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Key Points:

e A Science and Applications Traceability Matrix to satisfy the 2017 Earth
Science Decadal Survey Mass Change Science Objectives was developed

e A value framework process was used to identify and evaluate high-value
mass change observing systems for implementation within this decade

o High value observing systems provide continuity with GRACE-FO and a
pathway for improved resolution and accuracy in resolving mass change

Abstract

The 2017-2027 United States National Academy of Sciences Decadal Survey (DS)
for Earth Science and Applications from Space identified Mass Change (MC) as
one of five Designated Observables (DOs) having the highest priority in terms
of Earth observations required to advance Earth system science over the next
decade. In response to this designation, NASA initiated several multi-center
studies, with the goal of recommending observing system architectures for each
DO for implementation within this decade. This paper provides an overview of
the Mass Change Designated Observable (MCDO) Study along with key find-
ings. The study process included: (1) generation of a Science and Applications
Traceability Matrix (SATM) that maps required measurement parameters to the
DS Science and Applications Objectives; (2) identification of three architecture
classes relevant for measuring mass change: Precise Orbit Determination (POD),
Satellite-Satellite-Tracking (SST) and Gravity Gradiometry (GG), along with
variants within each architecture class; and (3) creation of a Value Framework
process that considers science value, cost, risk, schedule, and partnership oppor-
tunities, to identify and recommend high value observing systems for further
in-depth study. The study team recommended the implementation of an SST
architecture, and identified variants that simultaneously (1) satisfy the baseline



measurement parameters of the SATM; (2) maximize the probability of pro-
viding overlap with the Gravity Recovery and Climate Experiment Follow-On
(GRACE-FO) mission currently in operation, accelerating science return from
both missions; and (3) provide a pathway towards substantial improvements in
resolution and accuracy of mass change data products relative to the program
of record.

Plain Language Summary

This paper provides an overview of the Mass Change Designated Observable
Study. The goals of the study were to recommend observing systems for NASA
to implement within this decade to measure Earth system mass change, after
it was identified in the United States National Academy of Sciences Decadal
Survey as one of the five most important observations to advance Earth sys-
tem science. Mass change observations are critical to understanding changes
in sea level, the health of the ice sheets and glaciers worldwide, and changes
in freshwater availability across the globe. The study team recommended that
NASA implement an architecture similar in nature to its two predecessor mis-
sions: GRACE and GRACE-FO. This will maximize the chances that there will
not be a data gap between GRACE-FO (currently operational) and the next
observing system. Further, the study team recommended collaborating with
potential international partners to add more satellites to this architecture, in
order to improve resolution of Earth system mass change in space and time.

1 Introduction

In January 2018, the United States National Academy of Sciences released the
2017-2027 Decadal Survey (DS) for Earth Science and Applications from Space
(National Academies, 2018). The report identified five Designated Observables
(DOs) [1) Aerosols, 2) Clouds, Convection and Precipitation, 3) Mass Change,
4) Surface Biology and Geology, 5) Surface Deformation and Change] as having
the highest priority in terms of Earth observations required to advance Earth
system science over the next decade. NASA responded by initiating multi-
center studies to identify high value observing system architectures for near-
term implementation to make the required observations. These DOs are now
considered the core components of NASA’s Earth System Observatory to be
implemented within the current decade.

The designation of MC as a DO comes against the backdrop of a near-continuous
20-year climate data record of Earth system mass change established by the
pioneering Gravity Recovery and Climate Experiment (GRACE; 2002-2017)
mission (Tapley et al., 2019), and the currently operating GRACE Follow-On
(GRACE-FO) mission (2018-Present) (Landerer et al., 2020). From the DS, the
foundational basis of the MC measurements is to “ensure continuity of measure-
ments of groundwater and water storage mass change, land ice contributions
to sea-level rise, ocean mass change, ocean heat content (when combined with
altimetry), glacial isostatic adjustment, and earthquake mass movement.” MC
measurements are intended to extend the climate data record beyond the life of



GRACE-FO, while addressing eight of the DS’s Most Important Science Objec-
tives.

The focus of this paper is to provide an overview of the MCDO study along with
major results and findings. The core element of the study framework is a Science
and Applications Traceability Matrix (SATM) that maps the science objectives
posed in the DS to required measurement parameters for MC (Section 2). Iden-
tification and classification of relevant architectures and technologies to make
the required measurements is subsequently discussed (Section 3), along with a
process to map the performance of those architectures relative to the SATM
through the generation of science value scores (Section 4). A value framework
process (Section 5) that considers science value, cost, schedule (including like-
lihood of having overlap with the GRACE-FO mission), risk, and partnership
opportunities is then used to identify a small subset of observing systems for
further in-depth study (Section 6).

