7] WP2420 Mission Architecture Definition/Supervision, 2 November 2010
[RD-8] F. Lyard, F. Lefevre and T. Letellier, Modelling the global ocean tides: modern insights from FES2004, Ocean Dynamics, 56/5-6, pp. 394-415, doi: 10.1007/s10236-006-0086—x, 2006

[RD-9] Ditmar, P. and R. Klees, 2002. A method to compute the Earth's gravity field from SGG/SST data to be acquired by the GOCE satellite. Delft University press, Delft.

[RD-10] Ditmar, P. et al, 2003. Fast and accurate computation of spherical harmonic coefficients from satellite gravity gradiometry data. J. Geod., 76, 690-705.

[RD-11] Klees, R. et al, 2003. How to handle colored observation noise in large least-squares problems. J. Geod., 76: 629-640.

[RD-12] Liu, X., 2008. Global gravity field recovery from satellite-to-satellite tracking data with the acceleration approach (Ph. D. Thesis). Netherlands Geodetic Commission, Publications on Geodesy, Vol. 68, Delft.

[RD-13] Luthcke, S.B. et al, 2006. Recent Greenland ice mass loss by drainage system from satellite gravity observations. Science, 314: 1286-1289.
[RD-14] Visser, P.N.A.M., N. Sneeuw, T. Reubelt, M. Losch, and T. van Dam, 2010, Space-borne gravimetric satellite constellations and ocean tides: aliasing effects, Geophys. Journ. Int., 182/2, 789-805, DOI: 10.1111/j.1365--246X.2010.04557.x.
[RD-15] Egbert, G.D. and Erofeeva, S.Y., Efficient inverse modeling of barotropic ocean tides, J. Atmos. Ocean. Technol., 19, 183-204, 2002.

3. MISSION REQUIREMENTS, MEASUREMENT OBJECTIVES AND PERFORMANCE 

3.1 Mission Requirements 

Mission design is driven by well-defined scientific targets.   A mixture of requirements of spatial resolution, temporal behaviour (both resolution and mission duration) and geoid/gravity precision can be accomplished by proper orbit design, choice of observation type and hardware performance.  

In this document, we have thoroughly reviewed the science that has been revealed through TVG.  We have additionally, quantified mass transport signals in terms of spatial and temporal scale, which could be analyzed with an NGGM having requirements surpassing what exists today.

In prioritizing the mass transport processes to be observed by an NGGM, it is important to take into account the following questions:

1. Is the signal of sufficient magnitude to be observed by satellite gravity? 

2. Are there alternative more cost-effective techniques for observing the signal?

3. How important is an improved quantification of a particular mass transport process for managing our environment and enhancing our ability to derive sustainable benefit from it? 

With regards to Question 1, this document has identified numerous signals that are sufficiently large to be observed using satellite gravity.  An improvement in the temporal and spatial resolution and/or the accuracy of an NGGM with respect to present capabilities will increase significantly the number of mass transport signals, which can be studied.  In addition, these improvements may reveal, signals and processes, which are as yet unknown.

With regards to Question 2, we note that, currently only remote sensing techniques can be typically considered as a fair alternative to satellite gravimetry. In-situ observations usually lack spatial coverage, so that the quality of derived models may show large spatial variations.  However, remote sensing is only sensitive to surface or near-surface processes, while many of the mass transport processes discussed in this document may not have an expression at the surface.  In addition, certain quantities such as mass balance of the ice sheets or groundwater depletion, which require observations of mass change, cannot be measured using remote sensing techniques.

Throughout this document, we have attempted to justify our desires for improved quantifications of the various mass transports in terms of their contribution to understanding the interaction of the various components of the Earth system.  While not explicitly stated, an understanding of the cause-effect relationship between human activities and environmental change, when it exists, is sought.  In addition, certain mass-transport processes, including earthquakes, volcanoes, and GIA, which are not the result of human activities, nonetheless can have a dramatic effect on mankind.  Improving our understanding of these processes is also important for assessing the threat of natural hazards.

