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The Plankton, Aerosol, Cloud, ocean Ecosystem (PACE) mission will include a
hyperspectral imaging radiometer to advance ecosystem monitoring beyond heritage
retrievals of the concentration of surface chlorophyll and other traditional ocean color
variables, offering potential for novel science and applications. PACE is the first NASA
ocean color mission to occur under the agency’s new and evolving effort to directly
engage practical end users prior to satellite launch to increase adoption of this freely
available data toward societal challenges. Here we describe early efforts to engage a
community of practice around marine food-related resource management, business
decisions, and policy analysis. Obviously one satellite cannot meet diverse end user
needs at all scales and locations, but understanding downstream needs helps in the
assessment of information gaps and planning how to optimize the unique strengths
of PACE data in combination with the strengths of other satellite retrievals, in situ
measurements, and models. Higher spectral resolution data from PACE can be fused
with information from satellites with higher spatial or temporal resolution, plus other
information, to enable identification and tracking of new marine biological indicators to
guide sustainable management. Accounting for the needs of applied researchers as well
as non-traditional users of satellite data early in the PACE mission process will ultimately
serve to broaden the base of informed users and facilitate faster adoption of the most
advanced science and technology toward the challenge of mitigating food insecurity.

Keywords: satellite ocean color applications, PACE mission user community, phytoplankton, fisheries,
aquaculture, societal impact

INTRODUCTION

Seafood is an important source of protein for much of the world’s population. Wild catches cannot
match growing demand and their sustainability is in question. Aquaculture is an increasingly
important industry to feed the world’s population. According to the Food and Agriculture
Organization of the United Nations (FAO), as of 2017 more than 200 nations and $152 Billion
per year are involved in the international trade of fish, shellfish, and fish products, as the most
traded food product for developing countries at twice the value of the coffee trade (FAO, 2018).
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However, fisheries face significant threats from environmental
and human pressures. There is a need for sustainable and local
seafood. Aquaculture has been increasing to supply this demand,
yet coastal eutrophication and harmful algal blooms imperil the
safety of this food source. Warming, acidification, deoxygenation,
and pollution are a few of the environmental stressors that
cause habitat shift or loss and undermine the sustainability of
the fishing industry. Around the world, illegal, unreported, and
unregulated fishing also jeopardizes food security, economic
security, and human security. The latest global assessment by
the Food and Agriculture Organization of the United Nations
indicates that the percentage of fisheries that are unsustainably
overfished has increased to one third (World Bank, 2017;
FAO, 2018). Fragile states with limited capabilities to enforce
their Exclusive Economic Zones need actionable information
to evaluate their natural resources. Freely available remotely
sensed data from satellites combined with in situ sensors provide
environmental insights that can help resource managers and
other operators respond to these challenges.

Global aquatic ecosystems have been regularly monitored
from space during the past four decades by polar-orbiting,
multispectral ocean color radiometers, transforming our
understanding of processes that support life in the ocean
(McClain, 2009). U.S. examples include the NASA Coastal Zone
Color Scanner (CZCS; 1978-1986), Sea-viewing Wide Field-
of-view Sensor (SeaWiFS; 1997-2010), Moderate Resolution
Imaging Spectroradiometer (MODIS; 1999-present on Terra
and 2002-present on Aqua), and Visible Infrared Imaging
Radiometer System (VIIRS; 2012-present on Suomi NPP and
2018-present on NOAA-20). These satellite-borne sensors
were designed to provide daily, global views of the open ocean
where sampling opportunities are infrequent and expensive. In
Europe, the Ocean and Land Color Imager (OLCI) was launched
onboard Sentinel 3A and 3B in 2016 and 2018, respectively, with
another two Sentinel 3 satellites planned to ensure continuity
and consistency of services (Donlon et al., 2012; Groom et al.,
2019). Additional ocean color sensors have been successfully
launched into polar orbit by India, Japan, and China, and into
geostationary orbit by South Korea (Groom et al., 2019).

NASA is currently developing the Plankton, Aerosol, Cloud,
ocean Ecosystem (PACE) mission, with its launch scheduled
for late 2022. PACE has several important technological
advancements that will expand its use beyond the heritage
instruments listed above, enabling it to enhance and extend
current biological and water quality parameters measured
from space with new spectral information (Werdell et al,
2019). The primary instrument on the observatory, the
Ocean Color Instrument (OCI), consists of two spectrometers
that continuously span the ultraviolet (UV) and orange
and orange to near-infrared (NIR) spectral regions, as well
as seven additional detectors to collect measurements at
discrete NIR and shortwave infrared (SWIR) bands (Figure 1).
Although not the focus of this manuscript, note that OCI
is complemented on the observatory by two multi-angle
polarimeters, the Spectropolarimeter for Planetary Exploration
(SPEXone) (Hasekamp et al., 2019) and the Hyper Angular
Rainbow Polarimeter (HARP2) (Martins et al., 2018). These

