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Abstract
In the last century, we, as a species, have become increasingly aware of how deeply interlinked our
communities are with our oceans, climate, and planet. At the same time, we have become increasingly
aware of the benefits of space-based technology and space applications. Multiple international
organizations have recognized that the deep interconnectivity in space-ocean-climate interactions
allows for new and innovative solutions to our urgent climate crisis. One such group, the Atlantic
International Research Centre (AIR Centre), was formed with the intent to promote an integrative
approach to these topics in the Atlantic region. The AIR Centre is currently analyzing the feasibility of
an ‘Atlantic Constellation’ of satellites in concert with multiple space agencies and other stakeholders
in the Atlantic region, co-designed and developed to provide Earth observation data and address some
of the critical topics and current needs in global and local coastal communities.
We here on the Oceans, Resources, and Climate Applications from Space (ORCAS) Team are providing
additional research and analysis to support this and future platforms. In our report, we analyze the
state of the art as well as the critical gaps and needs in five primary areas: maritime monitoring, ocean
resource management, coastal hazard mitigation, data handling and sharing, and the governance and
commercialization of marine observation systems. We then provide recommendations to
stakeholders in the Atlantic Constellation project, both technological and programmatic, as steps that
can be taken for this system or for other remote sensing systems in the future. We believe these
recommendations would maximize the constellation's value for decision-makers and end-users if
implemented. Throughout the report, we also emphasize that the interconnected nature of these
topics is both a challenge and an opportunity. At the same time, numerous technical, societal, and
economic hurdles exist to such an ambitious international platform. We believe that if those
challenges are met correctly, this program and the AIR Centre's future efforts can provide a broad,
powerful, positive impact on our communities, our oceans, and the planet they are all a part of.
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Introduction
1.1 Introduction, Aims, and Goals
We live on an overwhelmingly blue planet. In 1972, the crew of Apollo 17 saw a Blue Marble; in 1990,
the Voyager 1 probe was struck by the lonely beauty of our Pale Blue Dot; today, routine satellite
observations regularly remind us that oceans cover 70 percent of our planet’s surface. These saltwater
bodies are home to the most biodiversity, serve as the planet’s largest habitat, and help regulate our
global climate (NatGeoUK, 2018). Humans have always been drawn to the oceans. We are fascinated
by these vast, deep, and mesmerizing blue environments. According to the United Nations, about 40
percent of our species lives within 100 kilometers of the coast; throughout history, access to these
tantalizing ocean panoramas has cultivated a powerful urge to explore what lies beyond the horizon.
Portugal, as the most western country on the European continent, has woven a particularly deep
connection. Exploration has placed the oceans at the heart of the social and economic development
of coastal societies holding out for and delivering on the promise of purpose, wonder, and immense
resource wealth (OECD, 2016).
This is still valid today. The world’s economy depends on the oceans. Sea routes facilitate more than
90% of global trade, and millions of jobs closely intertwine with the ocean and its exploitation (OECD,
2022). The oceans also hold the key to addressing current and future global challenges, including food
security, climate change, energy, and natural resources (FAO, 2020). Residing at the intersection of so
many essential needs and issues, the oceans are opportunities for innovation. According to the
Organization for Economic Co-operation and Development (OECD), the global ocean economy will
double in size by 2030 to around USD 3 trillion (OECD, 2016). The value added to some ocean
industries, including aquaculture, capture fisheries, fish processing, offshore wind, and port activities,
is set to grow faster than the world economy. However, this exciting economic potential comes with
concerns that these vast environments are struggling to cope with human-caused stresses. Expanding
human exploitation through increasing reliance and pressure on the oceans and their resources will
escalate as the demand for associated products and services continues to grow (OECD, 2016).
Climate change makes these stresses worse. Greenhouse gas emissions are increasing global
temperatures unsustainably; in the past three decades, sea surface temperature have consistently
been higher than at any other time on record. For the ocean environment, this means more frequent
storms, more extreme weather events, and a more significant existential threat facing numerous
marine ecosystems, from seagrass meadows to coral reefs (US EPA, 2016).
These temperature increases also mean sea level rise. Water expands as it heats up, and glaciers and
ice sheets - the freshwater reservoirs of our planet - are melting at an unprecedented rate while
reducing the planet’s ability to reflect heat back into space (Stephens et al., 2020). This exacerbates
the erosion of coastal shorelines, flooding in coastal regions, the unpredictability of weather, and
among many other adverse consequences. Climate change and the increasing levels of carbon dioxide
in the atmosphere are also intensifying the acidification of the oceans (NOAA, 2020). These impacts
are the tip of the iceberg; they are part of a cascading effect threatening the sustainability and balance
of the entire marine and, by extension, planetary environment.
