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Context: The 2007 NRC Decadal Survey Report identified the Aerosol, Cloud, and Ecosystem
(ACE) mission as an essential Tier 2 mission addressing global and interdisciplinary science
challenges associated with climate, marine ecology, and biogeochemistry. The philosophy
underlying of the ACE Mission is that aerosol, cloud, and ecosystem elements of the Earth
System are fundamentally linked from both a mechanistic and observational standpoint. For
example, (1) polarimetry measurements of atmospheric properties over the ocean require
accurate knowledge of marine ecosystem properties, (2) ocean color retrievals require accurate
knowledge of atmospheric aerosol loads and vertical distributions, (3) understanding of aerosol
and cloud properties over remote marine atmospheres is critically informed by simultaneous
observations of ocean ecosystem properties and states, and (4) simultaneous measurements of
aerosols and clouds are essential for addressing dominant climate change uncertainties associated
with Earth’s changing energy budget. Recognition of these and many other observational
interdependencies and the opportunity to address diverse Earth System issues with a single set of
consistent satellite sensors established the ACE mission as the premier global climate and
ecosystem mission of the 2007 Decadal Survey Report. The scientific and applications need for
this mission has only increased since its original recommendation.

As detailed in the Mission’s Five Year Report, the ACE pre-formulation phase made (and
continues to make) major progress toward refining mission requirements and establishing
instrument technical readiness. For each of its primary elements, overarching science questions
have been defined and linked to mission requirements though a detailed Science Traceability
Matrix (STM) involving remote sensing, field, and modeling requirements. Together, the
science and applications targets identified in these ACE STMs are cross-cutting among four of
the Earth System Science themes identified in the second 2017 Decadal Survey Request for
Information (DS-RFI12):

I. Global Hydrological Cycles and Water Resources

I1. Weather and Air Quality

I11. Marine Ecosystems and Natural Resource Management
IV. Climate Variability and Change

Satellite remote sensing envisioned for ACE combines active and passive sensors observing at
microwave, sub-millimeter, infrared, visible and ultraviolet wavelengths and flown on multiple
platforms in a coordinated sun-synchronous low-Earth orbit. The Key Challenges and Questions
for Earth System Science addressed by the ACE mission were overviewed in a previous white
paper submitted in response to the first DS-RFI (da Silva et al 2015). In response to the current
DS-RFI2, we here describe science and applications targets for the Ocean Ecosystem and
Aerosol-Ocean Interactions components of the ACE Mission. Three additional ACE white
papers are being submitted in response to DS-RFI2 that similarly detail science and applications
targets for ACE cloud and aerosol components.




1. ACE Ocean Ecosystems Element
1.1 Science and Applications Targets

The science and applications targets for the Ocean Ecosystem component of the ACE mission
are defined by the 6 groups of overarching Focused Questions in the second column of the ACE
Ocean Ecosystem STM (Figure 1). These Focused Questions (FQ) are:

FQ1. What are the standing stocks, composition, & productivity of ocean ecosystems?
How and why are they changing? [OBB1]

FQ2. How and why are ocean biogeochemical cycles changing? How do they influence
the Earth system? [OBB2]

FQ3. What are the material exchanges between land & ocean? How do they influence
coastal ecosystems, biogeochemistry & habitats? How are they changing? [OBB1,2,3]

FQ4. How do aerosols & clouds influence ocean ecosystems & biogeochemical cycles?
How do ocean biological & photochemical processes affect the atmosphere and
Earth system? [OBB2]

FQ5. How do physical ocean processes affect ocean ecosystems & biogeochemistry?
How do ocean biological processes influence ocean physics? [OBB1,2]

FQ6. What is the distribution of algal blooms and their relation to harmful algal and
eutrophication events? How are these events changing? [OBB1,4]

Each FQ group traces directly to one or more of the four broader science objectives of NASA’s
Ocean Biology and Biogeochemistry Program’s Strategic Plan, “Earth’s Living Ocean: A
Strategic Vision for the NASA Ocean Biological and Biogeochemistry Program” (NASA OBB
2006), as indicated above by the bracketed [OBBX] designations. In the ACE Ocean Ecosystem
STM (Figure 1), key activities (column 3: Approach) are identified to address FQ1 through FQ6
and then observational and modeling requirements are defined that enable these activities (4
rightmost columns). A complete description of the traceability between Focused Questions,
Approaches, and Measurement/Modeling Requirements can be found in the ACE Mission
document, (Starr et al. 2010). This recommended plan for the Ocean Ecosystem component of
the ACE Mission has been scrutinized and evolved over many years by a diverse ACE Ocean
Ecosystem Science Team and regularly vetted with the broad Earth Science Community. The
ACE Ocean Ecosystem science objectives (FQ1-6) address primary uncertainties in marine
ecosystem functioning, biodiversity, ecosystem health and services, and biogeochemistry (DS-
RFI2 theme Marine Ecosystems & Natural Resource Management) and climate forcings and
feedbacks of the ocean (DS-RFI2 theme Climate Variability and Change).