instruments will provide additional aerosol and cloud data
products relative to what is possible with OCI alone. Table 1
provides additional details on characteristics of OCI and the
PACE observatory. SPEXone and HARP2 are scheduled for
delivery to NASA in the 3rd and 4th quarter of 2020 when
integration and testing of the spacecraft begins. Testing and
integration of the OCI flight unit will begin in 2020 and continue
until delivery in the 3'¢ quarter of 2021 when integration and
testing with the observatory begins. The PACE observatory
has a scheduled launch window between November 2022 and
March 2023. Public distribution of PACE science data products
will begin immediately following official commissioning of the
observatory, which is scheduled to occur 60 days after launch.
As with most scientific satellites, delays in the delivery of the
instruments or in the observatory integration and testing are
possible and may result in postponement of the launch, which
would in turn delay the availability of PACE science data.

The mission of NASA is to explore through a synthesis
of science and technology. Traditionally, NASA Earth Science
designs new Earth observing satellites based upon science
research questions and then NOAA and the private sector adopt
the results of the evolving technology and apply it to practical
applications around fisheries and aquaculture. NOAA resource
managers, researchers and private businesses have been using
satellite data to assist with finding fish for decades, and especially
since the launch of SeaWiFS in 1997 (e.g., Maul et al., 1984; Friedl
et al., 2006; Wilson et al., 2008, 2009; Wall et al., 2009; Wilson,
2011). NASA is currently undergoing a paradigm shift to consider
such practical applications of its satellite data in coordination
with science research questions during the initial concept and
pre-formulation of a mission before it becomes formalized
(National Academies of Sciences Engineering and Medicine
[NASEM], 2018). Although the international community has
already been considering practical applications in their satellite
design process (e.g., ESA’s Copernicus Program), PACE is the first
NASA ocean color mission that endeavors to engage operational
stakeholders during the design-build phases of a mission prior
to launch (Figure 2). Our objective is to prepare a community
of practice that can immediately apply the advanced data from
PACE as soon as it is available to maximize the nation’s return
on investments of this space-based asset. In this manuscript,
we describe several early efforts to survey the fisheries and
aquaculture communities, among others, about their current
uses of ocean color data and how future PACE science data
streams could help fill gaps. In addition to regularly attending
international meetings to discuss capabilities and needs with
scientists and users from around the world, we have undertaken
a few targeted activities to foster the exchange of ideas and
requirements between satellite data providers and stakeholders.
The end goal is to increase access to satellite products that can
guide more informed decisions by resource managers, the fishing
industry, as well as artisanal and recreational fishers.

The activities and outcomes we describe in this manuscript
are complementary to previous efforts to ensure the continuity
of high quality ocean color satellite data for basic and
applied research uses. For example, in 2011 an international
committee of experts outlined minimum requirements to sustain
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SPECTRAL COVERAGE
OCEAN COLOR HERITAGE SENSORS compared with PACE
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FIGURE 1 | The spectral coverage of ocean color heritage sensors compared to PACE. The hyperspectral capabilities of PACE OCI will provide new information
about phytoplankton functional groups and metrics regarding the health of the ecosystem such as particle sizes and phytoplankton physiology. Source:

https://pace.gsfc.nasa.gov.
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global ocean color measurements for research and operational
applications, and options to minimize the risk of a data gap
(National Research Council [NRC], 2011). NOAA routinely
conducts needs assessments targeted to various thematic and
regional communities, including fisheries and water quality
issues, and looks for ways to connect satellite data providers
to practical end users. In 2007, the International Ocean Colour
Coordinating Group (IOCCG) established a working group
on the operational use of ocean color (IOCCG, 2008). In
2014, the IOCCG established a working group to develop a
strategy for incorporating current and future satellite missions
into global near-coastal and inland water quality monitoring
efforts. Through breakout sessions at international conferences
and their 2018 report (IOCCG, 2018), these working groups
identified user needs and requirements in the context of existing
observing capabilities, and offered suggestions for improving

links between data providers and end users, as have other efforts
(e.g., Nahorniak et al, 2013). We aim to accomplish similar
objectives with an eye toward the role of new spectral capabilities
by PACE through the activities described here.

SATELLITE OCEAN COLOR PROVIDES
APPLICATIONS-RELEVANT DATA
RECORDS

Heritage satellite OCIs observe the spectral radiance emanating
from the top-of-the-atmosphere at discrete visible, NIR, and
SWIR wavelengths. Atmospheric correction algorithms are
applied to remove the contribution of the atmosphere and
reflection off of the sea surface (e.g., foam and whitecaps)
from the total signal to produce estimates of remote sensing
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TABLE 1 | Key characteristics of OCI and the PACE observatory.