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As part of the Team Project on Oceans, Resources, and Climate Applications for Space (ORCAS), we
firmly believe that space systems represent an incredible tool. They can support the monitoring and
managing of the oceans and their resources, helping inform policy-making processes and guide
concrete actions to foster the preservation of marine environments and the vibrant ecosystems they
support.
Satellites provide regular, accurate, objective, and scalable measurements, including remote areas
difficult to reach for terrestrial networks such as the polar regions. We believe that Earth observation
(EO) capabilities can play a crucial role in gathering and building the necessary data and knowledge to
support governments and other local, national, and international stakeholders to respond to current
and future challenges and opportunities.
As part of the Portugal Space 2030 Strategy, one of the four programmatic challenges to be tackled is
the establishment, maintenance and operation of a constellation of small satellites called the ‘Atlantic
Constellation’ under the co-leadership of the Atlantic International Research Centre (AIR Centre) and
other partners before 2025 (Portugal Space, 2020). This flagship project, envisioned as part of a
comprehensive international endeavor, intends to support decision-makers across the Atlantic in
addressing ocean-based challenges.
The main goal of the constellation is to establish a transatlantic partnership with a mission to provide
critical measurements with unprecedented frequency, increasing the scientific understanding and
enabling the development of innovative applications from Space to the Ocean, Earth, Climate, and
Atmosphere to tackle global and local needs of coastal communities.
For now, Spain and Portugal have formalized their cooperation on the Atlantic Constellation by signing
the Treaty of Friendship and Cooperation. The agreement between Spain and Portugal foresees
sixteen satellites (eight satellites for each country). However, it is expected that other Atlantic
countries that previously expressed interest in joining the project, such as South Africa, Nigeria, and
the United Kingdom, may become more involved in the future.
The AIR Centre, a private, not-for-profit association established in 2018 under Portuguese law and
headquartered in Terceira Island, Azores, oversees fostering the international dimension of the
constellation and its network of international partners. The AIR Centre also conducts significant work
on the consolidation of user requirements for the constellation through several meetings with its
partners, including Portugal (PT Space and CoLab+Atlantic), Mexico (AEM), the UK (Catapult SA), Spain
(CDTI), Nigeria (NASRDA), South Africa (SANSA), Norway (NTNU), Egypt (EGSA), Brazil (INPE), and
Canada (ASC-CSA). Figure 1 shows the locations of all the AIR Centre partners. Notably, the AIR Centre
hosted a workshop on the ‘Preliminary User Needs and Requirements’ in 2021.
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Figure 1: AIR Centre network of partners

On the Portuguese side, the constellation is funded through the European Union Recovery and
Resilience Plan, with the commercial entity GEOSAT as operator and prime coordinator of the
consortium.
The main goal of this report is to look at space-ocean-climate interactions to provide a set of
recommendations to maximize the value of the Atlantic Constellation system, evaluating its
governance, management, and implementation. Our analysis examines how this space-based
platform can impact sustainability and enhance our understanding of the oceans and the communities
they support in the face of changing marine-coastal environments and the global climate crisis.
To fulfill this mission, the research focused on identifying technical challenges and solutions of a
geospatial ecosystem to measure ocean and climate parameters based on certain case studies,
namely; aquaculture, biotic ocean resources exploitation, and environmental monitoring and
protection. The report also proposes a governance model, including the administrative structure,
which ensures a balanced and agile approach among the different bodies. Business opportunities
deriving from the integration of EO data with in-situ measurements and other sources of data,
including citizen science data, have also been analyzed and highlighted in the main recommendations.
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1.2 Objectives
Below is a comprehensive list of objectives we tackled during the team project. These objectives
describe our five primary focus areas and ultimately guided our team analysis. Our
recommendations and potential use cases for the Atlantic Constellation emerge from each of these
five objectives. Additionally, each objective includes one to three sub-objectives that go into more
detailed outcomes. We also associated each sub-objective with the departments/disciplines they
directly touch, ensuring that we addressed every department’s concerns. The sections on this report
also reflect our primary objectives.

