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« 2017-2027 Decadal Survey for Earth Science and

Applications from Space released in January 2018

* |dentified five Designated Observables, organized as four

. . THRIVING ovour
multi-center studies CHANGING PLANET

- Aerosols } Combined as ACCP ——
— Cloud, Convection, and Precipitation | ; :

— Mass Change (MC)
— Surface Biology and Geology (SBG)
— Surface Deformation and Change (SDC)

* Link to the MC study is at

https://science.nasa.gov/earth-science/decadal-mc
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The development of the Mass Change Science and Applications Traceability Matrix was driven by

the 2017 Decadal Survey with significant input from the community

- Product: Suggested Measurement Parameters for Baseline
- Product: Suggested Measurement Parameters for Goal

Mass Chang

} Available on website

Mass Change-contributing DS objectives and prescribed importance
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Decadal Survey objective number Leagend
"'1 Decadal Survey Science and Application Weight= g  uiy
Objectives for Mass Change importance x Utilty G: Global
. C: Continuity explicitly O: Ocean
Measurement Parameters for Baseline recommended in DS L: Land
Key Variable I lce
Baseline Observing System — supports full science objectives SR = Spatial Resolution; ACC = Accuracy; TR = Temporal Resolution
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Decadal Survey objective number Legend
— Decadal Survey Science and Application Weight=  uiy
Objectives for Mass Change importance x Utilty G: Global
C: Continuity explicitly O: Ocean
Measurement Parameters for Goal recommended in DS L: Land
Goal Observing System — supports elevated ambitions of DS while ensuring longevity in _ _ Key Variable Hee _
the mass change timeseries. May include advancing enabling technologies. SR = Spatial Resolution; ACC = Accuracy; TR = Temporal Resolution
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Architecture'Asse

Truth Model Nominal Model
Static Gravity Field gif48 gif48
Ocean Tides GOTA.8 FES2004
Atmosphere/Ocean (AOD) |AOD RLO5 AOerr + DEAL (Dobslaw et al., 2016}
Hydrology + ICE ESA Earth System Model

« Numerical simulations are run for one month, January 2006
—  With temporal aliasing errors: Science Value
—  Without temporal aliasing errors: Measurement System Value
* Instrument Noise
— Various ranging and accelerometer technologies simulated with noise models provided by instrument developers
— GNSS errors included
* 1 cm white noise added to each axis — kinematic orbits
— Attitude errors included
» For SST architectures, GRACE-FO pre-launch estimate of errors is used
« Simulation notes
— Max degree/order 180
— Implements stochastic noise model for observations derived from postfit residuals (see offline poster by Ellmer et. al)
 Lesson Learned: This systematically improves multi-pair observing system architectures more than single-pair observing

systems.
&
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Hauk and Wiese, Earth and Space Science, 2020.
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Architectures have similar

. :me_nce vallusl becausre] key Indicates SATM Goal(s)
esign varianies qre the same. can be achieved
Instruments are different,
35 | however, and have different , _ ,
levels of performance. We Goals are assessed in a binary fashion
. | need a secondary metric to
discriminate performance.
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Measurement System Value Results A Secondary

Discriminator,

4.5

B Science Value W Measurement System Value

1a 4 5
Architecture Number

Measurement System
Value is quantified
using same process
as Science Value
except temporal
aliasing errors are not
included in the
numerical simulation
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Measurement System
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architectures with

similar Science Value.
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* Low MC science value * Low TRL & long/uncertain
development schedule

SST
Satellite-to-satellite tracking

Precise orbit determination
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Key point:

POD is not a replacement for GRACE-type missions and is not capable of meeting the MC SATM needs

Simulations assumed overly optimistic accelerometer
performance, orbit altitude, and instrument noise
specifications

Single and multi-plane configurations with increasing
number of satellites

Observed ~25% improvement in science value as number
of constellation elements doubles. Unclear if this trend
continues as constellation grows to 1000s of elements, but
due to low science value of 100 elements, this was not
pursued.