2 Science and Applications Traceability Matrix

The purpose of an SATM is to establish the motivation for a mission, linking
desired scientific and practical objectives to recommended measurement param-
eters that will drive mission design and data system decisions. A SATM can be
further used to evaluate the consequences of instrument changes and descope
options. The MC SATM (Table S1) includes both “baseline” and “goal” mea-
surement parameters, encompassing the range of guidance provided in the DS,
from the minimum requirements for satisfying objectives to more aspirational
desires such as closing water budgets over headwater catchments. In cases where
the DS objectives were ambiguous, our expert team interpreted the document
with substantial input from the relevant science and applications communities.
Of particular importance, the DS emphasized continuity of the Earth system
mass change data record as a key goal. As a result, we determined that the qual-
ity of measurements constituting the current program of record should define
baseline measurement parameters for a future MC observing system. Further,
it is clear that such a baseline observing system would contribute meaningfully
to the DS objectives with which MC is aligned.

The MC SATM contains 15 science and applications objectives taken directly
from the DS spanning three focus areas: Climate Variability and Change, Global
Hydrological Cycle and Water Resources, and Earth Surface and Interior (Fig-
ure 1). The measurement variables that define solution quality are spatial res-
olution, temporal resolution, and accuracy. MC and its predecessors, GRACE
and GRACE-FO, are unusual in that these three variables exist within one
trade-space. That is, for a given set of satellite observations, one of these three
variables can be preferentially enhanced at the expense of the other two by mod-
ifying the data processing algorithms. For each of the 15 objectives we identified
one of the three as the key variable (KV), where improvements would be most
beneficial to achieving that objective. In Section 4, we discuss how those choices
influenced the scoring and ranking of architectures.
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Figure 1: Science and Applications objectives for Mass Change from the
Decadal Survey

An innovation of the MC SATM is the identification of a Utility Score for
each objective, which describes the relative importance of MC observations to
achieving a given objective, considering both the (un)availability of the required
observations from alternative sources and the suitability of the MC observations
to address the objective. Utility Scores (Very Low; Low; Medium; High) were
combined with the DS-prescribed Importance (Important; Very Important; Most
Important) to derive a weighting for each objective which was later applied in
the evaluation of potential architectures (Section 4).

In addition to science, the DS also emphasized practical applications for MC,
most notably related to groundwater resources and drought. A Mass Change
Applications Team (MCAT) was therefore established with the charge of improv-
ing understanding of the informational needs of the applied science community
and agencies and industries that could benefit from MC data products. That
knowledge would then be incorporated into the SATM and a separate Com-
munity Assessment Report requested by NASA’s Applied Sciences Program,
toward the ultimate goal of maximizing the societal benefits of a MC mission.
The MCAT began by identifying applications-related goals in the DS and cur-
rent practical uses of data products derived from GRACE and GRACE-FO.
These include water resources assessment (e.g., Rodell et al., 2009; Famigli-
etti et al., 2011; Richey et al., 2015), drought monitoring (e.g., Houborg et
al., 2012; Li et al., 2019) and forecasting (Getirana et al., 2020b), agricultural




planning and yield forecasting (Bernknopf et al., 2018), streamflow forecasting
(Getirana et al., 2020a), flood vulnerability assessment and forecasting (Reager
et al., 2014, 2015), and local sea level rise analysis (Caron et al., 2018; Han et
al., 2019) (see Figure 1). The MCAT developed an online survey for applied
science and non-science end users and potential future users, with questions
that attempted to ascertain needs in terms of data type, continuity, spatial
and temporal resolutions, accuracy, and timeliness. Based on the 87 survey re-
sponses and feedback from workshops, conference presentations, and interviews
with stakeholders, high priority desires were determined to include improved
timeliness (higher frequency, reduced latency) and increased spatial resolution
relative to the standard GRACE and GRACE-FO products. In addition, poten-
tial new users, particularly in the government and industrial sectors, indicated
that they would be unlikely to incorporate MC products into their operations
if they lacked confidence that the products would continue to be available re-
liably and into the future. The information gathered by the MCAT had some
bearing on the SATM, including the determination of the KV for each of the
15 objectives, but it will likely have its biggest influence on decisions regard-
ing a future MC science data system. For example, delivering a level-4 data
assimilation product (e.g., Houborg et al., 2012; Li et al., 2019) could become
a mission priority, as a majority of survey respondents preferred low latency (1
week or better) MC data with weekly or better temporal resolution and spatial
resolution of (25 km)? or better; data assimilation schemes are currently the
only viable approach to achieve this desired spatial resolution. Further, the
knowledge gained from MCAT engagement activities may be useful in target-
ing stakeholders for future MC data and information products across sectors
that depend heavily on the availability of water, including irrigation, electricity
generation, manufacturing, and the provision of municipal water.

