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Building a Mass Change Climate Data Record
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FARTIHL SYSTRy,

SCIENCE pATHFINDEN

1997: Gravity Recovery
and Climate Experiment
(GRACE) selected under
the NASA Earth System
Science Pathfinder
Program.

EARTH SCIENCE s
 APPLICATIONS

2010: NASA Climate-
Centric Architecture
report recommends
GRACE Follow-On as a
gap-filler to continue
observations between
GRACE and GRACE-II

2007: Decadal Survey
recommends a higher
capability GRACE-Il as a
Tier-3 mission to
continue observations
from GRACE

2002: Laun

T

ch of GRACE

2015: IUGG Report on
science and user needs

for mass change to
improve upon POR

Continuity has been called for
in three community reports:
DS-2007, CCA-2010, DS-2017

[

Towards a sustained observing system
#  formass transport to understand
global change and to benefit society

NASA/ESA Interagenoy Gravity Science Workin
Group (IGSWG)

2016: NASA/ESA IGSWG
Report provides
roadmap for 2-pair
implementation to
satisfy needs in IUGG
report

THRIVING ovou:
CHANGING PLANET

A Decadl Stegyfor Eareh bservation um Sace

2017: Decadal Survey
recommends Mass
Change as a Designated
Observable to continue
observations from
GRACE-FO

2017: GRACE End of Life

2018: Launch of GRACE-FO

2002-2017, 2018 — present: GRACE and GRACE-FO Establish a Mass Change Climate Data Record
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Mass Change Timeline
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THRIVING ovou:
CHANGING PLA‘NET

ADecadal Seategyfor Eath Otser

2017: Decadal Survey
recommends Mass
Change as a Designated
Observable to continue
observations from
GRACE-FO

2018-2021: Mass Change Study Team studied approaches to obtaining measurements called
for in DS and recommended small subset of architectures for further study

Summer 2021: Final Report Delivered to NASA HQ

Summer 2022: Open Access paper published in AGU Earth and Space Sciences

November 2022:
Expected that
Mass Change will
enter Phase A

2021-current: Mass Change Pre-Phase
A activities further refine and mature

the mission concept

June 2022: Mass Change successfully

passed Mission Concept Review

RESEARCH ARTICLE
10.1029/2022EA002311

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
i ion within thic decade

Earth and Space Science

ADVANCING

A B ans
AT D sence science
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The Mass Change Designated Observable Study: Overview
and Results
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July 2022:

NASA establishes
Independent Review
Board to review all
Earth System
Observatory missions




MC Study Overview
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Decadal Survey

- Science an

Traceability to DS

d Applications Traceability Matrix Baseline Measurement Parameters

THRIVING oxows
CHANGING PLANET

ADecadal Strategy for Earth Observation from Space
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Value Framework Process

* Cost
* Schedule
* Risk

* Partnerships

\’/.‘

Two in-line pairs
(Bender)

Highlighted boxes = Orbit & technology trade space

% = Potential international partner

Identification of High Value MC
Observing Systems




MCDO Study Recommendations st Lo roputsion Laborator

Mass Change Trade Space

4.5 0
* For over a decade, the community has stressed the importance : DS Cost Target N
of continuity in mass change measurements as the basis for 4 - I .
being a foundational measurement : C: )A: 2 Pair Hiah/Low
351 : : Polar: 500 km
Estimated 50" | Expected GRACE-FO I B: 3 S/C In-Line Inclined: 350 km
Percentile LRD Reliability at LRD 3L : + Pendulum R
Single In-Line (no drag comp.) June 2028 50%* o I All at 500 km dg
Pendulum (no drag comp.) July 2029 40% IS 25} : C: 2 Pair High
® i m Polar: 500 km
Bender (w/ drag comp.) March 2030 35% Q ) i - Inclined: 500 km
2 i
_ n
* Architectures (A, B, C, D) have at least one component that 15 D: 1 Pair In-Line
: . - . : . at 500 km P
includes a single in-line polar pair to allow the highest likelihood ( J
of continuity with GRACE-FO Tpr= =" _l' -1 T e .
Y BaselinelScience Objectives : ; za!r :3”"";3
* Implementation of Architectures A, B, and C may be staggered; 05 - : M P::[ Pz:di[um
Architecture D can be launched first and remaining elements i 1 Pair In-line+Pendulum
launched later 0 | l , . . | .
) ] . . 0 200 400 600 800 1000 1200
* No architectures were identified that simultaneously A-E Cost Estimate $M (FY 18)
satisfied Baseline Science Objectives and met the DS
Cost Target In Pre-Phase A, further refinements have led to:

* Inthe DS, a Cost and Technical Evaluation (CATE) was not done for Architecture D: Baseline concept for MC (NASA/DLR)

MC; CATE was done only for missions estimated to be > S500M Architecture B and C: Eliminated
Architecture A: Possible; combination of MC and NGGM (ESA)



