GLOC-2023,T,3A,2,x75273 
NASA’s Earth System Observatory Formulation Overview
Karen St. Germain, Kathleen Gallagher Boggs, Kevin Murphy, Katie Baynes, Nicole Herrmann, Mike Egan, Carla Procaccino, Ben Kim, Amanda Whitehurst, Lacey McCarthy, and Sophie Gossack
NASA Headquarters, Earth Science Division
Abstract
NASA’s Earth System Observatory (ESO) is an array of Earth-focused, interconnected satellite missions focused on five core study areas: Surface Biology and Geology, Mass Change, Aerosols, Surface Deformation and Change, and Clouds, Convection, and Precipitation. Observatory development follows recommendations from the National Academies of Sciences, Engineering and Medicine’s 2017 Earth Science Decadal Survey. Data gathered by ESO missions will provide actionable science to inform decisions related to climate change, disaster mitigation, and wildfires, improve real-time agricultural processes, and many other applications. Targeting launch dates in the late 2020s and early 2030s, each ESO satellite will deliver valuable information, but by working together as a single observatory system, their combined data and imagery will provide the global community with a 4D, holistic view of Earth, from bedrock to atmosphere.
The ESO is also building on the legacy of international collaboration in Earth science, with initial participation and collaboration on these missions across space agency partners, including the Japanese Aerospace Exploration Agency (JAXA), Centre National D'Etudes Spatiales (CNES), Canadian Space Agency (CSA), Deutsches Zentrum für Luft- und Raumfahrt (DLR), and Agenzia Spaziale Italiana (ASI). 
This paper provides an overview of ESO, as well as an update on ESO missions currently in formulation – the Atmosphere Observing System, Mass Change, and Surface Biology and Geology elements – including current mission architectures, international partner collaboration, science community engagement, and applications efforts, as well as how NASA and its partners will make ESO data accessible to users all over the world. 
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Acronyms/Abbreviations
Atmosphere Observing System (AOS); Agenzie Spaziale Italiana (ASI); Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO); NASEM Committee on Earth Sciences and Applications from Space (CESAS); Centre National D’Etudes Spatiales (CNES); Canadian Space Agency (CSA); Deutsches Zentrum für Luft- und Raumfahrt (DLR); Earth System Observatory (ESO); geographic information systems (GIS); Global Navigation Satellite System (GNSS); Global Precipitation Measurement (GPM); Gravity Recovery and Climate Experiment (GRACE) and GRACE-Follow On (GRACE-FO); Independent Review Board (IRB); Indian Space Research Organization (ISRO); Japanese Aerospace Exploration Agency (JAXA); Key Decision Point (KDP); Mass Change (MC); Mission Concept Review (MCR); Mission Data Processing System (MDPS); Mission Definition Review (MDR); National Aeronautics and Space Administration (NASA); National Academies of Sciences, Engineering and Medicine (NASEM); NASA-ISRO Synthetic Aperture Radar (NISAR); Open-Source Science Initiative (OSSI); Office of Science and Technology Program (OSTP); Precipitation Measurement Mission (PMM); program of record (PoR); Synthetic Aperture Radar (SAR); Surface Biology and Geology (SBG); Surface Deformation and Change (SDC); Science Mission Directorate Policy Document (SPD); System Requirement Review (SRR); thermal infrared (TIR); Transform to Open Science (TOPS); Visualization, Exploration and Data Analysis (VEDA); visible and near-infrared (VNIR); visible- and short-wave infrared (VSWIR)
Introduction
Over the past six decades, NASA’s Earth science fleet has provided critical observations underpinning most of what we know about our planet’s changing climate. With several key satellites nearing end of life, NASA’s Earth System Observatory (ESO) is planned as the next generation of Earth-observing satellites, building on the successes of the current fleet. Each ESO satellite will be uniquely designed to target observables identified as key to answering the most urgent questions of our time. Collectively, ESO will provide a multi-dimensional, holistic view of Earth, from bedrock to atmosphere. The information gained from each ESO mission will guide efforts related to understanding climate change, mitigating disasters, fighting forest fires, improving weather and air quality forecasts, and improving real time agricultural processes, among many other uses and applications. Based on these needs, the Decadal Survey recommended that NASA implement a set of space-based observation capabilities beyond its current program of record (PoR) to address Designated Observables essential to the overall program [1]. ESO will include a Surface Biology and Geology (SBG) mission, a Mass Change (MC) mission, a Surface Deformation and Change (SDC) mission, and an Atmosphere Observing System (AOS) mission that will address the Aerosols and the Clouds, Convection, and Precipitation core areas.
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Figure 1: The ESO is comprised of four interconnected core missions – AOS, MC, SBG, and SDC – to address five key Designated Observables identified in the 2017 Decadal Survey. The AOS mission addresses two core areas: Aerosols and Clouds, Convection, and Precipitation.
An innovative aspect of these ESO missions is their Distributed Science nature – each produce science products interdependent on observations provided by multiple platforms. The AOS, SBG, and MC architectures are intentionally designed to include multiple orbital platforms working synergistically to produce critical climatological data sets in new and exciting ways. By leveraging 
observations of phenomena from multiple physical locations in space with complementary instrumentation, improved spatial and temporal resolution is achieved, along with potential new discoveries of dependencies within Earth’s climate system.
As the ESO missions work toward creating a collaborative and integrated observation system focused on answering fundamental questions about our home planet, NASA is committed to increasing the accessibility, reproducibility, transparency, and inclusivity of the scientific process used to address those questions. The ESO missions will be pioneers for NASA’s new Open-Source Science Policy, which will ensure all mission data, metadata, software, databases, publications, and documentation are available on a full, free, open, and unrestricted basis starting in Phase B, with no period of exclusive access [2]. All ESO science workshops and meetings will also be open to broad participation and documented in public repositories.
NASA Earth Science is committed to fulfilling the program of record which includes missions in development as well as those already in operations, as shown in Figure 2.  The Earth System Observatory builds on this legacy and will be key to NASA’s next generation of Earth observing satellites to answer new complex questions and continue critical long standing measurements.  In recommending ESO and other elements, the Decadal Survey assumes NASA will sustain the PoR, as these planned and existing missions are essential to current and future science needs.  
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Figure 2: The Earth System Observatory stands on the shoulders of NASA’s Earth science program of record, which includes missions in development and operations.