Similar to the MCDO study, Pail et al. (2015) described consensus recommenda-
tions of an international panel of scientists for a next generation gravity mission.
Another report, by a NASA-ESA interagency working group (IGSWG, 2016),
described observational targets for a future mass change observing system. The
recommendations in the MC SATM differ from those in the two reports in
some ways but are similar in others. Both reports began by defining the spa-
tial and temporal scales of mass change signals from the various hydrological,
cryospheric, oceanic, and solid earth sources of mass change. The DS, which
was the basis for the MC SATM, largely agreed in its definition of those scales.
Importantly, the MC SATM suggests a specific set of values for the three mea-
surement variables (spatial and temporal resolution and accuracy) necessary for
meaningful contribution of MC observations to each of the 15 MC-related ob-
jectives in the DS, considering also synergistic and complementary observations
relevant for those objectives, while the recommendations of Pail et al. (2015)
are meant to satisfy the needs of all user communities. IGSWG (2016) is less
prescriptive in its recommendations. The threshold requirements of Pail et al.
(2015) are somewhat more aggressive than the MC baseline measurement pa-
rameters. For example, for a monthly terrestrial water storage (TWS) anomaly



field, the former stipulates 5 mm accuracy at (400 km)? resolution, while 25
mm at (450 km)? is representative of the latter. The MC SATM goal parame-
ters for the 15 objectives encompass a range of values that vary depending on
the scientific objective. One specific example relates to objective S-3a focused
on quantifying rates of sea level change and its driving processes, where the
MC SATM goal parameter is explicitly stated in the DS as 10 mm accuracy at
monthly timescales and (200 km)? resolution. This is in precise agreement with
the target requirements described in Pail et al., 2015; however, we note there are
also instances where the MC SATM goal parameters are more ambitious than
the target requirements in Pail et al., 2015.

3 Architectures and Technology
3.1 Overview of Mass Change Architectures

Spaceborne techniques for measuring global time variable gravity (i.e., mass
change) have been of great interest to the science community for many decades.
The most basic and oldest method is precise orbit determination (POD), which
uses the observed positions and/or velocities of low Earth orbit (LEO) satellites
to infer changes in the global gravity field. The earliest time variable gravity
estimates were derived from satellite laser ranging (SLR) tracking data and
were only able to recover several of the lowest degree (i.e., largest spatial wave-
length) spherical harmonic coefficients (Tapley et al., 1993; Cheng et al., 1997).
More recent studies have significantly expanded upon the number of estimated
coefficients using GNSS tracking data to multiple LEO satellites (Teixeira En-
carnagao et al., 2020; Richter et al., 2021; Zhong et al., 2021). Doppler Orbitog-
raphy and Radiopositioning Integrated by Satellite (DORIS) is another widely
used POD technique that has also been applied for mass change studies (Cerri
et al., 2013; Talpe et al., 2017). As early as the work of Wolff (1969), it was
understood that a satellite-to-satellite tracking (SST) architecture with precise
measurements of inter-satellite range changes between a pair of co-orbiting satel-
lites promised to enhance the spatial resolution beyond what is possible with
the POD approach. This general concept has, of course, since been successfully
implemented as the GRACE (2002-2017) and GRACE-FO (2018-Present) mass
change missions. Mass change would also be observable with spaceborne gravity
gradiometers (GG), which can be realized in any single axis (or multiple axes)
on a single satellite platform with a pair of separated accelerometers, if a cer-
tain threshold of instrument accuracy can be achieved. The POD, SST, and GG
architectures and their associated technology options were investigated by the
MCDO study team and are discussed in more detail throughout the remainder
of this section. Additional architecture and technology details are provided in
Supplementary Text S1, and Tables S2, S3, and S4.

For the sake of completeness, we briefly note several methods for measuring
or inferring global time variable gravity signals that were excluded from the
study. Despite their important contributions to measuring the higher spatial
resolution components of the static gravity field, airborne and shipborne gravity
gradiometers were not considered, as they lack the precision needed to recover



temporal variability (Forsberg and Olesen, 2010; Sampietro et al., 2018) . We
also excluded from the study the investigation of GNSS ground stations (Borsa
et al., 2014; Argus et al., 2017) and ground-based gravimeters (Breili et al., 2009;
Glntner et al., 2017) due to the impracticality of deploying and maintaining the
expansive network of instruments that would be required to observe mass change
globally (among other challenges). Lastly, we note that the global gravity field
can be inferred according to general relativity from very precise spaceborne
clock measurements in combination with knowledge of the clock position and
velocity (Miiller et al., 2018). However, despite the substantial improvements of
clock accuracy and stability in recent years, this concept is not currently under
consideration given the stringent requirements on velocity accuracy and clock
stability that is needed over short integration times.