C; Jet Propulsion Laboratory

¥~ Mass Change Baseline Concept & cenlimit oot

Pre-Phase A activities matured the mission concept for Mass Change

Project/Program Constraints

* Partnership between NASA & DLR

* Two identical Spacecraft separated by 100-300 km
* Launch Date: Nov, 2027

* Launch Vehicle: Space-X Falcon 9

* Spacecraft Bus: Airbus; GRACE-FO Heritage

* Redundancy®: Single String Instruments

* Baseline design life: 2 years (7 years consumables)
* Orbit: 500 km altitude, 89° Inclination

Mission Science

Measurement System

* Satellite to Satellite Tracking:
* Laser Ranging Interferometer
* Accelerometer
* GNSS Receiver
* Star Camera Attitude determination

*Redundant and single string configurations were studied in Pre-Phase A with
DLR, but only single string was consistent with the Decadal Survey budget
guidance. See next talk for redundant options considered.

Mass Change provides continuity of the Earth system
mass change data record, which is foundational to the
program as recommended in the DS

Mass Change produces observations consistent with the
GRACE and GRACE-FO science record, documented in
the baseline MCDO study Science and Applications
Traceability Matrix

One of 5 Core Focus Areas addressed by 4 missions for
Earth System Observatory (MC, SBG, AOS, SDC)
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Relationship to Other Missions :

Jet Propulsion Laboratory
California Institute of Technology

o

GRACE-FO Mass Change Next Generation Gravity Mission
GRACE to GRACE-II gap fillert More capable, laser based, GRACE-II

Partnership NASA/GFZ Partnership NASA/DLR Lead ESA
Launch: May 22, 2018 Launch: Nov, 2027 Launch: 2030-2032
LV: Falcon-9 LV: . Falcon-% LV: Baseline: Vega-C
Orbit: 500 km; 89° Orbltf - 500 km; 89 Orbit: - ~400 km, ~70°
Baseline Design Lifetime: 5 years Baseline Design Lifetime: 2 years On-Orbit Lifetime: ~7 years
Primary Instr. MWI (Microwave) Primary Instr. .LRI (Las.er) Primary Instr.: Laser tracking

Redundant Single String Accelerometer: MicroSTAR Electrostatic
Tech Demo. LRI (Laser) Tech Demo. Not baselined Propulsion: | Hybrid cold gas +-EP
Accelerometer ONERA Accelerometer* GRACF-FO Spares with drag compensation

Single String P1 Single String P

Expected Lifetime through 2027-2031

*Study contracts are being put in place through \—/—J

Phase A with Ball Aerospace/University of  Demonstrates a “Bender Constellation” during mutual operations
Florida/Fibertek and ONERA to better understand * Reduces dominant Atmosphere/Ocean de-aliasing error
alternative accelerometer options



California Institute of Technology

€~ Contribution by Country

Flight System
MC MC
Satellite #1 Satellite #2

ACC ACC
BE= 11 #2
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Mission Operations
System

Launch
Vehicle

— System

Science Data
System

NGGM Project

\

Management (P2)
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/Potential Upscopes \
identified in Pre-Phase A

(Not Currently Planned)

N%\SA Jet Propulsion Laboratory

Architecture: Spacecraft Evolution & Accommodation ™ ceerevsierden
, Candidate Secondary Payloads
Mass Change Baseline ﬂase Scope beyond core gravity scien>
ICARUS (Germany)

Add Capability

Electric Propulsion for orbit

maintenance

Improves AV capability,
extending the on-orbit
mission life beyond 7 years
consumables

Gyro-stellar estimator
Improves AOCS pointing

Electronic pressure regulator

Reduces thrust imbalance

Proportional thrusters
Further reduces shock

\_
AN

-

Animal tracking payload

Quantum Gravity Gradiometer
mmms) (QGG) Tech Demo (US/Germany)

Recently descoped but separate
focused US/German study ongoing

Radio Occultation (Germany)

Microstar Accelerometer Tech
Demo (ESA)

|

Redundancy Upscopes Not Currently Planned
Increases Cost, Mitigates Risk
Add Accelerometer and/or LRI redundancy
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Mass Change provides continuity of the mass change science data record
* Continuity is the basis for being foundational to the program, per the Decadal Survey, and has
been called for in multiple community reports
Quality of science data will be consistent with the program of record
Mass change is a mature concept based on flight proven designs with high heritage

Mass change is based on a partnership with Germany that takes advantage of
historic relationships that provides the lowest technical and cost risk

NASA established an independent review board (IRB) to review technical concepts
across all Earth System Observatory (ESO) missions for robustness and the ability to
satisfy the mission’s essential requirements

* Mass Change is supporting IRB as requested

* |IRB anticipated to deliver final report to NASA this Fall

* Results of IRB will be used to inform any architecture changes to ESO mission concepts prior to
entering Phase A

Mass Change is targeting a November 2027 launch and expects to enter Phase A by
the end of this year
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