3.2 From Science to Sensor Requirements 

Chapter 8 of the WP1100 Report describes four fields of primary focus for an NGGM. These are ice, continental water, ocean masses and solid-Earth. The Table in Chapter 8.6 of the document provides a rated list of different signals. The four highest rated signals are listed below in Table 2. Their different attributes, i.e. signal magnitude at a particular temporal scale, are taken from the documents referred to above. The table lists only the signals of interest to the NGGM. The numbers presented in the table, represent approximate magnitudes, which we use to derive the observation requirements. The numbers in the table are only given in terms of geoid heights. Using the values in Table 1 one can derive EWHs or gravity potential for these five SH degrees. The conversion to gravity anomalies or EWHs from the other two units is frequency dependent.

	
	SH degree

	
	50
	100
	150
	200
	250
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	69
	129
	189
	249
	309


Table 1 SH degree dependend translation of gravity signal magnitudes to different functionals (values for EWHs: personal communication with Isabelle Panet)
	
	Description
	Spatial

resolution
	Temporal

resolution
	Signal magnitude

 in geoid heights

	1
	Melting of ice sheets (with separation of GIA)
	100 – 1000 km
	Seasonal –

secular
	0.01 mm/year (secular)

	2
	Non-steric comp. of sea-level var. at seasonal and shorter time scales
	Global to basin level
	Interannual –

secular
	0.1 mm/year (secular)

	3
	Ground water (soil moisture and snow) at

larger spatial scales
	10 – 200 km
	Hourly –

seasonal –

secular
	1 cm (seasonal)

	4
	Post-seismic deformation
	10 – 200 km
	Subseasonal
	1 mm (subseasonal)


Table 2 Fields of Prioritization with their spatial and temporal resolution and approximate signal magnitudes (see References 1. and 2.)
Before defining observation requirements one must define a nominal mission profile. The scientific requirements demonstrate that it is not very important to reach a temporal resolution shorter than 1 month. Of course a NGGM with improvements in monthly data with a subcycle of a few days will also provide interesting information for these time scales. Another benefit would be reduction of temporal aliasing.

The nominal repeat cycle will be 30 days and the nominal mission life time 11 years (long term trends, solar cycle). And because of societal and scientific priorities for observing the polar regions (ice masses) an inclination of close to 90 degrees will be part of the nominal profile.

The next step is the translation of the numbers in Table 2 into maximum cumulative geoid errors (CGE) for the nominal mission. Therefore the desired secular signal magnitudes of ice mass variations (1) and sea-level variations (2) are translated into monthly values. For that purpose, values ten times larger for the monthly measurements (0.1 mm for 1 and 1 mm for 2) is sufficient (See Appendix A).

A wavelength λ in km can be approximately transformed into SH degree L with 
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With these assumptions one can derive the following Table 3 of requirements for the monthly gravity field in terms of maximum CGE.

	
	Wavelength
	10000 km
	1000 km
	200 km
	100 km
	10 km

	
	SH degree
	2
	20
	100
	200
	2000

	CGE
	10 mm
	 
	 
	3
	 

	
	1 mm
	2
	4
	 

	
	0.1 mm
	
	1
	 
	
	


Table 3 Requirements in terms of max. CGE for monthly solutions (The numbers in the grey boxes correspond to the first column of Table 2), the shaded areas on the right mark the restriction to more realistic values in case of a monthly satellite gravity field
The next step is a restriction of the values in Table 3 to more realistic requirements for the CGE of the gravity field solution of a NGGM. Therefore the three boxes (3, 4 and 1) will be reduced to smaller SH degrees (shaded areas). In any case, a compromise is required to get to the values in Table 4. On a monthly basis it is far beyond observation techniques from space to require a 0.1 mm geoid up to SH degree 200 or a 1 cm geoid up to SH degree 2000. In this case, a first step of iteration could be the following values for CGEs. The NGGM should provide gravity information up to SH degree 250 and the cumulative geoid error for the SH degrees 150, 200 and 250 should be not greater than 0.1, 1 and 10 mm respectively. From this point of view the signals in Table 2 will be observable to a large extent in spatial resolution and with a temporal resolution of one month.