3.2 Precise Orbit Determination (POD)

As summarized above, the POD approach derives mass change measurements
from LEO satellite positions determined with GNSS, SLR, or DORIS track-
ing data. As the number of LEO satellites equipped with these precise track-
ing systems has increased, the ability to observe mass change signals from the
POD method has improved, leading the study team to investigate the potential
performance of a dedicated mass change POD constellation. The architecture
trade space is defined by the number and arrangement of satellites, while the
technology trade space consists of the tracking system, attitude determination
system, and the possible inclusion of an accelerometer for measuring the non-
gravitational forces. Our simulation study began with an overly optimistic
implementation in order to assess the “ceiling” of POD performance. We as-
sumed that all satellites are flown at low altitudes, where each is equipped with
a geodetic-quality GNSS receiver, and an accelerometer and attitude determi-
nation system with performance equivalent to that flown on GRACE-FO. We
considered orbit configurations with both single and multi-plane arrangements
that optimize the spatiotemporal sampling, and simulated constellation sizes of
24, 48, and 96 satellites. We also simulated a scenario with a constellation of
co-orbiting satellite pairs (similar to GRACE), where kinematic baseline ranges
were computed and incorporated as observation data. This POD-based ap-
proach is motivated by the superior accuracy of the baseline ranges (millimeter
level) relative to the absolute positions (centimeter level) due to the cancella-
tion of common errors (Guo and Zhao, 2019; Teixeira Encarnagéo et al., 2020).
Even for the largest and most overly optimistic POD constellation scenario,
the computed science value was far below an acceptable level for the team to
consider further study of the POD option (Figure 2). This result is effectively
confirmed by the analysis of Zhong et al. (2021), which also concludes that a
sizable constellation of GNSS-equipped LEO satellites does not approach the
spatial resolution of a dedicated SST mission, such as GRACE.

3.3 Satellite-to-satellite tracking (SST)

Given the long program of record of the GRACE missions, extensive work by the
science and engineering communities to study and advance SST architectures



and technologies pre-dates our study. Our team’s thorough review of the scien-
tific literature, mission proposals , and technology development efforts from the
past few decades was essential to identify the SST trade space we investigated.
The SST architecture trade space included: (1) single in-line pair; (2) single pen-
dulum pair (Sharifi et al., 2007); (3) in-line pair plus a third satellite that forms
a pendulum; (4) two in-line pairs, i.e., Bender formation (Bender et al., 2008);
(5) LEO-MEO (low Earth orbit satellite(s) ranging between medium Earth orbit
satellite(s) (Hauk and Pail, 2019)); and (6) SmallSat/CubeSat constellation of
satellite pairs performing SST. Cartwheel and helix configurations, which have
been previously studied (Wiese et al., 2009; Elsaka et al., 2014), were omitted
given their substantial complexity and limited performance benefit relative to
the SST configurations we considered.

SST-relevant technology development efforts can be grouped into two categories:
(1) advancements to existing technologies that would benefit a single or dual in-
line pair architecture like GRACE/GRACE-FO; and (2) new technologies that
enable new architecture configurations. The first category is primarily focused
on improving the performance or redundancy of the inter-satellite ranging and
accelerometer instruments, and we note that the attitude determination system
is an important supporting technology as well. The second category of devel-
opment efforts includes technologies required to: fly at a lower altitude and/or
perform regular orbit maintenance (e.g., electric propulsion for a drag compen-
sation system); implement a pendulum architecture (e.g., frequency comb and
laser chronometer); implement a LEO-MEO architecture (e.g., laser chronome-
ter); reduce the size, weight, and power (SWaP) for all relevant technologies for
a cost-effective multi-platform SmallSat/CubeSat SST constellation (e.g., inter-
satellite ranging system and accelerometers). Given its importance to both
technology development categories, and the extensive development work that
is underway, much of our study focused on the science value impacts of the
inter-satellite ranging and accelerometer options.