1.1 Utility of Measured Geophysical Variables

The ACE Ocean Ecosystem Science Team, in consultation with the broader Earth Science
Community, identified 3 key satellite observational assets required for accomplishing mission
science and applications targets: an advanced ocean color sensor, polarimeter, and lidar.

Utility of the Ocean Color Sensor: The ACE recommendation is for a UV-VIS-NIR-SWIR polar-
orbiting ocean color sensor with 5 nm spectral resolution from 350 — 755 nm, 2-day global



coverage, 1000 — 1500 minimum SNR for 15 nm aggregate UV — VIS bands, glint avoidance,
and minimal sensor artifacts (Figure 1). This instrument provides essential global retrievals on
surface layer (to ~1 optical depth) (1) phytoplankton biomass, pigment concentrations,
physiology, and taxonomic diversity, (2) particle abundance and size distribution, (3)
concentrations of dissolved carbon pools, and (4) materials exchange at the land ocean interface.
Multi-year sustained measurements from the ACE ocean color sensor allow assessment of
ecosystem-climate interactions and forcings and consequences on biogeochemistry, atmospheric
aerosols and clouds, and ecological events (e.g., frequency and distribution of harmful algal
blooms). Importantly, details on the ACE ocean color sensor requirements and science
objectives were fundamental to the Science Definition Team for developing requirements for the
NASA PACE Mission ocean color sensor, which has a targeted launch date of 2022/2023.

Utility of the Polarimeter: For Ocean Ecosystem applications, the ACE polarimeter addresses
two primary objectives: (1) improve atmospheric corrections for ocean color retrievals by
characterizing of aerosol properties and (2) improve understanding of ocean ecosystems stocks
and biogeochemistry by characterizing particle types through measurements of subsurface
polarized water leaving radiance returns. For these objectives, requirements for the polarimeter
include 60° to 140° observational angles at 5° resolution and 1% degree of polarization (Figure
1). A more detailed set of requirements for the ACE polarimeter was defined by the cloud and
aerosol components of the mission and are described below and in the other ACE white papers
being submitted to the DS-RFI2. The ACE concept of coupling polarimetric observations with
ocean color measurements was again instrumental in the same pairing being recommended for
the upcoming PACE mission.

Utility and Readiness of the Lidar: Ocean color and polarimetry measurement requirements
defined for the PACE mission satisfy those for the Ocean Ecology component of the ACE
mission. However, the essential element of ACE Ocean Ecosystem requirements not
fulfilled by PACE is simultaneous measurements with a profiling lidar. Inclusion of a lidar
in the ACE instrument suite is essential. The lidar ‘curtain” measurements of detailed
atmospheric aerosol type and vertical distributions, when coupled with the broad swath
polarimeter and ocean color UV-to-NIR/SWIR measurements, addresses the primary
uncertainties in current atmospheric correction algorithms for ocean color retrievals.
Furthermore, active lidar measurements of ocean subsurface properties allow:

(1) Characterization of high latitude plankton populations (phytoplankton biomass and total
particulate carbon) throughout the year. High latitude regions host among the most productive
ocean ecosystems on Earth and are also experiencing the most rapid climate-driven changes in
environmental conditions. These regions are also among the most poorly observed by traditional
ocean color sensors, often with no successful retrievals for many consecutive months.

(2) Global characterization of vertical structure in ecosystem properties (biomass, particle
abundance, light attenuation). Traditional ocean color measurements provide no information on
the vertical structure in the marine environment. Consequently, unresolved vertical features
remain one of the primary sources of uncertainty in plankton biomass assessments and, when
these features occur within the upper ~3 optical depths, in ocean productivity assessments.

Since the 2007 NRC Decadal Survey Report, major advances have been made in demonstrating
the feasibility and utility of lidar profiling of ocean ecosystems. In particular, the Azores 2012,



SABOR 2014, and NAAMES 2015 field campaigns have demonstrated accurate, vertically-
resolved retrievals of ocean optical properties with an airborne high spectral resolution lidar
(HSRL). In addition, phytoplankton biomass, total particulate carbon concentrations, and diffuse
attenuation coefficient retrievals have now been demonstrated using the CALIOP satellite lidar
and, for the Azores 2012, validated with coincident ship-based measurements. CALIOP data
have subsequently been used to demonstrate effective retrieval of complete phytoplankton
annual cycles at northern and southern polar latitudes, which has been impossible with ocean
color sensors. The CALIOP lidar, however, was not designed for ocean retrievals and has a
sampling resolution that does not allow profiling of ocean ecosystem vertical structure. For ACE
Ocean Ecosystem science and applications targets, an HSRL lidar is recommended with 0.5 km
atmospheric and 2 m subsurface vertical resolution, <0.3% polarization misalignment, 0.0001
km™ sr'! aerosol backscatter sensitivity, and < 4 ns e-folding transient response (Figure 1).