MC DO team science and applications assessment
validated the community assessment that POD is not a
viable MC candidate architecture

POD science value assessment

Baselme Science Objectives fulfilled

Science Value
o o
o oo

<
S

0.2

O 1 ] ]

24 48 96

Number of Satellites
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Interferometer fringe Gravity rhép
Key points: | * b, —
High science performance but long/uncertain path to TRL 6 u &
E ;; 2 ¢’1,3
AQOSense lab instrument in collaboration with NASA GSFC: £ < ba

« Currently TRL 4; path to TRL 6 TBD O - 0 ..% 2

Atom interferometer phase (rad)

High sensitivity interferometer fringe measurements for gravity observations

GSFC Instrument Design Lab (IDL) conducted June 1st — 5th

. . . i AIGG at AOSense Flight Design
+ First AIGG flight instrument design —
- Identified challenges | upper | %
ill li Vgravimeter + Cold Side e

— Laser components will likely need development to reduce power i

— Some lab components (RF and laser) lack spaceflight equivalents + e

— Challenging to test instrument flight performance in a terrestrial environment l:;t:ack TN i
* Instrument Accommodation: 947 kg; 1049 W 1 | d “

» Continue engineering design refinement (follow-up MDL study
at GSFC in early CY21)

|

Yaw flip
when

Crossing

B=0
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Team X: 4-day concurrent engineering design session at JPL — conducted remotely in May 2020

Team X study goals

x "Stu dy-

— Determine if a sub-$300M SST exists that meets baseline objectives and seeks to minimize size, weight, and power
— Leverage smaller, less mature accelerometer (ONERA CubStar) and inter-satellite ranging technologies (GeoOptics KVR)

Team X architectures:

Option 1: Dual string with heritage bus components
Redundancy: Dual string

Mass: 434 kg

Phase A-E cost: $501M FY18

Option 2: Single string with SmallSat bus components

Redundancy: Single string
Mass: 194 kg
Phase A-E cost: $419M FY18

Team X major conclusions

— The benefit of reduced technical footprint of the ranging/accelerometer technologies on the spacecraft bus is limited due
to stringent center of mass, structural stability, thermal, attitude, and pointing requirements

— The single string option reduced cost, but was unable to meet the cost target: Leveraging less mature, potentially lower
reliability components in a single string configuration is not recommended and is only shown to identify the cost ‘floor’

— A fully domestic implementation that meets the baseline objectives may not be feasible within the $300M FY18 cost target

o @
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Preliminary results for SST architectures in various i :
configurations al : ¢e ¢ ¢
. Single pair in-line (GRACE-like) I (O 5 poer s00kn
e T o
« Single pair pendulum (in different planes) or i $300M (Phage A-E] N Inclined: 350 km
I ase A-
« Two pair Bender (pairs with different orbit 3 | | S A e .
inclination) : PN S : ST mﬁr:;agf)gokomkm
Q :
Hybrids (combined in-line, pendulum) ST : \
Within eaph configuration are diff_erent altitudes (350 km —%: 2 | : == - gjﬁljltrl:]nﬁl;brids
500 km), instruments, and formations 5 I
@ | m = [ |
Cost estimates for domestic only implementation are ok : o o
above cost target ($300M FY18) for Phase A-E 1 : °0e & °
(= & - - - T T T . 1 Pair In-line
* Reduced cost to NASA may be enabled through BaselinelScience Objectives : + PaitPenciulum
strategic partnerships 05 | I o 2P
|
« Costs shown do not include workshare with I rybrids
potential international partners 0 ' - ' . : : :

0 200 400 600 800 1000 1200

A-E Cost Estimate $M (FY 18)
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MC. Study Path"

The MC Team is on track to provide the following to NASA HQ in late Fall:

« Description of high-value, affordable architectures with recommendation to HQ

Science and applications performance

Cost estimate and cost risk assessment (Phase A-E, RY$)

Schedule estimate and schedule risk assessment including continuity with GRACE-FO
Technology readiness, risks, and maturation plans

International partnership concepts

Background and supporting material (e.g., design center reports, modeling analysis)

 After decision from NASA HQ, we will enter Phase 3 of the study focused on detailed design of one or more
high value architectures

Please join us at AGU in December for a Virtual Town Hall
Friday, December 11, 2020 @ 07:00 Pacific Standard Time

o @
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Mass Change I_D‘_'es1i’r’gn-ate.d @bservable Study: Background

N o o

e

« January 2018: Mass Change is identified as a Designated Observable in the 2017-2027 Decadal Survey for Earth
Science and Applications from Space

15 Science Questions related to mass change are identified
Recommended cost target: $300M

 December 2018: Formation of Mass Change Designated Observable Study Team

Participations from multiple NASA Centers

Charter is to cast a wide net to identify possible observing systems that can be responsive to science questions identified in the
Decadal Survey

Create a “Value Framework” to quantify science value, cost, technology readiness level, schedule (including continuity with
GRACE-FO), risk, and potential international partners for possible observing systems

Recommend a small set of high-value affordable architectures to NASA HQ for eventual selection of an observing system for
full implementation

« July 2019: Community Workshop focused on architectures, technology, science focus areas

* February 2020: Release of final Science and Applications Traceability Matrix Measurement Parameters after
significant community input

« May 2020: Release of LRI and Gravitational Reference Sensor Technology Summaries and Roadmaps

https://science.nasa.qgov/earth-science/decadal-mc
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Overview of Observing System Simulation Experiment : L - s
2 7 £
8 Value based on | &
Compare estimate against the truth simulated world to quantify error | & simulation results 2 &
E° 1.5 (5
kC

Sample these processes by
simulating satellite orbits and
measurements to create

“TRUTH” observations 200 400 800 1600
Spatial scale [km]  Hauk and Wiese, 2020

Independent retrieval 0 5
not feasible .