Mission Overviews
After an extensive multi-year study phase to assess a broad trade space of potential architectures, NASA initiated pre-formulation studies in 2021 for all except the SDC Designated Observable mission. SDC will remain in an extended study phase to take advantage of lessons learned from the NASA-ISRO Synthetic Aperture Radar (NISAR) mission, which will serve as a trailblazer for the rest of ESO. In pre-formulation, the ESO mission project offices further defined mission concepts, executed trade studies, and continued to develop opportunities for collaboration with international partners. In spring 2022, AOS, SBG, and MC underwent Mission Concept Reviews that examined each mission’s objectives and their ability to fulfill those objectives.
In July 2022, following the Mission Concept Reviews, NASA established an Independent Review Board (IRB) to proactively assist with assessing mission-specific and cross-cutting elements of ESO, provide early-stage feedback, and ensure NASA adopts lessons learned from previous large, strategic science missions [3]. The IRB examined the mission pre-formulation technical concepts for robustness and the ability to satisfy each mission’s essential requirements. The IRB identified critical cross-cutting factors across ESO’s organization and management, science priorities and integrated operations, technical approach, and schedule and cost. The review found the current designs are capable of achieving the basic science requirements set out by the 2017 Earth science Decadal Survey. The IRB report also suggested specific technical and organizational recommendations to ensure success. NASA is assessing and incorporating the IRB recommendations through the formulation phase to ensure the success of each mission and overall ESO. As recommended by the IRB, NASA will ask the NASEM Committee on Earth Sciences and Applications from Space (CESAS) to review the current status of mission plans compared to Decadal Survey recommendations as part of the upcoming decadal midterm review process [1].
As of early 2023, the AOS, SBG, and MC ESO missions have transitioned into the formulation phase with architectures at an appropriate level of maturity for NASA’s project life cycle Phase A. These architecture concepts represent balanced acquisition strategies, leveraging unique NASA expertise, contributions from international partnerships, as well as industry capabilities by competing at least 50% of the ESO instruments and the spacecraft, as shown in Figure 3. During formulation, in Phases A and B, NASA will work to finalize the mission architectures, as well as better identify and mitigate safety, technical, acquisition, cost, and schedule risk to improve the fidelity and realism of the cost and schedule estimates prior to moving into implementation and establishing baseline requirements.
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Figure 3: ESO mission concepts represent balanced acquisition strategies, leveraging unique NASA expertise, contributions from international partnerships, and industry capabilities.
Atmosphere Observing System
AOS Overview and Objectives
The ESO Atmosphere Observing System (AOS) element was developed to address two out of the five Earth Science Decadal Survey Designated Observables core areas: Aerosols and Clouds, Convection, and Precipitation [1]. These core areas were combined in one mission due to the strong coupling of water and aerosol processes. Understanding processes that move, transform, and cycle particles and moisture throughout the atmosphere is critical to understanding the Earth system and effects of the changing climate. These processes fuel severe storms, affect air quality, and impact Earth’s radiation budget. The AOS mission is designed to quantify the consequences of particle-transforming processes across a range of spatiotemporal scales to enable AOS’ fundamental goals:
i) Cloud Feedbacks: Reduce the uncertainty in low- and high-cloud climate feedbacks by advancing our ability to predict the properties of clouds
ii) Storm Dynamics: Improve physical understanding and model representations of cloud, precipitation, and dynamical processes within convective storms
iii) Cold Cloud and Precipitation: Improve understanding of cloud phases (supercooled liquid, ice, and mixed phase), cloud processes and associated precipitation, and their coupling to the water and energy cycles
iv) Aerosol Processes: Reduce the uncertainty in key processes that link aerosols to weather, climate, and air quality related impacts
v) Aerosol Impacts on Radiation: Reduce uncertainty in direct and indirect aerosol-related radiative forcing on the climate system
Science Applications
AOS will provide transformative three-dimensional space-based and suborbital observations leading to improved predictions of weather, air quality, and climate for the benefit of society. The AOS mission has the potential to advance scientific research and directly impact multiple societal applications. 
The AOS project conducted a community assessment to solicit stakeholder community needs relative to AOS [4]. This effort helped to identify the following five application categories:  weather forecasting and climate modeling, water resources including drought monitoring and agricultural modeling, disasters monitoring and modeling, public health and air quality modeling and monitoring, infrastructure and development, and energy. (Figure 4) These application areas support diverse communities, stakeholders, and industries, and inform decision makers.
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Figure 4: Projected AOS applications support weather research, public health and safety, and climate science. [4]
Measurements that support these goals will not only contribute to the aerosol, cloud, convection, and precipitation goals, but will also contribute to other Designated Observables within ESO. In synergy with the MC mission (Section 2.3), better measurements of snowfall over the poles from AOS will contribute to an improved understanding of the surface mass balance. Additionally, aerosol information derived from AOS can be used to improve atmospheric correction employed by the SBG mission (Section 2.2). Thus, AOS is key to creating interconnections across an integrated ESO. 
Science Priorities and Questions 