	SH degree
	150
	200
	250

	CGE [mm]
	0.1
	1
	10


Table 4 Requirements for CGE
	Altitude
	k
	SST
	ACC
	CGE [mm]

	[km]
	
	
	
	150
	200
	250

	300
	3
	8,E-09
	7,E-12
	0.09
	0.62
	4.31

	350
	8
	3,E-09
	2,E-12
	0.09
	0.86
	9.09

	400
	15
	5,E-10
	4,E-13
	0.05
	0.64
	9.32

	450
	20
	9,E-11
	8,E-14
	0.02
	0.49
	10.15


Table 5 Required noise levels for the reference error scenario
3.3 Variable Gravity Model 

The reprocessed grid files build together a 12 year time series with a temporal resolution of six hours. The spatial resolution is 
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3.4 Scientific Mission Architecture Definition 

3.5 Variable Gravity Measurement Performance 

4. ENGINEERING REQUIREMENTS, ANALYSIS AND IMPLEMENTATION 

4.1 System Drivers 

4.2 Instrument Concepts 

4.3 Measurement Technologies 

4.4 Mission Analysis 

4.5 Attitude and Orbit Control Concepts 

4.6 End-to-End Simulator Design and Implementation 
4.7 Mission Architecture Definition and Trade-Off 

5. Gravity field performance assessment with the full End-to-End simulator

5.1 MISSION SCENARIOS

The satellite pairs that have been selected are:
1. In-line formation in polar orbits (“In-line polar”): 32/503 repeat with 4 & 7 day sub-cycles, 75 km baseline;

2. In-line formation in Sun-Synchronous Orbits with the inclination 96.8o (“In-line SSO”): 32/503 repeat with 4 & 7 day sub-cycles, 75 km baseline, 6/18 hr local time at equator crossings (dawn-dusk);

3. In-line formation in 63o inclination orbits: 31/481 repeat, 75 km baseline;

4. Pendulum in polar orbits: 32/503 repeat with 4- and 7-day sub-cycles, 62/62 km baseline (in-plane/out-of-plane);

5. Cartwheel in polar orbits: 32/503 repeat with 4- and 7-day sub-cycles, 100/50 km baseline (along/radial).
6. Pendulum in polar orbits: 30/463 repeat with 7-day sub-cycle, 62/62 km baseline (in-plane/out-of-plane).

5.2 GRAVITY FIELD PERFORMANCE

Gravity field retrieval experiments have been conducted for a number of mission scenarios, including the single-tandem in-line polar, in-line SSO, pendulum polar and cartwheel formations, and the dual-tandem Bender constellation (63o and 900 inclination). First, ll-SST only solutions were produced and analyzed in detail. The parameterization was established based on a limited number of tests, which indicated that the accelerometer sensor noise is by far the dominant sensor error source. It was found that for the in-line polar formation the impact of this error source could be mitigated by estimating hourly piecewise linear empirical accelerations and this parameterization was adopted for the cases where all sensor errors were included. 

The first series of gravity field retrievals (so-called Case 1) were based on the assumption that all sensors are perfect and that the residual gravity field consists of hydrological gravity field changes only. In principle, retrieval errors would then be caused by temporal aliasing only, i.e. hydrological gravity field changes WITHIN the retrieval period. The retrieval period was taken equal to a full repeat period of 32 days, or equal to (multiples) of sub-cycles: 4, 7 and 14 days. It was found that the impact of temporal aliasing on the retrieved gravity field is already distinctly different for the different mission scenarios. The pendulum and cartwheel formations seem to be affected most, especially at the low spherical harmonic (SH) degrees. For the shortest sub-cycle of 4 days, the cartwheel formation has relatively good performance, whereas the pendulum formation has a very bad performance (especially for the very low degree zonal coefficients). 