Characteristic Description

OCI UV-NIR range (bandwidth) Continuous from 340 to 890 nm in 5 nm steps
(5 nm)

940 (45), 1038 (75), 1250 (30), 1378 (15),
1615 (75), 2130 (50), and 2260 (75) nm

2-day
1 km at nadir

OCI SWIR range (bandwidth)

OCI global coverage
OCI ground pixel
OCI instrument tilt
OClI swath width

+20° to avoid Sun glint reflected off the ocean
+56.5° (2663 km at 20° tilt)

Altitude 676.5 km
Orbit Sun-synchronous, polar, 98° inclination
Equatorial crossing time 13:00 local

Data latency Expected to be 6-12 h on average

reflectances [Rrs()); st~ !], the light exiting the water normalized
to the downwelling irradiance incident on the sea surface
(Mobley et al., 2016). Bio-optical algorithms are then applied
to the Rrs(\) to derive geophysical properties of interest, such
as surface concentrations of chlorophyll-a (Chl-a; mg m™2)
(O'Reilly et al., 1998). SeaWiFS, for example, collected data at six
visible and two NIR wavelengths, where both NIR wavelengths
were used for atmospheric correction and four of the six visible
wavelengths were used to derive Chl-a. Other applications-
relevant geophysical parameters derived from satellite ocean
color include indicators of harmful algal blooms (HABs), water
clarity, turbidity, sediments and detritus, shallow submerged
and floating aquatic vegetation, surface oil slicks, and other
variables estimated or inferred through regional correlations
between field measurements and remotely sensed proxies (e.g.,
Stumpf et al., 2003; Hu et al., 2004; Stumpf and Tomlinson, 2005;
Hu et al., 2009).

With respect to food security, the most relevant capability of a
satellite OCI is its ability to monitor phytoplankton community
structure (IOCCG, 2014). Understanding spatial and temporal
changes in such structure provides insight into aquatic ecosystem

health, water quality and related human health issues, as in the
case of HABs, and ecological forecasting of aquatic resources
including fisheries production. While ocean color methods for
identifying different phytoplankton groups exist (e.g., Bracher
et al., 2017; Mouw et al.,, 2017), most remain confounded by the
limited number of wavelengths available on heritage instruments.
Increased spectral resolution in the visible region offers improved
characterization of spectral phytoplankton pigment absorption
and particulate backscattering, both of which provide highly
useful metrics for discriminating between phytoplankton groups
and plankton size composition (Lubac et al., 2008; Bracher et al.,
2009; Torrecilla et al., 2011; Catlett and Siegel, 2018). Several
studies identify needs for hyperspectral measurements of at
least 5 nm resolution to support classification of phytoplankton
community structure (Lee et al., 2007; Vandermeulen et al,
2017). One promise of PACE is the utility of OCI’s hyperspectral
capability for the improved assessment of phytoplankton
biomass, composition, and production (Table 1). Advances in
such routine, global assessments will benefit ecosystem-based
models, which aid in managing fisheries and coastal resources
as well as policy-making related to monitoring of water clarity
and detection and identification of the spatial extent and
durations of HABs.

END USER ENGAGEMENT ACTIVITIES
AROUND FISHERIES AND
AQUACULTURE

In this section, we describe preliminary efforts to engage a diverse
group of potential PACE data users from ocean color experts to
novices and non-traditional user groups. The following sections
explore these themes for attendees at our workshops, with a few
specific case studies of current end users, the ways they utilize
remote sensing technologies now, and their data needs related
to remote sensing. All workshops were hosted in Washington,
DC or Greenbelt, MD through the Applied Sciences activities of
the Earth Science Division at NASA Goddard. The workshops

Mission Timeline for End User Engagement

Mission Architecture Mission Satellite launch Data available Application of
concept study [> authorization [> [> to all users data
Need identified, Establish mission Design, build Collect, calibrate, Other agencies, Decision-support
Recommended requirements satellite validate data academia, etc. for practical users
eaWiF NOAA
SMONSS CoastWatch
VIIRS Coral Reef Watch,
ROFFS®, etc.