A major issue related to climate sensitivity is how to reduce uncertainty. Two of the largest sources of future warming prediction uncertainty are radiative forcings by aerosols and cloud feedbacks [5].  Making advances on these sources of uncertainty requires joint observations of aerosols, clouds, and precipitation across the full range of aerosol conditions (anthropogenic and natural), cloud types (low to high), and precipitation rates (from light to heavy). AOS is specifically designed to address these areas.
It is also important to understand why, where, and when convective storms occur. Convective storms deliver much of the fresh water used by society and are also a principal source of life-threatening severe weather. The properties of these storms are largely determined by convective vertical motions; AOS will provide the first global measurements of these motions. Vertical motions establish most of the properties of convective storms, from high clouds to heavy rains and damaging lightning they produce, and are expected to dramatically intensify as the Earth warms. 
Air pollutants have a significant impact on human health, agriculture, and ecosystems. AOS will increase our understanding of what processes determine the spatiotemporal structure of aerosol air pollutants and their impacts. Aerosol profiles and amounts are fundamental to near-surface air quality and emissions, transport and vertical redistribution, removal of aerosols (e.g., by precipitation), and aerosol-cloud interactions. Further, aerosol extinction is critical in determining the radiative effects of aerosols, (i.e., the degree to which aerosols scatter and absorb sunlight). Finally, radiative and cloud interactions are strongly tied to aerosol type, size, concentration, and vertical profile.
Synergistic cloud, precipitation, and aerosol measurements from AOS will provide critical information linking clouds and aerosols to radiation in the Earth’s atmosphere, climate, and energy cycle, all of which will help reduce uncertainties in climate models.
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Figure 5: The AOS preliminary architecture envisions four satellites contributing to synergistic cloud, precipitation, and aerosol measurements.
[bookmark: _Hlk132980239]Mission Architecture
A preliminary AOS architecture was defined for the Mission Concept Review (MCR) in May 2022. This architecture will continue to evolve throughout the project’s formulation phases as requirements mature and are constrained to meet the project’s cost target. The MCR AOS design consisted of a dual orbit architecture comprised of a four-satellite constellation hosting a slate of complementary instruments (Figure 5).
AOS-Storm will fly in an inclined orbit and measure the diurnal variability of deep convection and aerosol emissions and transport. AOS-Storm will host a backscatter lidar to provide vertical profiles of aerosols, such as smoke and dust, and a microwave radiometer, provided by CNES, that will measure the ice-water path and rate of change. The rate of change measurement will be enabled by a second CNES microwave radiometer hosted on the JAXA Precipitation Measurement Mission (PMM), providing tandem operations. PMM will be co-manifested and formation-fly with AOS-Storm. The primary PMM instrument is a Ku-band doppler radar that will measure the precipitation rate profile.  AOS-Storm and PMM will launch no earlier than 2028 and will provide early science for the AOS mission. 
No earlier than December 2030, NASA will launch the AOS-Sky satellite and the CSA-provided High-altitude Aerosols, Water vapor, and Clouds Satellite (HAWCsat), which will fly in formation in a polar, sun-synchronous orbit. AOS-Sky will host a cloud profiling doppler radar, a backscatter lidar to measure vertical aerosol profiles, a microwave radiometer to measure the ice-water path, a polarimeter to measure the aerosol column optical depth, and a CSA-provided far-infrared radiometer to measure the ice-water path and cloud optical depth. Additionally, science in the polar orbit is enhanced by the contribution of the aerosol and water vapor limb imagers provided by CSA and hosted on HAWCsat. Although some AOS-Storm and AOS-Sky instruments trace to the same geophysical variables, they offer unique but complementary science by measuring different microphysical processes – optimizing their science and applications benefits.
Through its diurnal focus on precipitation and convection, AOS-Storm will enable more accurate predictions of rainfall and severe weather and can support fresh-water resource management. AOS-Sky will enable enhancements to disaster monitoring and air quality predictions by providing a global perspective of the structure of Earth’s atmosphere. The AOS architecture represents a distributed science mission, with products dependent on observations provided by multiple platforms and instruments. AOS-Storm and AOS-Sky, in concert with sub-orbital components (supporting local measurements and calibration), will be leveraged to optimize key measurements and enable new discoveries about Earth’s climate systems. 
[bookmark: _Hlk132981386]International Partnerships 
As described in AOS Mission Architecture (Section 2.1.2), AOS includes several international contributors. The contributions from Japanese Aerospace Exploration Agency (JAXA), Centre National D'Etudes Spatiales (CNES), and Canadian Space Agency (CSA) are integral to AOS mission success. Without these contributions, and the cost saving they provide to NASA, many AOS science goals would not be addressed. The JAXA PMM Ku-band doppler radar is required to meet AOS threshold requirements. Although not required to meet the threshold science, the CSA-provided HAWCsat and far-infrared radiometer, and the CNES-provided radiometers greatly enhance AOS science and expand the number of Decadal Survey objectives it achieves [1].
NASA and its partners will work together to operate the AOS constellation and maintain the orbit configurations necessary to support concurrent science.
AOS is a global mission, made possible by global contributions. AOS will build upon strong partnerships on previous missions, including Global Precipitation Measurement (GPM) and Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO), to deliver open, global climate data. International Agreements for AOS will be codified in Phase B of formulation. 