When all sensor errors are included and also more residual temporal gravity field signal is present (i.e. 10% of the atmospheric and ocean mass changes), the relative performance for the different mission scenarios changes from smaller to greater extent. For these retrievals, the piecewise linear empirical accelerations were estimated simultaneously with the gravity field parameters. It was found that this co-estimation was not only very efficient in absorbing the effect of sensor errors, but most likely also alters the impact of temporal aliasing. For example, the (relative) performance for the pendulum formation improves significantly for the 7-day sub-cycles and for the 7- and 32-day periods. The dual-tandem Bender constellation displays a good performance for all periods, especially for the 4-day sub-cycle (which can be explained by the much better and denser global coverage with two tandems for such a short period), but is now in fact outperformed significantly by the pendulum formation for SH degrees larger than about 20 for the full 32-day repeat period (this is to a lesser extent also the case for the 7-day sub-cycle and the 14-day period). In general, the pendulum and cartwheel formations seem to suffer relatively much from the sensor errors, especially considering the gravity field retrieval results at the very low SH degrees (<10).

When analyzing gravity field retrieval errors in the spatial domain (e.g. geoid errors as a function of geographical latitude and longitude), the error patterns for the Bender dual-tandem and pendulum configurations display less pronounced stripes than for the in-line polar, in-line SSO and cartwheel polar formations.

All the obtained gravity field retrieval performance figures for the ll-SST computations are corroborated by formal error propagations of the covariance matrices that are obtained as by-product of the least-squares estimation process. Based on formal errors and covariance functions, it can be anticipated that the Bender dual-tandem and pendulum polar configurations will lead to gravity field solutions with a more homogeneous and isotropic quality. Furthermore, the Bender and pendulum polar scenarios demonstrate some synergy potential: the Bender constellation delivers the best results at low degrees, whereas the pendulum formation results in the lowest noise level at high degrees. It can be advised to put efforts into the design of a new formation type where the strong features of the Bender and pendulum configurations are combined. For instance, one or both in-line pairs that form the Bender constellation can be replaced with the pendulum pair(s).

As stated before, the same parameterization (i.e. estimated parameters) was adopted for all ll-SST mission scenarios. It is fair to assume that for different mission scenarios, different parameter sets lead to optimal results. For example, the performance for the cartwheel and pendulum formations is relatively bad for the very low degrees. This might be due to the higher impact of sensor errors (e.g. attitude errors will lead to larger observation errors because the ll-SST signal is simply much bigger, especially at the very low frequencies), but also a higher frequency of estimated empirical accelerations might help (although this will reduce the observability of gravity parameters and thus a trade-off has to be made). 

A rigorous assessment has been made of the possible added value of Satellite Gravity Gradient (SGG) observations. The general conclusion is that the SGG noise level makes it challenging to improve the ll-SST based gravity field solutions: this noise level has to be reduced significantly compared to the currently achievable level. For a monthly gravity field recovery, the added value of SGG data becomes visible only if the noise level is reduced by one order of magnitude, if an in-line polar/SSO formation is considered. For other configurations (Bender-polar, pendulum, cartwheel, or a combination), a reduction of noise level by two or even more orders of magnitude is needed. Importantly, this concerns both accelerometer sensor noise and attitude reconstruction noise.

