QAGU PUBLICA]

Earth and Space Science
Supporting Information for
The Mass Change Designated Observable Study: Overview and Results

D. N. Wiese', B. Bienstock’, C. Blackwood", J. Chrone?, B. D. Loomis?, J. Sauber®, M.
Rodell®, R. Baize? D. Bearden', K. Case’, S. Horner? S. Luthcke?, J. T. Reager’, M.
Srinivasan', L. Tsaoussi’, F. Webb', A. Whitehurst®, V. Zlotnicki'

'Jet Propulsion Laboratory, California Institute of Technology
2NASA Langley Research Center
3NASA Goddard Space Flight Center
4NASA Ames Research Center

>NASA Headquarters

Contents of this file

Text S1to S2
Figure S1
Tables S1 to S5

Introduction

The supplementary information provides additional information regarding architecture
and technology definition, numerical simulation setup, and supporting figures for the
main analysis in the paper.



Text S1.

The architecture trade space is essentially infinite given the multiple variables that
impact the science value of the architectures listed in Table S2. The set of simulated
architectures was selected such that the boundary conditions were explored to capture
the full range of possible outcomes. For example, it is undesirable to fly at an altitude
above 500 km due to the attenuation of gravity signals with increasing altitude; 350 km
is an approximate lower limit given the increased drag forces that exist at lower altitudes.
The selected separation distance is far less of a factor than the altitude but does affect
the measurement system value to an extent that it must be considered. Results
presented in Section 6 consistently use a 300 km separation distance, as simulations
showed this to be the preferred value. Note this separation distance is slightly larger
than the nominal operational separation distance of GRACE and GRACE-FO (220 +/- 50
km), as we find the impact of accelerometer error on the gravity retrieval is lessened with
larger separation distances. The selected pendulum opening angles are informed by the
results of Li et al. (2016). AIGG simulations were performed for a single instrument
oriented in the radial, along-track, and cross-track directions, with the radial
configuration performing approximately an order of magnitude better than the other
orientations; thus, the results presented here focus on the radial orientation. We
assumed three AIGG beams with a 2-meter baseline and 15 second interrogation time,
resulting in a sensitivity of 10 E6tvés and a sample rate of 0.1 Hz. Table S2 provides a
summary of the simulated architectures, while Tables S3 and S4 provide summaries of
the inter-satellite ranging technologies and accelerometer technologies. The
technologies in Tables S3 and S4 were appropriately mixed and matched across the
architectures described in Table S2 to provide a large trade space of potential
architecture variants (see Figure 1). The performance metrics in Table S2 and S3 are
approximations of performance based on a specific frequency band; in reality, a full error
spectra across relevant frequency bands is taken into account in the numerical
simulations.

Text S2.

Force models used in the numerical simulations to derive science value are given in
Table S5. To derive measurement system value (i.e., neglecting temporal aliasing error),
the nominal models in Table S5 are set equivalent to the truth models. All models are
expressed to spherical harmonic degree and order 180. Additional conservative force
models considered in the numerical simulations include third body effects (DE421b),
General Relativistic Effects (IERS2010), S1 and S2 air tides (Ray and Ponte, 2003), and
Solid Earth and Ocean Pole Tides (IERS2010). Non-gravitational forces considered in the
simulations include atmospheric drag, solar radiation pressure, and Earth radiation
pressure.

Gravity fields are estimated to spherical harmonic degree and order 180 covering
the span January 1-29, 2006. Gravity estimation is a 2-step process, where in the first
step, a set of "local” parameters are estimated using the tracking data for the purposes
of converging the orbit. The estimated parameters in the first step include daily position
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and velocity of each spacecraft, daily accelerometer scale factors, daily accelerometer
biases, and a range-rate bias, range-rate drift, and a range-rate one cycle per

revolution. In the second step of the gravity estimation, these same parameters are
estimated again along with the 29-day mean gravity field expressed to spherical
harmonic degree and order 180. Additionally, a covariance function for each data type
and relative weights for each day are estimated in an iterative manner (second step only)
as described in Ellmer (2018).

Expected Orbit Altitude and Spacecraft Reliability
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Figure S1. Triggering mechanisms for GRACE-FO end of life, showing spacecraft
reliability estimates (y-axis, right) in the dashed blue line with 2-sigma uncertainty
estimates in shaded blue, and orbital altitude degradation due to increasing atmospheric
drag forces (y-axis, left). Altitude degradation is computed using the 2-sigma (95%
confidence) Schatten solar cycle predictions from the Goddard Flight Dynamics

Facility. We note solar cycle predictions are inherently uncertain; stronger solar cycles
than simulated here will lead to more rapid altitude degradation.
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Table S1. Mass Change Science and Applications Traceability Matrix



Architecture

Summary

POD

24, 48, 96 satellites (absolute and relative baseline position data)
Altitudes: 300 km
Inclinations: Distributed evenly between 89° and 72°