Formulation Status
AOS was granted approval to proceed into Phase A in January 2023. AOS-Storm and AOS-Sky formally entered formulation at this milestone as Category II, Class C projects [6,7]. During Phase A, AOS will conduct several trade studies to identify instrument alternatives. These trades will be assessed to identify cost saving opportunities for AOS to ensure cost targets are met. Additionally, AOS requirements will be updated as the architecture matures through these trades. The AOS project team is coordinating closely with international partners and the AOS science community to evaluate the science impacts of the trade options. Additionally, AOS will continue to engage with application communities and develop a plan for early adopters.
Once an architecture that meets the cost target is finalized, AOS will focus on activities on the path to the System Requirement Review (SRR) and Mission Definition Review (MDR). These efforts will include completion of lower-level requirements, updates to development and launch schedules, and initial acquisition efforts. The SRR/MDR is currently planned for June 2024 and will be followed by a Key Decision Point-B evaluation in July 2024.
Surface Biology and Geology
SBG Overview and Objectives 
ESO’s Surface Biology and Geology (SBG) element was developed to address Earth Science Decadal Survey Designated Observables in the areas of terrestrial and aquatic ecosystems, hydrology, weather, climate, and the solid Earth [1]. SBG mission data will revolutionize scientific understanding of climate change, agriculture, species’ terrestrial and marine habitats, the surface water cycle, and the distribution of surface natural resources. SBG will answer open questions about the fluxes of carbon, water, nutrients, and energy within and between ecosystems, the atmosphere, the ocean, and the Earth.
Observing priorities for SBG include:
i) Terrestrial Vegetation: Physiology, functional traits, and health
ii) Inland and Coastal Aquatic Ecosystems: Physiology, functional traits, and health 
iii) Snow and Ice: Accumulation, melting, and albedo 
iv) Active Surface Changes: Eruptions, landslides, evolving landscapes, hazard risks
v) Changing Land Use: Effects on surface energy, water, momentum, and carbon fluxes 
vi) Managing agriculture, natural habitats, water use/quality, and urban development
SBG baseline mission parameters are designed to maximize the ability to answer the Most Important, Very Important, and Important questions identified in the 2017 Decadal Survey. The Surface Biology and Geology Designated Observables covered multiple science objectives in diverse fields, including Decadal Survey Most Important questions in active surface geology, snow and ice accumulation and melting, understanding terrestrial and aquatic ecosystems, and measuring energy, water, and carbon flows in the environment [1]. 
The SBG mission has also developed an extensive applications program, facilitated by the formation of an applications working group consisting of more than 225 participants. Applications under development include economic concerns, such as water resources for agriculture and aquaculture, food security, identification of strategic minerals, and forest management. In the areas of climate and the environment, SBG applications address greenhouse gas emissions, water quality, public health and heat waves, coral reef health, and wildfire risk and recovery. Through early community engagement, the SBG team expects to have application-ready products available at launch.
SBG will observe the Earth surface between AOS’s atmospheric observations and MC’s sub-surface observations, and thus serve as a mediator and integrator between these two ends of the Earth system.  SBG’s improved observations of evapotranspiration and other components of the hydrological cycle can be combined with AOS precipitation measurements and MC water storage measurements to improve applications for forecasting and understanding global water use and needs.  SBG measurements of snow and ice accumulation and melting, in conjunction with snowfall measurements over the poles from AOS, will improve understanding of surface mass balance as measured by MC.  SBG observations of active surface changes, including volcanic activity and landslides, will be combined with data from MC and NISAR (and eventually SDC) to improve prediction and understanding of these geologic processes.
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Figure 6: The SBG mission architecture will include two spacecraft, a visible- and short-wave infrared (VSWIR) hyperspectral platform, and a thermal infrared (TIR) platform.
Mission Architecture 
[bookmark: _Hlk121921364]The Surface Biology and Geology mission is a two-spacecraft system, consisting of a visible- and short-wave infrared (VSWIR) hyperspectral platform and a thermal infrared (TIR) platform. The VSWIR element will be in a morning sun synchronous orbit and the TIR element will be in an early afternoon sun synchronous orbit as illustrated in Figure 6.  NASA will provide the instrument, spacecraft, and launch vehicle for the VSWIR hyperspectral imager.  The VSWIR instrument will have a swath width of 185 km, with 30-m spatial resolution, enabling global revisit on a 16-day timescale. 
International Partnerships
The Thermal Infrared (TIR) component of the SBG mission will be a partnership with the Italian Space Agency (ASI). ASI will provide a host spacecraft for the NASA-provided SBG-TIR instrument.  The TIR instrument will have a 935 km swath width, enabling a 3-day revisit from a sun-synchronous orbit.  ASI will also provide a visible and near-infrared (VNIR) instrument as part of this mission component. The ASI contribution to the mission also includes launch of SBG-TIR on a Vega-C launch vehicle, and components of data and mission operations and related ground system infrastructure. The data generated will be shared between NASA and ASI.  Current planned SBG TIR and VSWIR system requirements are listed in Table 1. 
The TIR and VSWIR delivery and launch readiness dates support a minimum one-year overlap of TIR and VSWIR observations. Target launch dates are 2027 for the TIR payload and 2028 for the VSWIR payload.
Table 1: SBG mission instrument requirements support ongoing and innovative science.
	