Entry point on timeline of various missions for initiating end user engagement

FIGURE 2 | A comparison of the entry point in the timeline for engaging end users in practical applications of satellite data by various NASA ocean color missions
and operational activities by NOAA and the private sector. With PACE and future missions, such as Surface Biology and Geology (SBG), NASA now engages

operational agencies and end users earlier in the satellite development process.
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were promoted through routine communication channels (e.g.,
websites, monthly e-mailed newsletter, social media) with free
and open registration by anyone interested in attending. The
majority of participants in these activities and those who
responded to our pre- and post-workshop surveys described their
line of work as research, resource management, and public health.
Other fields represented included policy/regulatory, remote
sensing product development, commercial business, and applied
remote sensing training and education. Casting a wide net of
data users and potential users serves to deepen our awareness
of broader needs beyond the traditional ocean color research
community and also informs new groups about the possible
applications of this freely available, public information resource.

A workshop on the societal applications of satellite data
for ocean health and fisheries was co-hosted by NASA
and World Resources Institute (WRI) with assistance from
NOAA in November, 2017, garnering 152 registrants from
multiple agencies from around the world, non-governmental
organizations, and private businesses included research,
education, resource management, policy, national security,
public health and the fishing industry (Ward and Schollaert
Uz, 2018). The meeting was live-streamed to enable remote
participation, thus about 80 people participated in person
with the rest online. The interactive program brought together
multiple perspectives and diverse viewpoints (i.e., fishing
businesses, resource managers, lawmakers). The format fostered
dialogue between data providers, users, and potential users
who could benefit from using satellite products. Four panels
focused around the themes of ocean health in the context of
climate change, fisheries and ecosystem health, links between
fisheries and human security, and resources and tools for
accessing ocean satellite data products. Agency managers
and panelists shared science and products developed from
publicly available ocean satellite data. A keynote presentation
described how Global Fishing Watch monitors fishing
activity from space to improve understanding, regulation,
and protection. Notes taken during the workshop led to an
extensive accounting of all presentations and discussions
(Ward and Schollaert Uz, 2018).

Nearby NASA Goddard Space Flight Center, the Chesapeake
Bay is the largest estuary in North America (Figure 3) and
benefits the growing population of the region through its
ecosystem services, fishing, and recreation. According to the
Maryland Department of Natural Resources (DNR), the primary
commercially harvested species in the Bay are oysters, blue
crabs, and striped bass. Studies indicate the health of the
Bay has seen some improvement in recent years, yet threats
to its health persist (e.g., warming, oxygen minimum zones,
pollution nutrient run-off). Increasing human presence in such
a densely populated coastal region requires constant vigilance
by agencies managing water quality, especially with a growing
oyster aquaculture industry. In April, 2018 we began monthly
meetings between NASA and NOAA satellite data providers
with local resource managers around the Chesapeake Bay who
routinely monitor shellfish beds and are interested in how remote
sensing could help them improve the efficiency of their in situ
sampling. In addition to meeting monthly, we held a day-long

interagency workshop in August, 2018 attended by Chesapeake
Bay science and applications stakeholders with the overall theme
of monitoring water quality from space. The 95 participants
included federal, state, and local agencies, non-governmental
organizations, and universities. Future hyperspectral capabilities
by PACE were highlighted, as they will provide the opportunity
to measure additional indicators of ecological health and
water quality. Workshop discussions focused on environmental
variables needed by managers and whether and how remote
sensing could address those needs through current or future
capabilities, including water quality impacts to human health,
shellfish poisoning, and quantifying the economic value of
information needed to support decisions by resource managers
and fishers (Schollaert Uz et al., 2018).

Discussions with these diverse international and regional
groups drew increased attention to broader societal issues that
could be informed by ocean color data and also identified applied
research themes that need to be explored for development.
Continuous engagement with these diverse groups informs
NASA about their current challenges that satellite data could
potentially address and keeps these groups informed about the
status of PACE in its design cycle and the way its information will
augment the international satellite fleet.

CURRENT USES OF REMOTE SENSING
DATA FOR FISHERIES AND
AQUACULTURE

Many examples of ocean color use toward marine food security
have been previously described by efforts such as the Societal
Applications in Fisheries and Aquaculture using Remotely
Sensed Imagery (SAFARI) initiative (IOCCG, 2009). Here
we provide updates on uses of remote sensing technologies
through several examples, highlighting a few case studies
shared during our workshops in which PACE data could help
improve operations.

Oceanic management and conservation tools such as Coral
Reef Watch and Ocean Health Index plus newer dynamic
ecosystem models (e.g., Dynamic Seascapes within the Marine
Biodiversity Observation Network) (Strong et al., 2006; Lewison
et al, 2015; Hughes et al, 2017) rely on a combination
of environmental and biological observations. These products
merge in situ data, satellite sensors and big data techniques to
quantify the effects of human impacts and natural variability
on the marine ecosystem into useable indicators. The need for
multiple data types is driven by the scientific understanding that
there are multiple stressors acting on the marine ecosystem at
the same time, which complicates the interpretation of trends in
individual environmental variables.