1.3 Summary Recommendation for the 2017 Decadal Survey

Years of community-vetted planning for the ACE mission has resulted in a detailed plan for
addressing primary science and applications targets for global ocean ecosystem research.
Recommended ocean color and polarimeter components of the ACE mission for Ocean
Ecosystem goals can be met by the PACE mission. However, the absence of an ocean-
atmosphere profiling lidar on PACE is viewed as a critical omission. Major advances have
been made in demonstrating the feasibility and utility of ocean lidar measurements since the
2007 DS report. Airborne HSRL technology is highly mature and discussions are currently
underway for potential international collaboration with CNES on a lidar mission that could
satisfy science requirements defined under the ACE mission. We therefore recommend that the
2017 DS report strongly advocate the elevation of an ocean-atmosphere profiling lidar as a tier
1 mission flown in constellation with PACE.

2. ACE Aerosol-Ocean Element
2.1 Science and Applications Targets

The science and applications targets for the Aerosol-Ocean component of the ACE mission are
defined by the 6 groups of overarching Focused Questions in the second column of the ACE
Aerosol-Ocean STM (Figure 2). These Focused Questions (FQ) are:

FQ1. What is the flux of aerosols to the ocean and their temporal and spatial distribution?

FQ2. What are the physical and chemical characteristics, sources, and strengths of
aerosols deposited into the oceans?

FQ3. How are the physical and chemical characteristics of deposited aerosols transformed
in the atmosphere?

FQ4. How do ocean ecosystems respond to aerosol deposition?

FQ5. What is the spatial and temporal distribution of aerosols and gases emitted from the
ocean and how are these fluxes regulated by ocean ecosystems?

FQ6. What are the feedbacks among ocean emissions of aerosols and gases, microphysical
and radiative properties of the overlying aerosols and clouds, aerosol deposition,



ocean ecosystems and the Earth's climate, and how is humankind changing these
feedbacks?

Each FQ group traces to NASA’s Earth Science questions and research objectives recommended
by the NRCs first decadal survey for Earth science, “Earth Science and Applications from Space:
National Imperatives for the Next Decade and Beyond” (NRC, 2007). In the ACE Aerosol-
Ocean STM (Figure 2), key activities (column 3: Approach) are identified to address FQ1
through FQG6 and then supporting field and laboratory observations and modeling requirements
are defined that enable these activities (4 rightmost columns). A complete description of the
traceability between Focused Questions, Approaches, and Measurement/Modeling requirements
can be found in the ACE Mission document (Starr et al. 2010). This recommended plan for the
Aerosol-Ocean component of the ACE Mission has been thoroughly scrutinized and evolved
over many years of science team meetings and weekly teleconferences by a diverse ACE
Aerosol-Ocean Team. The ACE Aerosol-Ocean science objectives (FQ1-6) are highly
synergistic to ACE Ocean Ecosystems Element and address mutually interacting processes —
atmosphere to ocean interactions, marine biology to atmosphere interactions, aeolian
fertilization of the oceans, release to the atmosphere of highly reactive trace gases by the marine
ecosystem — all of which have key effects on microphysical properties of maritime clouds. The
detailed mechanisms for aerosol-ocean interaction processes and there radiative feedbacks in the
Earth climate system are best understood through the combination of in situ data, satellite remote
sensing and models. However, to reduce the uncertainty about cloud-aerosol interactions
over the ocean and thus improve climate prediction models, measurements of ocean
ecosystem, aerosol, and cloud properties achievable with the Ocean Color Sensor,
Polarimeter, High Spectral Resolution Lidar described above should be paralleled by
simultaneous measurements of drizzle and precipitation rates with a Duel-frequency
Doppler Radar (DfDR). Specific measurement requirements for this DfDR are described in the
Aerosol and Cloud white papers also being submitted in response to the DS-RFI2.

2.2 Summary Recommendation for the 2017 Decadal Survey

Over the past decade, in situ measurements, satellite remote sensing, and modeling efforts have
substantially improved our understanding of the temporal and spatial distribution of aerosols and
trace gases, their physical and chemical characteristics and controlling effects on ocean
biological systems. However, past research has also revealed inherent complexity of aerosol-
ocean ecosystems-cloud interactions with multiple forcings and feedbacks. Narrowing the gap in
the current understanding of anthropogenic and natural contribution to a changing climate will
require development of new space-based, field, laboratory instruments and modeling capabilities.
This should include execution of focused field studies examining the aerosol fluxes to and from
the ocean and subsequent changes to marine ecosystems in various oceanic regimes around the
globe. By expanding available satellite-borne sensors to encompass aerosol forcing of ocean
biological systems and cloud processes, major improvements can be realized in model
representations of current climate, reproductions of past climate, and predictions of future
climate. However, realizing this advances critically depends upon more realistic, observation-
driven simulations of the aerosol-ocean and ecosystems-cloud system, with forcings and
feedbacks operating on multiple spatiotemporal scales. We therefore recommend that the 2017
DS report strongly advocate as a tier 1 mission a constellation of the PACE ocean color and
polarimeter sensors with and HSRL lidar and duel-frequency doppler radar.
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