The simulated recovery of mass change signals was performed for the large
suite of SST architecture and technology options briefly summarized above and
captured in Tables S2, S3, and S4. We worked closely with the instrument devel-
opers to incorporate proper error budgets into the simulations and to capture
the expected SWaP, technology readiness level (TRL), and planned develop-
ment schedules for each technology. For the inter-satellite ranging technologies,
performance simulations were executed for the GRACE-FO microwave interfer-
ometer (MWI) and laser ranging interferometer (LRI), the reduced-SWaP K-/V-
band ranging (KVR) system in development at GeoOptics, Inc., the reduced-
SWaP NPRO in development at NASA GSFC, and the laser chronometer in
development at CNES. The optical frequency comb in development at Ball
Aerospace and laser metrology interferometer in development at ESA, are ex-
pected to have performance similar to the LRI, so separate error budgets were
not needed for those technologies. We note here that the LRI was a successful
technology demonstration instrument on GRACE-FO (TRL 9), and has pro-
vided measurement performance significantly exceeding the MWTI (Abich et al.,



2017), while not compromising the quality of the mass change estimates (Pie et
al., 2021; Peidou et al., 2022). Our study team worked with the JPL engineers
to outline the set of well-defined standard engineering steps, and a development
schedule required for the LRI to be flown as a primary instrument.

For accelerometers we considered a range of current and developing technologies
at ONERA (vendor for GRACE/GRACE-FO), as well as the Simplified LISA
Pathfinder Gravitational Reference Sensor (S-GRS) (Davila Alvarez et al., 2021)
and compact optomechanical accelerometers (Hines et al., 2020). Given the cur-
rent TRL of the various development efforts, the team recommended use of an
ONERA electrostatic accelerometer for the next mass change mission. We note
that different design specifications can be levied depending on the selected ar-
chitecture, altitude, and inclusion of a drag compensation system. The study
team identified the value of considering both the S-GRS and optomechanical
technologies as potential technology demonstrators for the next mission. The
S-GRS promises several orders of magnitude improvement in performance rela-
tive to the GRACE-FO accelerometers, which are presently the largest source
of measurement system error. The significant reduction in SWaP of the op-
tomechanical device could facilitate redundancy with minimal impact on the
spacecraft design, while also advancing efforts to miniaturize all SST-relevant
technologies.

3.4 Gravity gradiometers (GG)

The use of spaceborne gravity gradiometers for measuring the static gravity field
was successfully implemented by the GOCE mission (2009-2013) for which six
electrostatic accelerometers were arranged to form gravity gradiometers along
each of the three orthogonal axes (Bouman and Fuchs, 2012). However, these
accelerometers lacked the required precision for estimating temporal gravity
changes at monthly time scales. The ongoing development of atomic interfer-
ometer gravity gradiometer (AIGG) technology promises to address this perfor-
mance limitation and enable accurate mass change measurements from a single
satellite. This emerging technology captures the influence of the gravity field
on a cloud of atoms (Carraz et al., 2014), and our team’s simulations demon-
strated high science value for a single AIGG instrument oriented in the radial
direction. Multiple GG instruments oriented in the other orthogonal directions
would add information to the solution as well, and a hybrid single pair SST
architecture equipped with a precise GG would improve performance relative to
the SST-only configuration. The mass change study advanced this technology
through instrument and mission design lab studies conducted at NASA GSFC
in collaboration with engineers at AOSense, Inc. Despite its promise of high
science value, the GG option was not recommended for the next mass change
mission due to the uncertain AIGG development schedule.

4 Architecture Assessment Process

Numerical simulations are used to assess the performance of the architectures
and technologies (Section 3) relative to the measurement parameters identified



in the SATM (Section 2). Such simulations have been widely used in the
literature to perform similar assessments (Wiese et al., 2012; Loomis et al.,
2012; Elsaka, 2014; Flechtner et al., 2016; Hauk and Wiese, 2020), with software
and processes that rely on and mimic the processing of GRACE and GRACE-
FO data. Two types of simulations are performed: 1) those that include both
measurement system error and temporal aliasing error, the latter of which is well
understood to be a limiting source of error for SST satellite gravimetry missions
(Han et al., 2004; Thompson et al., 2004; Wiese et al., 2012; Flechtner et al.,
2016) , and 2) those that include only measurement system error. Simulations
of type 1 are used to derive a science value (SV) score for each architecture,
which provides a best estimate of the expected quality of the mass change data
products.  Simulations of type 2 are used to derive a measurement system
value (MSV), which represents the best performance that could be achieved if
temporal aliasing error is mitigated in the future via either improved models of
high frequency mass variations or improved data processing strategies.