Fisheries forecasting and management rely on multiple data
streams to account for the dynamic nature of the aquatic
environment. EcoCast, a fisheries sustainability tool, uses
in situ and satellite data for environmental and species-specific
information to maximize productive catch while minimizing
bycatch (Hazen et al., 2018). This tool is one implementation of a
new dynamic approach in fisheries management that accounts for
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FIGURE 3 | Landsat 8 image of the Chesapeake Bay, tributaries, estuaries, sediment plumes and proximity to NASA Goddard. Measurements from space are used
to guide in situ sampling by water quality resource managers, especially around oyster beds within the growing aquaculture industry. Credit: NASA/Michael Taylor
and Ginger Butcher.
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spatial and temporal variations in oceanic processes, as opposed
to the traditional static approach with catch limits defined
over a fixed area. From a commercial perspective, fisheries
forecasting also utilizes a combination of remotely sensed
physical (microwave SST) and biological (ocean color) indicators.

Aside from the technical challenges of fisheries management,
regulatory agencies are tasked with the enforcement of lawful
fishing. Global Fishing Watch tracks real-time commercial
fishing activity to combat illegal, unreported and unregulated
fishing and seafood fraud. This tool utilizes Automatic
Identification System (AIS) data, a collison avoidance system
for precise vessel location tracking. Combined with Sentinel-1
satellite radar data, Global Fishing Watch has been able to
identify non-broadcasting vessels that attempt to go undetected
in illegal fishing activities. In the year after its launch in 2016, this
tool acquired over 5,000 core users from 189 countries, engaging
a broad, international audience.

Harmful Algal Blooms

NOAA routinely monitors harmful algal blooms in coastal
U.S. waters and the Great Lakes based on species’ associations
with environmental conditions (e.g., salinity fronts) and
measured optical properties (Stumpf et al., 2003; Hu et al,
2004; Stumpf and Tomlinson, 2005). MERIS data is used
to distinguish cyanobacteria blooms in U.S. inland waters
(Wynne et al., 2008). During our Ocean Health and Fisheries
workshop, a shellfish aquaculture farmer who has been
operating in coastal ocean waters off Santa Barbara, California
since 2002, Bernard Friedman described his business as
intermittently plagued by harmful algal blooms. He provides
ground-truth data to scientists developing the California-
Harmful Algal Risk Mapping model to more precisely
predict toxic algae events several days in advance (Anderson
et al., 2016; Schollaert Uz, 2018), but the models current
resolution of 3 km? is too coarse to be reliable for him.
Applying synoptic-scale satellite data to his 0.1 km? farm
will require refining models in combination with additional
observations, just as farmers on land use local weather forecasts
from sophisticated models that assimilate many sources
of observations.

Turbidity

For aquaculture planning, water clarity data products from
MODIS at 250 m and Landsat-8 at 30 m are used in coastal
waters (e.g., Snyder et al, 2017). The Shellfish Monitoring
unit of the Maryland Department of the Environment (MDE)
routinely patrols the Chesapeake Bay looking for signs of
failing septic systems. MDE collects and analyzes water samples
near oyster beds and closes the beds to harvesting whenever
fecal coliform levels exceed a safe threshold. Scouting for
failing septic systems is labor-intensive and time-consuming.
DNR and MDE use available satellite products, e.g., water
clarity (Figure 4), but see an opportunity to increase the
efficiency of field sampling through a combination of more
advanced remote sensing and other assets (e.g., models,
autonomous observations).

Economic Valuation of Ecosystem

Services

Economic benefits of improved water quality on commercial
fisheries in the Chesapeake Bay have been evaluated by
incorporating the effect of water quality changes on production
and growth of the stock and producer and consumer surplus.
Benefit assessments are complicated by environmental,
regulatory, and business factors, such as new firms entering
a commercial fishery once water quality improves and stocks
grow. An estimate of the benefit of improved water quality
in the Chesapeake Bay to striped bass sport fishing alone was
valued at $15M in 1996 dollars (Morgan and Owens, 2001;
Moore and Griffiths, 2017). Efforts to specifically address the
benefit of incorporating Earth observations into decisions is
currently being undertaken by the NASA-funded Consortium
for the Valuation of Applications Benefits Linked with Earth
Science (VALUABLES). This consortium has begun conducting
rigorous, quantitative studies about how people use improved
information to make decisions and quantify how these decisions
improve socioeconomically meaningful outcomes such as lives
saved or resources conserved. Within the next few years, they
plan to evaluate the use of satellite data applied to water quality
decisions, hopefully including PACE data.