	Mission & Instrument Parameters
	Threshold
(11/28 Observables Fully Met)
	Baseline
(16/28 Observables Fully Met)

	VSWIR
	Spatial Resolution (@ Nadir)
	≤ 45 m
	≤ 35 m

	
	Temporal Resolution
	≤ 22 days
	≤ 16 days

	
	Spectral Resolution
	≤ 20 nm
	≤ 10 nm

	
	Wavelength Range
	440-2450
	380-2500

	
	Sensitivity (SNR)
	≥ 350 (VNIR) / ≥ 200 (SWIR)
	≥ 400 (VNIR) / ≥ 250 (SWIR)

	
	On-orbit Overlap of VSWIR & TIR
	≥ 1 Year
	≥ 2 Years

	TIR
	Spatial Resolution (@ Nadir)
	≤ 120 m
	≤ 60 m

	
	Temporal Resolution
	≤ 5 days
	≤ 3 days

	
	Spectral Range
	≥ 3 TIR Bands + MWIR
	≥ 5 TIR Bands + MWIR

	
	Sensitivity (NeDT)
	≤ 0.4 K
	≤ 0.3 K



Formulation Status
Following a successful Mission Concept Review (MCR) in June 2022, SBG held its Key Decision Point (KDP) A in November 2022. The project formally entered formulation Phase A in early 2023 as a Category II, Class C mission [6,7]. SBG Phase A goals are to finalize instrument and spacecraft requirements, finalize the mission architecture, and mature the overall project lifecycle cost and schedule milestones. 
Upon completion of Phase A, the project will undergo System Requirements Review/Mission Design Review (SRR/MDR), followed by an evaluation for entry into Phase B (KDP-B). As the final phase in project formulation, Phase B goals are to finalize all requirements, plans, and deliverables for Implementation Phases C and D, and to mitigate key risk areas. The SBG project expects to reach KDP-B in late 2023.
Mass Change
MC Overview and Objectives 
The ESO Mass Change (MC) element was developed to address the Earth Science Decadal Survey Mass Change Designated Observable, which addresses large-scale earth dynamics measured by changing mass distribution within and between the Earth’s atmosphere, oceans, groundwater, and ice sheets [1]. MC will advance ESO goals by providing continuity of the 20+ year record of monthly measurements of Earth’s mass redistribution established by the Gravity Recovery and Climate Experiment (GRACE) and GRACE-Follow On (GRACE-FO) missions. MC is led by NASA in partnership with the German Aerospace Center (DLR), building on a relationship that was established in the 1990s for GRACE and GRACE-FO. 
The primary goal of the mission is to better understand the global water cycle through large-scale mass changes. This valuable data is used for drought assessment and forecasting, associated planning for water used by agriculture, as well as understanding the drivers of sea level rise, Earth’s energy imbalance, and ice mass loss from the world’s ice sheets. Continuity of the mass change data set is a key goal from the 2017 Earth Science Decadal Survey [1]. The MC observing system will extend monthly measurements of the Earth’s gravity field and its changes in time arising from mass distribution and mass transport within the Earth System due to climatic, tectonic, and anthropogenic forces. The foundational basis for the MC measurements is to “ensure continuity of measurements 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” [8]. 
The following list captures Most Important science objectives from the Decadal Survey where MC measurements are required and contribute meaningfully [1]. The MC measurements will enable the potential determination of monthly changes in: 
i) Ocean Mass: Identify mass change to enable determination of global sea level rise and global oceanic heat uptake when combined with sea surface height measurements and other supporting information
ii) Ice Sheet: Determine ice sheet mass balance
iii) Terrestrial Water Storage: Capture change at regional spatial scales to enable (1) water balance closure over large river basins when combined with measurements of precipitation, evapotranspiration, and runoff, and (2) quantification of regional groundwater storage changes when combined with auxiliary measurements and models 
iv) Regional Mass: Capture change at spatial scales to enable (1) measurement of seismic activity over tectonically active areas when combined with measurements of land surface deformation and other supporting information, and (2) determination of glacial isostatic adjustment when combined with auxiliary measurements and models, an important contributing factor to global, regional, and local sea-level change [8]
Mission Architecture
This MC mission concept evolved from the GRACE-FO design and is targeted to launch in a near-polar orbit in 2028 to maintain continuity with the mass change record from GRACE-FO. MC mission architecture consists of a pair of satellites in co-planar, low altitude polar orbits. The science and applications objectives are achieved by making accurate measurements of the inter-satellite range change between the center of masses of the two satellites, as well as by precisely measuring the non-gravitational forces acting on the satellites and tracking their orientation and position in inertial space. Each satellite carries geodetic quality Global Navigation Satellite System (GNSS) receivers, attitude determination sensors, a laser ranging interferometer (LRI) for satellite range change measurements, high accuracy accelerometers, and laser retroreflectors for orbit determination.
Unlike other Earth-observing satellites, the two MC satellites are the “instruments,” acting directly as the observational system. The two satellites are positioned ~300 kilometers apart and continuously measure the distance between each other to within a few micron/sec. As one satellite approaches a landmass, it is pulled toward the landmass and the distance between the two satellites grows. As the second satellite approaches that same landmass, it also gets pulled toward it, and the distance between the two satellites becomes closer again. This ever-fluctuating change in distance between the two is the primary measurement used for deriving Earth’s gravity field. 
International Partnerships
The MC acquisition approach is consistent with the workshare and heritage approaches used successfully on GRACE and GRACE-FO missions, which reduces cost, schedule, and performance risk for the mission. The implementation strategy includes the key teams and US/German partnership roles from those missions, as well as utilizing heritage satellite and instrument architectures (Figure 7). NASA’s Jet Propulsion Laboratory (JPL) has overall project responsibility and will procure two spacecraft from Airbus (Germany), the heritage manufacturer of the GRACE and GRACE-FO spacecraft. JPL will utilize the flight spare accelerometers from GRACE-FO and implement and deliver the integrated LRI.
DLR, which manages the German contributions, will be responsible for providing the LRI optics subsystems, mission operations and telemetry, tracking and command; the ground data system; laser retro-reflectors for ground-to-satellite ranging; and the launch vehicle and launch services.
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Figure 7: The ESO Mass Change element is a US-German collaboration based on a proven, successful working relationship that leverages the strengths of each partner.
Formulation Status 
In June 2022, MC conducted a successful Mission Concept Review (MCR),  allowing them to proceed to Key Decision Point A, or KDP-A, in March 2023.  In the KDP-A review, MC clearly illustrated to internal stakeholders that the project was well beyond Phase A maturity due to leveraging the GRACE-FO heritage architecture and continuing the long-established partnership with DLR.  The project also successfully demonstrated that their cost and schedules were credible, all providing confidence to the decision council that the project was sufficiently mature to proceed into Phase A formulation as a Category II, Class C mission [6,7].  
In April 2023, the project held the System Requirements Review (SRR) and successfully demonstrated that the functional and performance requirements defined for the system represent achievable capabilities. The next planned life cycle review for MC is the Mission Definition Review (MDR), which is tentatively planned for July 2023. During this review, MC will demonstrate the proposed mission architecture can credibly be achieved within the programmatic requirements. Following MDR, the project will present the outcomes of SRR and MDR at KDP B, where it will need to demonstrate that the “proposed mission/system architecture is credible and responsive to program requirements and constraints, including resources. The maturity of the project’s mission/system definition and associated plans is sufficient to begin Phase B, and the mission can likely be achieved within available resources with acceptable risk”[6]. Anticipating a successful outcome, MC will enter Phase B in Fall 2023.