Details on the numerical simulation process are provided in Supplementary Text
S2 and Table S5. The simulations rely on the creation of a truth run where
simulated measurements are created using realistic force models to define the
flight environment; these models include the mass change signals of interest. A
nominal run is then performed where perturbations are introduced relative to
the truth run; these perturbations include errors in background force models (i.e.
temporal aliasing error) and realistic errors on the measurement system. Mea-
surement system errors consist of inter-satellite ranging, accelerometer, attitude,
and absolute position measurement errors, and are derived from multiple sources
(Table S3 and S4). For instruments with heritage from GRACE-FO (LRI, MWTI,
GRACE-FO accelerometer, GNSS, attitude knowledge), error spectra are either
derived from GRACE-FO flight data where available, or best estimates of in-
strument performance prior to the launch of GRACE-FO. For instruments in
development with little to no flight heritage, a characterization of the errors
across the relevant frequency spectra has been provided by the developer, and
those spectra are used to derive the instrument errors introduced in the numeri-
cal simulations. Residuals are created by differencing simulated measurements
from the truth and nominal runs and these residuals are used to estimate the
truth environment in the presence of the errors in a large linear least squares
inversion process. Errors are quantified by differencing the estimated gravity
field from the truth gravity field using one month (i.e. the targeted temporal
resolution of each objective in the SATM) of simulated data. These errors are
then mapped to a range of spatial scales (110 km - 1000 km) by smoothing the
signals of interest using a Gaussian filter at the relevant spatial scales, similar
to how errors in GRACE-FO have been quantified (Landerer et al., 2020).

Equation 1 is used to derive a science value (SV) for each architecture ( ), which
scores its ability to achieve the baseline measurement parameters in the SATM
(Table S1), and thus, be responsive to the DS science objectives.
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Here, n represents a science objective in the SATM, and W, is the weight of
that objective, defined as the Importance multiplied by the Utility. Numerical
values of [0.33; 0.67; 1] are prescribed for Importance Scores of [Important; Very
Important; Most Important] and Utility scores of [Low, Medium, High], respec-
tively. A Very Low Utility score is prescribed to be 0.1. Study results were
found to be independent of the choice of numerical value for the weight. P,
represents the performance of the architecture, which is dependent upon the
key variable (KV), as defined in the SATM, of either accuracy (AC), spatial
resolution (SR), or temporal resolution (TR). In essence, the performance of
an architecture is assessed by quantifying error across space and time (similar
to Hauk and Wiese, 2020), and then scored dependent upon how well the KV
can be estimated in that domain. We note that since only one science objec-
tive (H-4c; Important) had KV=TR, SR was assigned as a secondary KV to
this objective to save on computing resources. The denominator of Equation
1 normalizes the SV against the sum of the weights. Since the SATM baseline
measurement parameters were constructed to represent performance of the pro-
gram of record (POR), this in essence means that SV = 1 represents architecture
performance that is equivalent to the POR; SV < 1 represents degradation rela-
tive to the POR; and SV > 1 represents improvements relative to the POR. SV
= 3, for example, can be interpreted as improvements in some combination of
resolution/accuracy by a factor of 3 relative to the POR.

5 Value Framework

The value framework provides a mechanism for objectively comparing and dis-
criminating between the candidate observing systems identified by the MCDO
study team. It is the basis for the assessment and evaluation processes applied
by the study team to identify and to make a recommendation to NASA’s Earth
Science Division on which candidate observing system architectures should be
further studied for pre-formulation activities. The value framework must allow
multiple candidate observing systems to be compared, including aspects of ef-
fectiveness and affordability, as well as other factors such as compatibility with
potential international partnerships and existing NASA policies. The effective-
ness of candidate observing systems was primarily measured by science value
and risk, whereas the affordability was measured by estimates of cost, schedule,
and budget availability.

In addition to these traditional areas of assessment, the value framework also
considered the probability of providing continuity between the next MC observ-
ing system and the POR, since this was a key goal for MC as expressed in the
DS. The likelihood of maintaining continuity is driven by both the expected
development cycle for the next MC observing system, and the expected end of
life of GRACE-FO. The value framework considers both factors by examining
stochastic estimates for the development schedules for each candidate observ-
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ing system and comparing against the expected range of end of life dates for
the GRACE-FO mission. To estimate the end of life date for GRACE-FO, we
considered two triggering mechanisms: an on-orbit failure of the spacecraft lead-
ing to loss of science, and the gradual degradation of the GRACE-FO orbital
altitude due to atmospheric drag. To understand the likelihood of a failure trig-
gering end of life, the team leveraged historical spacecraft reliability data for
similar class missions (Ferrone et al., 2019) and derived a Weibull distribution
to represent the probability of a failure as a function of mission duration. To un-
derstand the likelihood of orbital altitude degradation triggering end of life, the
team leveraged predictions for solar cycle 25 and 26 (Pesnell and Schatten, 2018)
to perform stochastic orbit lifetime analysis using initial spacecraft conditions
based on the GRACE-FO mission parameters. Combining the historical space-
craft reliability and orbit lifetime estimates allowed the estimation of a range of
dates for the GRACE-FO end of life (Figure S1) which could then be compared
to the MC candidate observing system development schedules and launch readi-
ness estimates to understand the likelihood of maintaining continuity between
GRACE-FO and each of the MC candidate observing systems. Figure S1 shows
that the GRACE-FO end of life is more likely to be triggered by on-orbit failure
than degradation of the orbital altitude, with estimates of spacecraft reliability
of 70% and 50% occurring in 2025 and 2028, respectively.