ASPIRATIONAL USES OF SATELLITE
DATA AND BARRIERS TO USE

In this section, we present survey results from the two workshops
described in Section “End User Engagement Activities Around
Fisheries and Aquaculture.” Links to the surveys are provided
below, along with links to other material about each workshop.
The post-workshop surveys were completed by 45 respondents,
with an additional 37 responses collected during the second
workshop around specific water quality needs of resource
managers around the Chesapeake Bay. Common survey results
are graphed in Figure 5. Respondents expressed an overall
need for satellite data to support decision making in fisheries
management and water quality generally (Figure 5A), with
smaller percentages of responses for more specific aims such as
management of a specific water body or species (under “other
management”). Attendees expressed a need for both physical
and biological remotely sensed parameters, such as sea surface
temperature and salinity, along with ocean color products such
as chlorophyll-a concentration and water clarity parameters.
Attendees at the Ocean Health workshop uniquely indicated sea
surface height as a data need, while Chesapeake Bay workshop
attendees require bottom characteristics, submerged aquatic
vegetation, precipitation, and terrestrial products for their work.
The most desired derived products are harmful algal bloom
detection and water safety indices, such as potability and specific
bacterial indices (Figure 5B).

The main barriers to using satellite and Earth Observation
products in their work by most attendees (77%) is a lack of data
processing and analysis skills, data access issues and the need for
training (Figure 5C). Filling this need is an on-going challenge
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FIGURE 4 | Secchi depth indicates water clarity of the upper Chesapeake Bay and several tributaries derived from the Landsat OLI April 13, 2016 scene. Credit:
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for data providers and end users alike. IOCCG (2018) discusses
a new efforts in Earth Observation data delivery, shifting from
the old model of downloading and processing data locally to a
new model of moving the processing software to the data source.
This is motivated by the ever-increasing volume of data available
and the challenges it presents to users for data processing. For
example, with Platform as a Service cloud computing services,
the provider hosts the data, hardware and/or software on its
own infrastructure (e.g., Google Earth Engine, international
Open Data Cube, ESAs Thematic Exploitation Platform and
Copernicus Data and Information Access Service, DIAS). Cloud
computing services will be even more important for PACE data,

as the volume of its hyperspectral data will greatly exceed those of
existing polar-orbiting multi-spectral ocean color satellites.
Spectral, spatial, frequency, and latency needs vary widely by
community. Attendees primarily seek high spatial resolution for
their applications, with 58% stating their ideal spatial scale for
data products is finer than 100 m, and a further 21% indicating
multiple scales of measurement are important depending on
the application. The need for data at <10 m resolution was
unique to responses from the Chesapeake Bay workshop, which
include users who require this fine scale for land and/or aquatic
products. Temporally, 54% indicated their ideal scale for data
products is monthly to seasonal, while 35% seek weekly or
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FIGURE 5 | Survey responses from the workshops quantifying (A) end user decision categories, (B) product needs and (C) barriers to the use of Earth Observations

more frequent temporal resolution. Needs for near real-time
data were expressed by the commercial sector and fisheries
management applications.

NEXT STEPS

Trade-offs in coverage, resolution, or frequency present barriers
for practical use and have limited the local application of existing
resources. With global coverage, polar-orbiting satellites capture
slow-moving, mesoscale and larger biological features as often
as daily, but cannot resolve transient, features on the order
of 1km or less. Ocean ecosystems move and change - more
similar to weather systems in the atmosphere than vegetation
on land. Higher resolution Landsat 8 and Sentinel-2a&b data
(10-30 m) are now used to intermittently monitor inland and
coastal water quality albeit with a 5-16 days repeat cycle (Franz
et al., 2015; Claverie et al., 2018; Keith et al., 2018). PACE will
provide higher spectral resolution more frequently with which
to distinguish phytoplankton communities (Figure 6), but still
not as frequently as a geostationary platform such as GOCI that
can capture diurnal changes (Ryu et al., 2012). Biogeochemical-
ecosystem models integrated with radiative transfer models yield
the absorption and scattering of light by optical constituents and
spectrally resolved irradiance and been verified against in situ

observations and satellite-derived products (e.g., Dutkiewicz
et al, 2015). Models that further combine optical satellite
data with fisheries demographic information have recently been
developed to predict the location of an endangered species in
order to guide resource manager in protection efforts (Breece
et al., 2018). Future models that integrate the benefits of each
satellite platform (e.g., high spectral resolution from PACE,
high temporal frequency from geostationary, and higher spatial
resolution from commercial or international sensors) with in situ
observations at depth will enable the routine derivation of locally
actionable three-dimensional information that a single satellite
alone cannot provide.