SST single pair

2 satellites

Altitudes: 350 km and 500 km
Inclination: 89°

Separation distances: 100, 300, 500 km

SST pendulum

2 satellites

Altitudes: 350 km and 500 km

Inclination: 89°

Separation distances: 300 km

Opening angle: 15 degrees and 45 degrees

SST pair +
pendulum

3 satellites

Altitudes: 350 km and 500 km

Inclination: 89°

Separation distances: 300 km

Opening angle: 15 degrees and 45 degrees

SST dual pair
(Bender)

4 satellites

Altitudes: 350 km and 500 km

Altitude combinations: high/high; high/low; low/high; low/low
Inclinations: 89° and 72°

Separation distances: 100, 300, 500 km

LEO-MEO 1

4/5/7 satellites

LEO altitude: 350 km and 500 km

MEO altitude: 7000 km

Inclination: 89° and 72°

Combinations: 1 LEO + 3 MEOQ; LEO SST pair + 3 MEO; LEO SST
dual pair + 3 MEO

LEO-MEO 2

8 satellites

LEO altitude: 500 km

MEO altitude: 1500 km

Inclination: 89°

Combinations: LEO SST pair + 6 MEO

AIGG

1 satellite (radial pointing)
Altitudes: 350 km and 500 km




Table S2. Summary of simulated architectures

Satellite-to-Satellite
Ranging Technology

Performance
vs. GRACE-FO LRI

Size Weight and
Power vs. LRI

Current
Technology
Readiness Level'

(CNES)

for pendulum)

GRACE-FO MWI 0.01X 1X 9
GRACE-FO LRI 1X 1X 9
Ball optical frequency | 1X (allows for 1X 5
comb pendulum)

GeoOptics K-/V-band | 0.01X 01X (SW) 05X (P) |6
ranging

GSFC uNPRO 0.5X 04X (SW) 0.6X (P) |5
LMI transponder (ESA) | 1X 1X 4
LMI retroreflector 1X (limited to 1X 4
(ESA) smaller distances)

Laser chronometer 0.01X (gimbaled 05X (SW) 15X (P) |4

"Vendor-assessed TRL of lowest element level component at completion of the study

Table S3. Summary of satellite-to-satellite ranging technologies. Performance numbers
are approximations and represent relative performance at approximately 10 mHz. The




“X" in the table indicates “times”; for instance, the GRACE-FO MWI performance is 0.01
times the performance of the GRACE-FO LRI

inertial sensor

Accelerometer Technology Performance Size Weight and Current
vs. GRACE-FO Power vs. GRACE- | TRL'
FO
ONERA GRACE-FO 1X 1X 9
electrostatic
ONERA MicroSTAR-Prime 1.7X with 3-axis 1X 4
electrostatic sensitivity
ONERA MicroSTAR 30X with drag 1X 4
electrostatic compensation
ONERA HybridSTAR ES + cold | 60X with drag 10X 3
atom compensation
Simplified LISA Pathfinder 20X withoutdrag | 1X 2
Gravitational Reference Sensor | compensation
(S-GRS)
200X with drag
compensation
ONERA CubSTAR electrostatic | 1X 0.3X 3
Compact optomechanical 0.05X -04X 0.01X 2

"Vendor-assessed TRL of lowest element level component at completion of the study

Table S4. Summary of accelerometer technologies. Performance numbers are

approximations and represent relative performance at approximately 1 mHz. The "X" in




the table indicates “times”; for instance, the S-GRS performance with drag compensation
is 200 times the performance of the GRACE-FO accelerometer.

and Ocean (AOD)

Truth Model Nominal Model
Static Gravity Field gif48 gif48
Ocean Tides GOT4.8 FES2004
Nontidal Atmosphere AOD RL05 AOQerr + DEAL (Dobslaw et

al., 2016)

Hydrology + Ice

ESA Earth System Model

Table S5. Force models used in numerical simulations




	Text S1.
	Text S2.
	Figure S1. Triggering mechanisms for GRACE-FO end of life, showing spacecraft reliability estimates (y-axis, right) in the dashed blue line with 2-sigma uncertainty estimates in shaded blue, and orbital altitude degradation due to increasing atmospher...
	Table S1. Mass Change Science and Applications Traceability Matrix
	Table S2. Summary of simulated architectures
	† Vendor-assessed TRL of lowest element level component at completion of the study
	Table S3. Summary of satellite-to-satellite ranging technologies.  Performance numbers are approximations and represent relative performance at approximately 10 mHz.  The “X” in the table indicates “times”; for instance, the GRACE-FO MWI performance i...
	† Vendor-assessed TRL of lowest element level component at completion of the study
	Table S4. Summary of accelerometer technologies.  Performance numbers are approximations and represent relative performance at approximately 1 mHz.  The “X” in the table indicates “times”; for instance, the S-GRS performance with drag compensation is ...
	Table S5. Force models used in numerical simulations