6 Results

One useful evaluation metric in the value framework process is an assessment of
science value versus implementation cost (Figure 2) for all architecture classes.
It was found that POD architectures are not capable of meeting the baseline
measurement parameters (science value = 0.1), and do not scale well with in-
creasing numbers of elements (24 elements increasing to 96 elements increases
science value from 0.08 to 0.12) even when the most optimistic assumptions
on instrument performance and orbit geometry are used; thus, POD was elim-
inated from further consideration. It also became apparent that while GG
architectures provide the potential for high science return (science value up to
3.5), the relatively low technical maturity and unclear plans for further matura-
tion of GG technologies made this an unfavorable candidate for further study
as an observing system that could be implemented this decade. Significant
challenges were also identified for the subset of SST architectures utilizing LEO-
MEO ranging. These challenges would result in operational constraints on the
inter-satellite ranging systems and restrictions on allowable laser power due to
concerns of potentially lasing other space assets. Since the LEO-MEO SST
architectures did not provide significant science performance increases above
heritage single in-line pair architectures (science value = 1.12 for a 4-satellite
LEO-MEO 1 architecture (Table S2)), while facing significant challenges, they
were also eliminated from further consideration. The viability of a constellation
of SmallSats/CubeSats was studied through a dedicated Team X exercise con-
ducted at JPL. Team X consists of a multi-disciplinary team of engineers that
utilizes concurrent engineering methodologies to rapidly design, analyze, and
evaluate mission concept designs. The Team X study goal was to determine
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whether a Class C SST architecture exists that meets the baseline measurement
parameters of the SATM while satisfying the MC cost target documented in
the DS, by leveraging smaller, less mature technologies and components. The
findings of the Team X study were that the form factor of the spacecraft bus
could be reduced relative to what has been flown on the POR; however, the cost
target in the DS was still exceeded in addition to significantly increasing mis-
sion risk; hence, the SmallSat architecture concept was eliminated from further
consideration as the next MC observing system.

The remaining observing systems in the tradespace were all SST architectures
in different configurations, including single in-line pairs, pendulum pairs, a 3-
satellite architecture combining an in-line pair with a pendulum satellite, and
two pair Bender configurations (one polar pair coupled with a pair at a lower
inclination). Each of those configurations included variations in the orbit alti-
tude and instrumentation, including different ranging system and accelerometer
options (Tables S3 and S4). Based on the readiness of technologies associated
with each configuration, further reductions in the tradespace were made, re-
moving architectures utilizing the S-GRS, HybridSTAR, and optomechanical
inertial sensor, as those accelerometer technologies were unlikely to be ready
for flight mission implementation in time for the next MC observing system,
and were better suited as potential technology demonstrator candidates. The
LRI was selected as the best option for the inter-satellite ranging instrument
for in-line pair observing system components due to its successful demonstra-
tion on GRACE-FO and superior MSV relative to the MWI. The addition of
an optical frequency comb to the LRI, along with the laser chronometer were
retained as inter-satellite ranging technologies for observing system components
that require a pendulum formation. After pruning based on TRL and MSV, ten
distinct architectures remained (Figure 2), which are described in more detail
in Table 1.
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Figure 2: Science value versus normalized implementation cost of the full trade
space of architectures (left), and the pruned trade space (right).

Table 1: Observing system characteristics of remaining architectures after an
initial pruning stage in the value framework. Multi-element observing systems
include characteristics for the polar pair (PP), inclined pair (IP), in-line pair,
and pendulum (Pend) satellite separately, and opening angles (OA) for the pen-
dulum formation are specified. Payload identifications are as follows: 1 = LRI +
ONERA GRACE-FO accelerometer; 2 = LRI + ONERA MicroSTAR + Drag
Compensation (DC); 3 = Laser Chronometer (LC) + ONERA MicroSTAR-
Prime; 4 = LC + ONERA MicroSTAR + DC. The probability of overlap
represents the expected reliability of GRACE-FO at the 50th percentile launch
readiness date for each respective architecture.