Assessing the needs of the fisheries and aquaculture
community around the Chesapeake Bay through collaboration
and regular meetings with resource managers informs applied
science priorities for PACE. Many variables that factor into
resource manager decisions cannot currently be retrieved
from satellite measurements (e.g., toxins, fecal coliform, pH,
0,). We need a multi-faceted monitoring system that exploits
ecological associations with satellite-derived products. Aquatic
features move and change faster than polar-orbiting satellites
can observe. Clouds and the intervening atmosphere obstruct
a satellite view of the water at visible and infrared wavelengths.
Despite challenges, a synoptic view of key variables (e.g., SST,
Chl-a, salinity) improves the efficiency of in situ sampling
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FIGURE 6 | A comparison of the spectral absorption signature of an algal bloom that’s not harmful (non-HAB, black dots) compared to a harmful algal bloom (HAB,
red dots) as detected at VIIRS wavelengths (left) compared to future retrievals at PACE OCI wavelengths. In this example, the non-HAB and HAB refer to the
background diatom signature and that of Noctiluca scintillans, respectively. A phytoplankton community dominated by one versus the other has significant
consequences for the marine food web and fisheries, as has been observed in the Arabian Sea (Gomes et al., 2014).
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around aquaculture sites. Sustained satellite measurements also
provide a long-term average from which anomalies may be
detected. Through our regional effort in the Chesapeake Bay,
we collaborate with MDE, NOAA, UMD and others to sample
the optical, biological, physical, and chemical properties of water
flowing into the Bay from land with a goal of finding unique
hyperspectral signatures associated with various water quality
indicators. Any progress to apply space-based assets through
this and other such campaigns will assist NASA to prioritize
PACE satellite data products and data distribution in support of
fisheries and aquaculture. No single observing system will meet
all needs by resource managers and others, but assimilation could
exploit the strengths of each asset (i.e., high spectral resolution by
PACE, high spatial resolution by harmonized Landsat/Sentinel,
high temporal resolution by GOES). We are planning future
interagency workshops around integrating satellite and in situ
observations with modeling efforts to increase the utility of
satellite data products.

The NASA Applied Sciences Program works together with
NASA satellite missions prior to launch to engage user
communities, solicit data and accuracy requirements for their
operations and prepare them for the upcoming mission (Brown
and Escobar, 2014). Now referred to as the Early Adopter
program, this was discussed at both workshops as one way
to engage end users early in the mission development process
and have them test their applications with synthetic data. The
European Space Agency conducted user needs assessments to
make engineering choices prior to the Copernicus mission. By
the time a NASA mission becomes official, it has historically been
too late to make substantial hardware trade-offs but taking into
account input from Early Adopters is still feasible for setting
software priorities. As a cost-capped mission, the PACE Project
did not receive funding to formally establish an Early Adopter
program until recently. Initial efforts to recruit future early
adopters have begun and the PACE Mission expects to begin
executing a dedicated effort in 2020 to foster a community of
practice specifically around the data that will be collected by
OCI and the two multi-angle polarimeters and work directly with
those implementing these observing systems.

PROFESSIONAL REVIEW OF THE PACE
USER COMMUNITY

One of the main objectives of the PACE Applied Science Program
is to engage potential data users during the early stages of mission
development to ensure the PACE product suite and delivery
mechanisms meet the most urgent demands of users and have
the broadest impact. As part of these outreach activities, we have
recently designed a professional review of Earth science data end
users and experts who have been using, or are interested in using,
observations relevant to PACE data products to address a broad
range of applied science questions, from food and water security
to fisheries, water quality assessments, air quality monitoring
and improved pollution forecasts (PACE Mission Survey, 2019).
Conducted via an online questionnaire of 17 questions, the
professional review will be used to characterize the PACE mission
user community in terms of its composition, activities, remote
sensing needs, and research interests. The review questions
are structured around three themes: user information, data
use and requirements, and data access and outreach. We used
experiences from satellite data user community evaluations
conducted previously for other NASA missions, including SMAP
(Soil Moisture Active Passive) and ICESat-2 (Ice, Cloud and land
Elevation Satellite-2) (Brown and Escobar, 2014). The main goal
of the PACE survey is to solicit data product, data accuracy and
access needs, and apply results to plan outreach and applications
before PACE launches in order to tailor them to user needs and
enhance the societal value of the mission.

The target audience for the professional review is users from
a wide range of sectors from around the world, including non-
government organizations, non-profit organizations, private
industry, universities, local, state and federal agencies. The
subject community includes over 1,000 members, representing
multiple disciplines including ocean biogeochemistry,
oceanography, ecological forecasting, hazards, water resources
and quality, terrestrial resources, weather, climate, air quality
and human health. To characterize the community in terms of
its composition, the survey includes questions on experience and
training, and whether the responder is involved in policy making
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that involves hazard mitigation, increasing public awareness of
emergencies, planning for environmental contingencies such as
air quality, water quality, and marine resources, monitoring of
environmental parameters, or conducts environmental research.

