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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. 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 107 Eétvos 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
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.



Topic DS Science Question D5 Science/Application Objective [Necessary observables | Current state of the art for Importance [Utility. Relative DS Suggested Measurement DS Suggested Measurement [nustification for Suggested Measurement
of Objective: m Parameters: Both Baseline and Goal
os
C1a sea level i Smmyr-1(0.4mmyr-1 | Most |High. MCprovid Ocean (Appendix
rise to within 0.5 mm yr-L over the course |Terrestrial Reference Frame | from altimetry, 0.3 mm yr-1 from ocean | Important spatial 2 i ¢ 6)
izt b 2015)) lglobal ocean mass Temporal
change. |Accuracy: 15 mm Accuracy: 15 mm (Goal: Higher spatial resolution wil reduce land
Ieakage errors which are one of the dominant
sources o s5.
Cib. the global 48 W m-2 over 10ys Most |High Ocean i i (App
oceanic heat uptake to within 0.1 Wm-2 |Ocean Mass Redistribution | (same as C-13) Important isrelated to totalsea |spatial 2 i ¢ &)
over the course of 2 decade (Ocean Temperature and Temporal
salinity Profile ocean mass component. | Accuracy: 15 mm Accuracy: 15 mm (Goal: Higher spatial resolution wil reduce land
This serves as an minant
independent sources of error in determining global ocean mass
measurer
C-1. How much willsea level ise, planetary heat uptake.
globally and regionally, over the next
Cic ice |Ice sheet mass change precision: +/-24 Gty (Greenland), +/-| _ Most _|High. Ice sheet mass __|Ice Sheet Mass distri ce sh Baseline: program of
the role heat 15 Gton/yr 9 Gtyr-1 (Antarctica) [Watkins etal,, | Important |Spatial ‘ ? record
storage? over the course of a decade and the. Ice sheet elevation 2015) a Temporal
h through Mc. |Accuracy: 40 mm Accuracy: 10 mm (Goal: Specified in the Decadal Survey (Appendix 8)
lacier ice discharge with the same Ice shelf thickness
tinuoush Ice y shaps
Ice sheet surface mass
\ balance
v:r'l':‘;:;y C1d Tevel change Signals: <5 mm yr-L signal, oceanmass | Very _[High. MC providesa Ocean (App
) o within 1.5-2.5 mm/yr over the course |Vertical Land motion trends [Watkins et al, 2015]; <2.5 mm | important Spatial ? i 2 6)
of a decade (1 ~(6000 yr-1 signal, sea gerp remporal
km)~2 region, 2.5 corresponds to a ~(4000| Wind Vector | Accuracy: 15 mm Accuracy: 15 mm (Goal: Higher spatial resolution wilreduce land
k)12 region) Ieakage errors which are one of the dominant
sources of error in determining regional ocean mass.
C:7d. Quantiy the inkage between the _|Ocean velocity (Ocean bottom pressure measurements | Important |Low. M dary Ocean B
L Spatial 2 i ¢ record
the ocean on objective. Temporal
on decadal timescales. Reduce the. Wind Stress monthly to decadal timescales (e.8, | Accuracy: 15 mm Accuracy: 10 mm (Goal: Specified in the Decadaly Survey (Appendix B)
uncertainty by a factor of 2 (relativeto  |Ocean bottom llohnson and Chambers, 2013). When Higher spatial resolution willalow for resolution of
Ipcc , ocean mass major oceanic fronts.
c7. 2013).C¢ el Many
atmospheric and ocean circulation variables thermodynamic state.
patterns changing, and what are the
effects of C7e. of models Simiar to C-74. Indication for sgnatures | Important _[Low. MCisa secondary Ocean Baseline: program of
, |usedfor the of the AMOC can spatial q 2 record
and longer term environmental | models simulating the observed evolution ., Landerer et objective. Temporal
change? of the large scale patternsin the IWind stress al, 2015) |Accuracy: 15 mm Accuracy: 10 mm (Goal: pecified in the Decadaly Survey (Appendix B)
has Higher spatialresolution willalow for resolution of
the frequency and magnitude of ENSO major oceanicfronts.
events, strength of AMOC, and the Many other pertinent
poleward expansion of the sub-tropical jet |variables
(t0:2 67% level correspondence with the
observational data)?
-1, How is the water cycle H-1a. Develop and evaluate an integrated |Precipitation (GP Water budget closure at continental, Most [High: dTWS s essential torage Mass torage Mass [Baseline: Consistency with the current program of
changing? th Syste monthly and lessthan| Important [to closing the water  [Change Change record, allowing water budget closure at
ly quantify |imagers) 10% (of precipitation total) uncertainty budget, i.e., ATWS =P - (1,000 km)* (3km)* [continental, monthly and annual scales with less
accelerating, with greater rates of energy (swom), [Rodelletal, 2015] ET-Q and only a mass Temporal than 10% (of precipitation) total uncertainty.
evapotranspiration and thereby | cycles , and to close: 8 change measurement | Accuracy: 10 A 10
precipitation, and how are these [the (o) can provide it (Goal: Improved spatial resolution enabling water
budget closure atthe scale of headwater
distribution of rainfall, snowfall, | basins catchments.
evapotranspiration, and the
frequency and magnitude of
extremes such as droughts and
floods?
H-2c. Quantfy how changes inland use, _|dTWS (MIC) and either (1) _[In certain arid Most : torage Mass e Baseline: ram of