Still, it would be pre-mature to conclude that an on-board gradiometer with a currently achievable noise level is useless in mass transport monitoring. First of all, all the data combination attempts made so far were based on the assumption that mass transport is described by the formula “HIS-0.1AO”, where significant variations within the given month are associated with the second term (“-0.1AO”). Therefore, temporal aliasing, which is a major source of errors in ll-SST-only models, is largely dependent on the assumptions about the second term. A comparison with models based on real GRACE data [RD-12] allows us to suggest that our assumption is rather optimistic: the errors in GRACE models exceed those observed in the “In-line polar” scenario by about one order of magnitude. Even though there are on-going research activities aimed at an improvement of GRACE data processing strategies, it is still not guaranteed that a 10-times reduction of temporal aliasing will be achieved by the moment when the mission under consideration becomes operational. On the other hand, noise in SSG data, as was shown above, is mostly dictated by the sensor performance and will stay practically the same even if the effects of temporal aliasing are 3-10 times higher than assumed. This means that the ratio between noise in SGG and in SST data might be 3-10 smaller than assumed in the “nominal noise” scenario. In other words, an assumption that noise in SGG data is reduced 3 or even 10 times might be closer to the reality when the added value of SGG data is discussed. This leads us to the conclusion that it is still worthwhile to derive SGG observations from on-board accelerometers in the context of monthly gravity field retrievals, if an in-line polar (or an in-line SSO) formation is chosen to collect gravity field measurements. 
Secondly, the currently achievable noise level in SGG data still allows these data to provide a valuable contribution in the context of gravity field recovery for short time intervals. For a 4-day interval and for estimating the gravity field complete to degree 80, the added value is very significant when a single-pair formation is considered (though the Bender constellation does not benefit from SGG data because two pairs of satellites in that case still ensure a sufficiently dense spatial coverage). However, it is certain that for shorter time intervals (2 or even 1 days) or for a gravity field recovery up to a high spherical harmonic degrees (e.g. a degree above 112 for a 7-day interval and a single-pair scenario), the spatial coverage will be insufficient, and then the presence of SGG observations will be essential. It is worth adding that a gravity field recovery on a 1- or 2-day basis up to a high degree might be needed not only when rapid mass transport processes are the final target. One should keep in mind that models of rapid mass transport processes are also used for temporal de-aliasing of satellite gravity data. An elimination of rapid mass transport signals is critical for reducing noise level in the data and, therefore, for achieving the highest spatial resolution at all time scales (including even secular variations caused, e.g., by melting of polar ice sheets). Currently, models of rapid mass transport model are hardly based on satellite gravity data, whereas the accuracy of these models is limited. As it is already mentioned above, this is one of the major sources of errors in GRACE-based model. Ability of future satellite gravity missions to improve rapid mass transport models will be, with no doubt, a highly desirable feature in the context of all potential applications of satellite gravimetry.
6. CONCLUSIONS AND RECOMMENDATIONS 

6.1 Scientific Assessment of the Baseline Mission 

Include here summary of WP3200 technical note.
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ACRONYMS

AD



Applicable Document

BOL

Beginning of Life

BSM


Beam Steering Mechanism

C/C


Carbon-Carbon (composite)

CHAMP

CHAllenging Minisatellite Payload

COM


Centre of Mass

E2E


End-to-End
EOL


End of Life

FF



Formation Flying

GNSS


Global Navigation Satellite System

GOCE


Gravity field and steady-state Ocean Circulation Explorer

GPS


Global Positioning System

GRACE

Gravity Recovery And Climate Experiment

INRIM


Istituto Nazionale di Ricerca Metrologica

ITT



Invitation To Tender

KBR


K-Band Ranging 

LEO


Low Earth Orbit

ll-SST


low-low Satellite-to-Satellite Tracking

LORF


Local Orbital Reference Frame

LRR


Laser Retro Reflector

MBW


Measurement Bandwidth

MST


Mission Simulation Tool

NGGM


Next-Generation Gravity Mission

P/L



Payload

POD


Precise Orbit Determination

PSD


Power Spectral Density

RD



Reference Document

RF



Radio Frequency

RMS


Root Mean Square

S/C


Spacecraft

SLR


Satellite Laser Ranging

SQUID


Superconducting Quantum Interference Device

SSO


Sun Synchronous Orbit

SST


Satellite to Satellite Tracking

TAS-I


Thales Alenia Space Italia

TBC


To Be Confirmed

TBD


To Be Defined
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