The need to bridge the gap between the increasing amount
of satellite data available and end user requirements for data
products, tools, and user training, has been widely highlighted
by the international Earth Observations community (World
Meteorological Organization [WMO], 2017). The Earth Science
Division Directive on Project Applications Program presents
guidance to all future directed NASA missions, emphasizing
the need to characterize potential satellite data application uses
and user needs during the early stages of a satellite mission
development to increase the relevance and usefulness of their data
products (i.e., latency, direct downloads, spatial resolution, data
format, repeat frequency). Information from community surveys
and professional reviews can help improve understanding on
the use of satellite data for environmental applications by users
globally, and to identify current gaps in data products, limitations
in data access, and areas for improvement (Brown and Escobar,
2014). For example, a professional review conducted for the
Famine EarlyWarning System Network (FEWS NET) created
by the United States Agency for International Development
(USAID) to improve their emergency response capabilities in
Africa, had a significant influence on FEWS NET operations,
including increased investment in higher resolution and better
quality rainfall and vegetation data (Ross et al., 2009).

CONCLUSION

The recent Decadal Survey serves as a guiding document for
NASA programs of Earth observations from space, placing a
new emphasis on use-inspired science, whereby end-user needs
explicitly inspire research scientists with the hope of improved
outcomes for those applications. This is complementary to the
curiosity-inspired science that has historically guided work in
this field, in which societal benefits are considered after the
scientific research has been completed. In response to this new
direction, NASA is initiating direct interaction with the satellite
data user community. The early efforts described here have begun
to engage a community that could use future PACE data in
support of fisheries and aquaculture. Through these activities, we
are increasing access to satellite products that can give resource
managers, lawmakers, fishing and aquaculture businesses the best
available remotely sensed information. This ensures that satellite
data providers and program managers understand the impact
of various choices they make about PACE (e.g., data processing,
latency, product development, and applied research efforts) and
it will prepare future users of PACE data and engage them around
the potential strengths, limitations, and uncertainties. Data gaps
and barriers and a need for more training and dialogue have
been identified, particularly around preparing the operational
community to assimilate OCI data into early warning systems
and dynamic ecosystem models.

Technical limitations aside, there are also practical limits to
the satellite data products that PACE will be able to provide.

The needs of end-users are as diverse as the data requirements
and delivery mechanisms to address those needs. While the role
of NASA is to explore new frontiers and foster innovative uses
of its satellite data for societal benefit, massaging the data into
just the right product and format for each user is not. Likewise,
NOAA provides operational products, but has to balance the
government’s interest in providing timely, open access to global
environmental data to promote and protect the safety and
security of the American public while not competing with private
businesses. Other organizations have developed the ability to
take NASA and NOAA satellite data products and get them into
the hands of new users. For example, in its Aquaduct water
risk platform WRI provides satellite products to the business
and investment community via Bloomberg’s mapping tool where
it is accessed by more than 400K users around the world.
Regularly exchanging ideas with diverse end-user groups informs
the PACE Mission about potential downstream uses of its data
while preparing user communities for the advancements that are
coming so that they can align resources to be ready to take full
advantage of the data as soon as it flows. Engaging stakeholders
on these and future follow-up activities with NOAA and other
federal and state agencies and businesses (e.g., fishing, tourism,
big data), we will be able to increase the return on investment
of PACE data by providing useful satellite products that give
managers, fishers, and aquaculture businesses the best available
information. Synergy with operational partners and end-users of
satellite data products is essential to realizing the full potential
of this and future NASA missions. Interagency collaboration on
stakeholder engagement through working groups, workshops,
and applied research projects will help us understand how current
and future satellite data can be optimized in new ways to solve
societal problems around marine food security.

NOTES

Workshop agendas and presentations are available at the
following sites: NASA/WRI Ocean Health and Fisheries
workshop, 2017, Washington, DC: https://www.wri.org/events/
2017/11/nasa-wri-ocean-health-and-fisheries-applications-work

shop.  Post-workshop-Survey:  https://www.surveymonkey.
com/r/MF2VSH]J. Interagency Chesapeake Bay workshop,
2018,  Greenbelt, MD:  https://science.gsfc.nasa.gov/610/

applied-sciences/chesapeake_bay_workshop.html. Post-
workshop Survey: https://docs.google.com/forms/d/1y4hA7]JA-
eDrKwZbjKUkgEtwakyxrcROv-_oVhBeil7E/viewform?edit_
requested=true.
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