Simulated World:

Includes relevant
geophysical processes Sample these processes by Residuals
that transfer mass within simulating satellite orbits and
Earth system measurements to create
‘NOMINAL” observations

Best estimate of
simulated world

Add geophysical model error
(temporal aliasing error) to
simulated world

Add noise to measurements
(provided by community)

Truth Model Nominal Model
Static Gravity Field gifa8 gifa8
Ocean Tides GOT4.8 FES2004

Atmosphere/Ocean (AOD) |AOD RLO5 AQerr + DEAL {Dobslaw et al., 2016)
Hydrology + ICE ESA Earth System Model 22
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Cost Effectit venies

Mass Change Trade Space

+ POD has poor performance even for large scale multi-element 45 1
system implementation i
Y ) I oo X ¢
* GG has high performance ceiling but unclear maturation plans B : “ ‘
«  Preliminary results for SST architectures in various configurations . |
T i
+  Single pair in-line (GRACE-like) 1 $300M (Phase A-E) ¢
» Single pair pendulum (in different planes) T : ¢
+  Two pair Bender (pairs with different orbit inclination) 05 : ¢ ¢ ¢
. ITEO tq MEO ranging including combined LEO-MEO with in- % : ™ n
line pairs E 2 | 1 (1] [ ]
*  Hybrids (combined in-line, pendulum) % : -
*  Cost estimates for domestic only implementation are above cost o : ° °
target ($300M FY1 8) for Phase A-E 1 I . *. & . Y 1 Pair In-line
. . . _ [— = = w . —_—r ._ " . ._ .' _—E T — m 1 Pair Pendulum
Derived from parametric and analogy-based cost models BasellneISC|enci0bject|ves R
* Reduced cost to NASA may be enabled through strategic 05 | : 4  LEOWMEO
partnerships I Hybrids
*  Costs shown do not include workshare with potential o L=, I ' ' ' ' '
0 200 400 600 800 1000 1200

international partners

+ LEO-MEO costs include only the LEO portion of the
observing system implementation

A-E Cost Estimate $M (FY 18)
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High Fidelity Numegieal Sim
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* Numerical simulations are run that include realistic measurement system errors as well as dynamic force model

errors to quantify the expected performance of each architectural variant
« Simulations mimic processing of real GRACE and GRACE-FO data

« Analytic partial derivatives relate the simulated observations to the state parameters of interest — this allows for a

quantitative metric of performance.
* Numerically intensive: ~300,000 CPU hours
» Performance is analyzed across space and time

Dynamic force models used in simulations

Truth Model Nominal Model
Static Gravity Field gif48 gif48
Ocean Tides GOT4.8 FES2004
Atmosphere/Ocean (AOD) |AOD RLO5 AOQerr + DEAL {Dobslaw et al., 2016}
Hydrology + ICE ESA Earth System Model

Temporal resolution [days]

P

14 - 35
\ =

. N\ 3 w

. Error is mapped £
. - 2.5 =

across space and time @

3 2 @

N :

3 15 1.5 W

Independent retrieval
not feasible

200 400 800 1600
Spatial scale [km]
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* Overview

GeoOptics proposed a constellation of MicroSats (consistent with Class-D) as potential MC architecture
Same ranging and accelerometer technologies as SmallSat Team X study

MC study team worked with Aerospace Corp. to analyze and cost

Proposed design is not viable due to lack of power budget closure (requires larger spacecraft)
Thermal requirements are also not resolved

Costing efforts revealed lack of savings even for non-viable design

 Details

Class-D lifetime is 2.5 years based on historical analogies

To achieve Class-C implementation (for consistent comparison) requires satellites to be replenished once
« 2-pair implementation + 2-pair spares (4-pair/8-satellites total): $550M
« 4-pair implementation + 4-pair spares (8-pair/16-satellites total): $960M

 Conclusions

Due to high costs of non-viable design, the closure of the power budget and thermal requirements not pursued

Conclusions of Team X study are consistent with the non-viability of the proposed GeoOptics architecture
(i.e. single-string SmallSat implementation is the ‘floor’ design that meets science objectives)
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