land cover, and water use related to ity logi Importantto infer dGW (with |Change Change record, which has supported estimates of dGW at
H-2. tural 3 formati recharge can |Spatial ’ it ‘
in climate, land use, water use, and (CCP), solar radiati £ and GRACE- ), which is Temporal
ve (multipl), soil moistu d essential o estimating | accuracy: 25 mm Accuracy: 10 mm (Goal: pecified in the Decadal Survey (Table 6.3:
\water and energy cycleslocally, | recharge, threatening sustainability of |(SMAP, SMOS), land cover |[Henry et a,, 2011; Gongalvés etal, GW recharge as the sum “basin scale (50 km or better)”).
gionally hatare PPl land irigation information |2013; Mohamed etal, 2017] of dGW and GW.
Global e dhortand ong-term (imagers), and a hydrological discharge, however,
con estimates of the latter
Cycles and
Water
Resources -3b. Monitor and understand the bserved by GRACE with 1-2cm | Important_[Fig d = 8 Baseli ram of
couple land y over monthly and > (450 Change Change record, which has supported estimates of ATWS at
quality,  |aTWS (MO). kam)” cales spatial £ B
, ater f d st d between all 1 ) natural and Temporal
s , ivers,lakes, (Landerer etal, 2020] 25mm Accuracy: 25 mm (Goal: Improved spatial resolution would alow for
dwater, and glaciers), and response that control water lquantification of dTWS at scales that better support
0 extreme events. storage changes and process understanding.
ha Hoac. Precipitation (GPM, A-CCP), £[ Important ” & Baseline: C
i ) , SMOS), |based and > (450 km)? [gravimetry based Change Change record, which has supported quasi-operational
ity [accurately and 4w (MC), scales) (Thomas et al, 2014; Zhao et . ws (a0 km}? i (25 km)? lBroundwater and soil moisture drought monitoring
and impacts of hazardous events and | mitigations. (swor), 2017 or via G i Temporal i with the aid of data assimiati
hazard-chains (e.g.floods, wildfires, Jand evapotranspiration | (eekly and (12 km)? scaes) [Houborg indicators of drought,  [Accuracy: 25 mm weeky latency
landsides, coastal loss, subsidence, (imagers). etal, 2012; Lietal, 2019); accuracy not| particularly when Accuracy: 1.5 mm (Goal: Enables drought monitoring at the spatial and
droughts, human health, an quantifed. downscaled and tempora scales that water managers need without
ecosystem health), and how do we temporally extrapolated data assimilation. See Decadal Survey Table 6.4.
improve preparedness and mitigation via data assimiltion
of water-related extreme events?
S-ib. < ¥ | Postseismic: >0.5 | Most _|High, MCprovides i
S (S fy ? (Hanet | Important (300km)” )
51, y al, 2019) ion: monthly
T h |wavelength post-seismic |Accuracy: 1uGal= 25 mm EWH  |Accuracy: 0.5 uGal = 12 mm EWH
socially relevant timeframe? Land cover change processes (Goal: Improved spatial resolution and accuracy will
lenable better resolution of key selsmic cyc
rocesses and detection of M < 8.1 events
5-3a. Quantiy the rates of sea level [Surface Melt Constraining GIA is mportant for Most tal i
Important ? (200 km)?
regional, and localscales, with uncertainty |Snow density regionally for estimating ice mass 8
1<0.1 mm yr-1 for global mean seallevel | Mass Change change and assessing contribution to
5. X sealevel 1A varies. (Appendix,
along coastines around the world n|equivalent ice spatially, peaking near 3.5 mm/yr ravity)
10km ea surface height relative sea level. (Caron et al., 2018).
Terrestrial Reference Frame
In-situ temperature/salinity
Ice velocity
i ton topography
s4a. Most | Medium. Mass i ion: (300km]” °
by earthquakes Important s oni monthiy i
5. r in other elements |Accuracy: 1uGal= 25mmEWH |Accuracy:0.5 uGal=12mmEWH [and other processes.
i (i tectonics, and (carthquake related
Earth |change? societal activty. vass change mass movement, ice (Goal: Improved spatial resolution and accuracy will
o Rain and snow fal rates mass change, and lenable better resolution of key processes an
- Reflectance for freeze/thaw hydrological lux) detection of M <8.1 events.
[s- i ientati mass change Very [Low. VLBIisthe primary |C;,/S;; only Cau/S2 only aseline: Consistency with the current program of
withi rior, specifically the ((VL81) s Important (20,000 kmy? i (20,000 km)? |record. Thisis defined as the agreement betuween
mamics of the Earth's core and ts Mass change. to ~2€-11 accuracy, which is 100x worse| /S i
i i than ccuracy: 26-11 = 1 mm EWH |Accuracy: 2613 = 0.01 mm EWH
inS-5a. (Wahr etal, 1987) (Goal: Improved accuracy of 2€-13 willllow for the
and plate motions. For MC: Determine deterimination of the angular offset between
Earth'sfigure axis and the mean mantle rotation axis
o within 50 microarcseconds
rotation parameters. To do thistis
required to measure the xp and yp polar
|coordinates to a precision of 50 micro
arcseconds. Source: Appendix B angular
momentum variable, of Decadal Survey
[S-6b. Measure al sgnificant fluxes in and _Soll moisture Seeizc Important _[Medium. MC provides B 7
/global long wavelength |Change Change record.
/5:6. How much water istraveling  |recharge area Rainfall mass change. g ?
deep underground and how does it vass Change |
affect geological processes and water | Topography |Accuracy: 25 mm |Accuracy: 10 mm 6b, gravity)
supplies?
Land surface deformation