Surface Deformation and Change
Overview and Objectives
The ESO Surface Deformation and Change (SDC) element was developed to address the Earth Science Decadal Survey Designated Observable in Earth Surface Dynamics, from earthquakes and landslides to ice sheets and permafrost. The Decadal Survey summarizes its recommendations for the SDC Designated Observable, noting critical components of the Earth Surface and Interior as primary objectives, as well as its key role in Hydrology and Climatology objectives [1]. 
Surface deformation measurements are critical for studies of ice sheet stability, as well as their contributions to sea level rise, permafrost thaw, surface change and strain rates related to earthquakes, volcanoes, landslides, and changes in groundwater and subsidence. 
Architecture and Partnerships
During the extended study phase, the SDC team considered a good balance of architectures that optimize phase-based geodetic performance, as well as those that support amplitude-based radiometry.
The Decadal Survey Committee recommendation presumes that the measurement implementation will utilize Interferometric Synthetic Aperture Radar (SAR), requiring a cost-effective strategy for the SDC Designated Observable. The Decadal Survey calls for the performance level expected from NISAR with increased temporal resolution, potentially at the expense of spatial resolution as necessary to meet the cost cap. Recognizing this challenge, the team is actively pursuing potential partnerships with other space agencies, as well as industry participants. In parallel, the team has made investments into novel technologies to enable observations from smaller platforms that could decrease the revisit time sought by the Decadal Survey and potentially increase the cost to benefit ratio. As NISAR is the precursor SAR mission, the studies were extended to capture all lessons learned to help NASA create the best SDC mission possible while minimizing implementation risk and cost.
Study Phase Status
As recommended in the Decadal Survey, the SDC Designated Observable mission will continue its study of potential architectures through launch of the NISAR mission, which is included in the PoR and is the ESO trailblazing mission, to incorporate lessons learned and provide continuity measurements. NASA widened the scope of the study to also include architectures that support research- and applications-grade measurements of observables, such as soil moisture, vegetation structure, disturbance, agricultural monitoring, wetlands processes, coastal processes, ocean processes, sea ice hazards monitoring (e.g., icebergs and polar sea-lane variability). 
The SDC Research and Applications team compiled target requirements for the Decadal Survey objectives in a Science and Applications Traceability Matrix (SATM) and further elucidated the connections between science/application objectives and needed observations as important constraints on the trade space for the mission observing systems. Starting from more than 40 potential options, the SATM informed the down selection, first to ten architectures, then to the current five for detailed study. The study goal is to down-select to two candidate architectures in 2026, then to enter formulation with one architecture optimized for phase-based geodetic performance and one architecture that enables phase- and amplitude-based science and applications.
Open Science
ESO and Open Science
As the ESO missions work toward creating a collaborative and integrated observation system focused on answering fundamental questions about our home planet, NASA Earth Science is committed to increasing the accessibility, reproducibility, transparency, and inclusivity of the scientific process used to address those questions. NASA’s Open-Source Science Initiative (OSSI) is driving efforts to support a more open scientific process across Science Mission Directorate (SMD) and NASA [2]. 
NASA (and more broadly, the US Government) defines Open Science as “the principle and practice of making research products and processes available to all, while respecting diverse cultures, maintaining security and privacy, and fostering collaborations, reproducibility, and equity” [9].  NASA is taking action to support broader adoption of open science practices through policy changes, infrastructure development, targeted investments, and community building and training. 
Policy Development
The foundational approach for supporting openness in government-funded research is mandating changes via policy. NASA has recently enacted significant policy changes in support of Open Science, most notably through adoption of the Scientific Information Policy for the Science Mission Directorate (SPD-41a) in December of 2022 [2].
Adoption of SPD-41a requires NASA-funded science data, software, publications, workshops, and meetings to be open to the greatest extent possible. It also requires mission software to be developed in the open, via a publicly-accessible, version-controlled repository that allows for community engagement and contributions. This policy is forward-looking and applies to NASA science investments beginning in 2023. The policy also encourages existing missions and investigations to adopt elements of the policy consistent with available resources.
SPD-41a emphasizes the importance of open science and updates the previous release, SPD-41, which consolidated existing Federal and NASA policy on sharing scientific information. Both versions were developed in partnership with the SMD community via workshops and Requests for Information (RFIs), NASA’s Office of General Counsel, and Office of Procurement, and are aligned with National Academy Studies and the Office of Science and Technology Program (OSTP) memo on Ensuring Free, Immediate, and Equitable Access to Federally Funded Research [10, 11].
Within the context of the ESO Missions, which are all required to align with SPD-41a, there is a consistent set of expectations:
· All mission data, metadata, software, databases, publications, and documentation shall be available on a full, free, open, and unrestricted basis starting in Phase B, with no period of exclusive access
· Science workshops and meetings shall be open to broad participation and documented in public repositories
Additionally, specific expectations for any ESO mission (and more broadly, all SMD missions) and any potential collaborating partner on those missions include:
· Software shall be developed openly in a publicly-accessible, version-controlled platform using a permissive software license allowing for community use and contributions
· Scientific data, metadata, software, publications, and documentation shall be archived and made available by NASA and/or [Partner] starting in Phase B
· Manuscripts shall be published with open access licenses; versions of as-accepted manuscripts shall be made available as open preprints and deposited in a NASA or Partner repository upon publication
· NASA and Partner software, documentation and data shall be properly marked, cited, and/or attributed. Metrics to measure and acknowledge open-source science contributions will be developed
· All mission data, calibration information, and simulated products supporting development and validation of algorithms shall be made available without any conditions to use
· NASA and Partner will mutually develop an Open-Source Science Plan that specifies details of collaboration
Infrastructure Evolution
NASA is implementing significant technical infrastructure innovation and evolution to support Open Science. Earth Science Data Systems (ESDS) within NASA Earth Science has tackled this via two main strategic activities: 1) looking at system reusability and flexibility for mission science, and 2) focusing on visualization and data analysis targeted at discovery and communication of results by a broader public audience external to mission science teams. The ESO Mission Processing Study (Section 3.3.1) and Visualization, Exploration and Data Analysis platform (VEDA) (Section 3.3.2) sections below explore how NASA is seeking to enhance its technical capabilities to enable more efficient and farther-reaching Earth science than ever before.