Observing System Number of Platforms Altitude (km) Payload

Probability of O

Al [Baseline] 2 500 1

A2 2 350 2

Bl 2 500 (OA = 45°) 3

B2 2 350 (OA = 15°) 4

B3 2 350 (OA =45°) 4

C1 [Enhancing] 3 500 (OA =45°)  In-line:1; Pend: 3
D1 [Enhancing] 4 PP: 500; IP: 500 PP:1; IP: 1

D2 4 PP: 350; IP: 500  PP: 2; IP: 1

D3 [Enhancing] 4 PP: 500; IP: 350 PP:1; IP:2

D4 4 PP: 350; IP: 350 PP:2; IP: 2

50%

35%

40%

35%

35%

In-line: 50% Pend:
50%

PP: 35% IP: 50%

PP: 50%; IP: 35%
35%

Examination of the remaining tradespace (Figure 2, right) provides some initial
observations: (1) all of the remaining architectures are capable of meeting the
baseline science objectives, while none meet the DS cost target, and (2) within
an architecture type, variation in cost is primarily driven by technologies and
payloads while variation in science value is primarily driven by orbital character-
istics. The subset of Bender architectures has the largest variations in science
value ranging from 2.75 (D1; both pairs at 500 km) to 4.15 (D4; both pairs
at 350 km). The other two Bender configurations (D2, D3) mix high and low
altitude pairs, and show a significant difference in science value, with the higher
performing option placing the lower altitude pair in the inclined orbit (D3). An
important result of the study is that the most significant contribution to science
value from the Bender architecture comes from placing the inclined pair in a
lower altitude. The altitude of the polar pair can be regarded as a secondary
design variable, where science value shows only a modest decrease from 4.15
to 3.85 due to raising the altitude of the polar pair from 350 km (D4) to 500
km (D3), and also dropping the need for a drag compensation system that is
required when flying at lower altitudes.

A significant discriminator among architectures in Table 1 is their probability to
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provide overlap with GRACE-FO (see Figure S1 for estimates of GRACE-FO
end of life). Architectures A1, C1, D1, and D3 have the highest likelihood of pro-
viding continuity with the POR (50% probability at the 50th percentile launch
readiness date) by launching a new pair of satellites in a polar orbit. Each of
these architectures include one component that is a single in-line pair flown in a
polar orbit at 500 km altitude (Architecture A1), leveraging heritage technology
from GRACE and GRACE-FO, leading to the shortest expected development
schedule and lowest cost; because of this, Architecture A1 (Table 1) is labeled as
the Baseline observing system. Architectures C1, D1, and D3 are multi-element
observing systems that include Architecture Al as one of the elements. Each
of these are similar to architectures under consideration by international space
agencies, and provide potential international partnership opportunities for con-
sideration by NASA. These architectures (labeled as Enhancing in Table 1),
could be implemented in a phased approach with the polar pair being developed
and launched first to minimize the likelihood of a data gap with the POR, and
the remaining elements of the observing system launched 1-2 years later for full
system completion. This evolvable implementation approach offers program-
matic flexibility towards satisfying the MC baseline measurement parameters
with a low risk posture using Architecture Al, while simultaneously investing
in technological advancements necessary for implementing Architectures C1 and
D3 (possibly in collaboration with other international space agencies) to gain
significant increases in science value relative to the POR. It is worth noting
that the highest performing architecture identified (D3) satisfies one of the goal
measurement parameters in the MC SATM, while nearly satisfying several more.

7 Conclusions

In this manuscript, we provide a high level overview and main results of the
MCDO study. The objective of the study was to identify a small subset of high
value observing systems for further study that could be implemented within the
current decade that are responsive to the scientific objectives of the DS. The
study framework included generation of a MC SATM, the identification of three
architecture classes for measuring mass change, the use of a numerical simula-
tion framework to quantify architecture performance relative to the SATM and
derive science value scores, and a larger value framework process to provide a
recommendation to NASA. The value framework process considered multiple
aspects of each potential architecture to understand and quantify value. These
attributes included science value, cost, technical risk, international partnership
opportunities, and schedule, including the likelihood of overlap with GRACE-
FO.

The primary outcome of the study is the recommendation that an SST archi-
tecture be implemented for the MC observing system. A single in-line pair
architecture similar in nature to both GRACE and GRACE-FO was identified
as the lowest cost architecture capable of meeting the baseline measurement pa-
rameters, while also having the highest probability of providing continuity with
GRACE-FO (50% probability of providing overlap); as such, this architecture
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is identified as the Baseline observing system. Two enhancing elements that
can potentially leverage international partnership opportunities were identified
to improve the science value relative to the Baseline observing system. The
first is the addition of a second pair of satellites inserted into a complementary
inclined orbital plane, and the second is the addition of a third satellite to the
Baseline observing system that performs a relative pendulum motion. Both
enhancing elements have potential to be added modularly as soon as 1-2 years
after launch of the Baseline observing system to complete the final observing sys-
tem. The high value observing systems (Baseline + Enhancing) recommended
in this manuscript are now under study in more depth by NASA and poten-
tial international partners to arrive at a final mass change observing system for
implementation as a core component of the Earth System Observatory.
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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.
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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 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