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 MEQ; 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 Performance SWaP vs. LRI | Current
Ranging Technology vs. GRACE-FO LRI TRL'
GRACE-FO MWI 0.01X 1X 9
GRACE-FO LRI X X 9
Ball optical frequency comb 1X (allows for 1X 5
pendulum)
GeoOptics KVR 0.01X 0.1X (SW) 6
0.5X (P)
GSFC uNPRO 0.5X 0.4X (SW) 5
0.6X (P)
LMI transponder (ESA) X X 4
LMI retroreflector (ESA) 1X (limited to smaller X 4
distances)
Laser chronometer (CNES) 0.01X (gimbaled for 0.5X (SW) 4
pendulum) 1.5X (P)

"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.



sensor

Accelerometer Technology Performance SWaP Current
vs. GRACE-FO vs. GRACE-FO | TRL'
ONERA GRACE-FO electrostatic 1X 1X 9
ONERA MicroSTAR-Prime 1.7X with 3-axis 1X 4
electrostatic sensitivity
ONERA MicroSTAR electrostatic 30X with drag 1X 4
compensation
ONERA HybridSTAR ES + cold 60X with drag 10X 3
atom compensation
Simplified LISA Pathfinder 20X without drag 1X 2
Gravitational Reference Sensor (S- | compensation
GRS)
200X with drag
compensation
ONERA CubSTAR electrostatic 1X 0.3X 3
Compact optomechanical inertial | 0.05X - 0.4X 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.




Truth Model

Nominal Model

and Ocean (AOD)

Static Gravity Field gif48 gif48
Ocean Tides GOT4.8 FES2004
Nontidal Atmosphere AOD RLO5 AOerr + DEAL (Dobslaw et

al., 2016)

Hydrology + Ice

ESA Earth System Model

Table S5. Force models used in numerical simulations