ESO Processing Study
Early in the ESO missions’ lifecycle, the data systems program set forth a challenge to the processing community: 
“Identify and assess potential architectures that can meet the ESO mission science processing objectives, enable data system efficiencies, promote open science principles, and seek opportunities that support Earth system science.” [12]
To address this challenge, data systems sponsored the Open-Source Science for Earth System Observatory (ESO) Mission Data Processing Architecture Study [11]. This study tasked a steering committee and system architecture working group to perform programmatic and technical assessments, respectively. 
The study team conducted a series of workshops aimed at gaining insight into the data processing requirements of the ESO missions, identifying stakeholder objectives and constraints, and assessing the current state of the art in science data processing systems. The findings from these workshops were used to identify three potential architectures that could align with the study’s objectives and enhance the existing approach to implementing the Mission Data Processing System (MDPS) across multiple projects. Figure 8 describes the broad architecture types considered.
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Figure 8: The Open-Source Science study teams considered three potential types of architectures.
These architecture types, and several variations on each, were evaluated on desirability and technical feasibility. The desirability score measured the degree to which an architectural variation responds to the goals of the study, such as increasing efficiencies and enabling open science. Figure 9 plots the architectural variations (T2 V2, etc.) to the study goals [12]. The report provides extensive results and documentation of the architectures, their variations, and the accompanying evaluations. The study team ultimately recommended a second phase of this work aimed at deriving system requirements and focusing on architecture Type 2 (Figure 8). This follow-on work is currently underway and is expected to lead to system prototyping. This phase of work will include strong engagement from each of the ESO missions and will be accompanied by additional work to address specific cross-mission data use and analysis. 
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Figure 9: The Open-Source Science study teams rated potential architecture variations on a scale of desirability and complexity. Two variations of the Type 2 architecture provided the best manageability with the opportunity to evolve to meet future needs.

Visualization, Exploration, and Data Access Platform (VEDA)
While the efforts to improve efficiency and transparency on mission data processing are important to enabling open science, additional activities are also needed to focus on enabling collaboration, increasing accessibility, and promoting inclusion through improved communication and storytelling. 
The Visualization, Exploration, and Data Analysis (VEDA) project is an open-source science cyberinfrastructure for data processing, visualization, exploration, and geographic information systems (GIS) capabilities [13]. VEDA was largely developed by a collaborative team focused on reusing existing open-source components. It is the intention of the platform to consolidate geographic information systems (GIS) delivery mechanisms, processing platforms, analysis services, and visualization tools and provides an ecosystem of open tools for addressing Earth science research and application needs through the public-facing VEDA Dashboard [13].
More specifically, the VEDA platform aims to provide:
· A collaborative science environment for data analysis and exploration
· An interactive visual interface for storytelling
· Exploratory GIS and data analysis capabilities
· A dynamic scaling platform for large-scale processing
· A modeling and data assimilation infrastructure scaled through high performance computing and a cloud-based infrastructure
While still in beta, the VEDA platform has already made significant strides in enabling interactive storytelling through its dashboard, featuring engaging stories on environmental justice, air quality, and wildfires that bring the science to life and enable the public to explore the data and impacts.
Targeted Investments in Open Science Tools and Training
Zooming out from Earth science-focused infrastructure and tool development to promote open practices, a variety of activities span the Science Mission Directorate to support open science efforts.
Another aspect of OSSI’s commitment to promoting open science and its principles involves targeted investments in a variety of areas, including augmenting existing software and tools, funding the development of new work, and developing new training materials.
One approach is through augmenting existing open source libraries and tools. OSSI recognizes the importance of collaboration and sharing knowledge across the scientific community, and therefore actively supports and contributes to well-established open source projects and aims to sustain the accessibility and usability of critical software over the long term. 
Additionally, OSSI invests in funding the development of new data formats, software, frameworks, and libraries to foster open science. It acknowledges the importance of innovation and technological advancements in to support new collaborations and make it easier to accomplish this work.
Finally, OSSI recognizes that a large part of promoting open science involves actively engaging and educating researchers in all career stages. To that end, OSSI is funding the development of open science curricula and summer schools targeting specific scientific disciplines. These efforts aim to cultivate a culture of open science among researchers, students, and the broader scientific community, facilitating the sharing of knowledge and promoting collaborative research. 
These investments represent one aspect of OSSI’s broader commitment to building and sustaining community around the culture of open science, which is discussed in the following section.
Community Building and the Year of Open Science
The final, and perhaps most important, part of NASA’s Open Source Science Initiative involves a long-term commitment to growing a self-sustaining and inclusive open science culture, both within the NASA science community and beyond.
OSSI’s Transform to Open Science (TOPS) initiative is a 5-year effort with strategic goals to:
· Accelerate major scientific discoveries
· Broaden participation by historically excluded communities
· Increase understanding and adoption of open science principles and techniques [14]
NASA is not engaging in these activities in isolation. TOPS is part of a broader effort to transform science and has joined with the US White House and other federal agencies, universities, and other organizations to declare 2023 the Year of Open Science. 
Fundamentally, open science requires a shift to a more inclusive, transparent, and collaborative scientific process, which will increase the pace and quality of scientific progress. 
[bookmark: _Hlk134023937]Conclusion
NASA’s Earth Science fleet of satellites have long provided critical data necessary to understand our complex Earth system and is responsible for most of what we know about our planet’s changing climate. To continue this legacy, NASA Earth Science intends to fulfil its commitments to the program of record, which includes missions in development and operations, and it recognizes that many of these essential missions are in extended operations and nearing end of life. Because of this, NASA Earth Science is striving to look forward to what measurements must be continued and what new data are needed to understand, mitigate, and adapt to climate change. 
The Earth System Observatory (ESO) will build on the program of record and be the next generation of Earth observing satellites, in order to fulfil important continuity needs and provide new data through state-of-the-art technology. Guided by the Designated Observables in the 2017 Decadal Survey, the ESO suite of missions will support efforts across a wide range of climate research and mitigation applications, helping to answer some of the most pressing questions of our time.
ESO’s interconnected missions will provide an overall picture of the Earth system, including its atmosphere (AOS), surface (SBG, SDC), and sub-surface (MC) elements. For key components of the Earth system that occupy all three levels, such as the water cycle, ESO will provide a complete understanding of the factors behind water quantity and water quality—vital to life on this planet. 
NASA Earth science is focused on working with the ESO missions and committed to seeing them through the mission lifecycle process. This includes moving AOS, SBG, and MC though the formulation process (Phase A and B) and ultimately into implementation (Phase C and D) in the upcoming years. To do so, these missions need to finalize cost targets, architecture and programmatic requirements, and international partnerships. MC and SBG are expected to reach formulation Phase B by the end of 2023. AOS-Storm and AOS-Sky are currently in Phase A and undergoing trade studies for instrument alternatives; they are expected to enter Phase B in the summer of 2024. Currently in an extended study phase, SDC is poised to incorporate lessons learned from the ESO-trailblazing mission, NISAR, with the goal of entering formulation after 2026. Current milestones put the ESO missions on track for launches in the late 2020s to early 2030s.
In parallel, NASA Earth Science is engaging in a long-term commitment to open science culture to help increase the community’s ability to engage in the scientific process and fully support the essential efforts of climate change mitigation and adaptation. NASA is investing in data infrastructure and open science initiatives to best utilize and distribute the data generated by ESO and other future NASA missions. The NASA Open-Source Science Initiative (OSSI) is working in partnership with ESO to create a collaborative and integrated observing system and data publication service. NASA is promoting science accessibility and transparency by ensuring all ESO data, software, and scientific papers are open to the public. This will enable essential information related to climate change applications to be readily available to researchers and decision makers, helping humanity to more quickly understand and mitigate climate change.
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