1. Develop Ocean and Atmospheric Mapping and Monitoring Strategies
a. Identify gaps in understanding the interactions between atmospheric and ocean
processes (SCI)
b. Provide recommendations on the integration of the constellation with in-situ
platforms, current, and future (ENG, PEL)
c. Provide guidance on needed data for weather and climate simulation and modeling,
as per the UN Sustainable Development Goals (SDG’s) (ENG, SCI, APP)
2. Improve Oceanic Resource Management
a. Provide recommendations on key monitoring targets regarding coastal aquaculture
and agriculture (HPS, SCI, APP)
b. Identify strategies for improving fishing and maritime vessel management and control
via remote sensing (APP, PEL)
3. Enhance Coastal Monitoring and Disaster Management
a. Provide strategies and technological recommendations to preserve coastal human
instalments and resources against prevalent natural hazards and man-made
ecological disasters (HPS, APP, SCI, ENG)
4. Provide a Data Handling, Sharing, and Management Framework
a. Provide a framework for scalable, decentralized processing on heterogenous
platforms (ENG, APP)
b. Provide recommendations for maximizing downlink capabilities using on-board
processing techniques for the constellation as well as future platforms (ENG, SCI)
c. Provide a framework for local and global data sharing and access while ensuring
sustainable business activities (MGB, PEL)
5. Support a Governance, Commercialization, and Outreach Model
a. Provide recommendations on an effective model of governance and management to
develop operational market-oriented solutions for the Atlantic Constellation (PEL,
APP)
b. Provide a framework to better understand local user needs to guide the development
and commercialization of current and future constellation platforms (APP, PEL, HUM,
MGB)
c. Provide recommendations on potential outreach opportunities (HUM)
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1.3 Working Methods
We organized our team on a democratic basis. Every role was fulfilled by multiple people, this way
there was always support and a backup for every team member. Our project managers were
responsible for managing the schedule and the work allocation. Their aim was to support our team
members to bring out the best in them. Two meeting coordinators led our team during meetings. The
editor team, designer team and presentation team were all led by 2 main responsible team members.
During the project more and more team members joined these teams to support the required work.
In particular, the editing team was expanded with specific reference editors and quality control
editors.
During this project we had our chairs to guide us. Their feedback was always welcome. We also gained
a lot of background knowledge through our talks with experts. In the early phases this helped us
delineate our project and give it context. In the later phases it gave us confidence in our academic
research, and we were able to have in-depth discussions about our findings.
Our team also followed a democratic project approach characterized by several research sprints in
small sub-groups, followed by integration phases where we combined our conclusions and discussed
our way forward. After the establishment of our team organization, the 3 main sprints were: literature
study, research, and a reporting phase.
During the literature study phase, we divided the work up into several subgroups. The subgroups were
based on the 6 missions of the AIR Centre: “clean and productive bays and estuaries, resilience to
coastal natural hazards, sustainable food production, improved management of marine and coastal
resources, and improved environmental and maritime monitoring” (AIR Centre, n.d.). In addition, we
set up two subgroups researching two fields that we identified in an early stage as areas of interest:
data handling and governance.
After successful completion of the literature study, we defined our mission statement and main and
lower-level objectives, which can be found in section 1.1. With this commenced our research phase.
During the literature study, we concluded that the initial groups showed overlap so for the next phase
of the project, we rearranged our team into a new set of subgroups. These subgroups were organized
around our 5 main objectives. Related to our lower-level objectives, every one of these subgroups
would address several the different departments of the International Space University (ISU). In this
phase our subgroups also actively approached each other and other team projects when we saw there
was synergy on certain topics. An example of this was our governance and data handling group
cooperating closely on the approach to data governance.
The results from the research phase were merged into a single file during the reporting phase. This
file was subject to review of our team members and formed the basis for our editors. During this phase
our designers and presenters started work on their deliverables. We identified our main
recommendations and addressed conflicts and overlaps in this report.
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1.4 Department References
In this report we have used the knowledge we have gained during the Space Studies Program. All
departments are represented in this report. In Table 1 we show which department is addressed in
which section of the report.
Addressing Human Performance in Space was challenging within the scope of this project, the links
we made to this department are primarily related to human health in general.
Table 1: Links between ISU departments and the sections in this report

Ocean and
Coastal
Data
Governance,
Atmospheric
Ocean
Monitoring
Handling,
Commercialization
Mapping
Resource
and Disaster
Sharing and
and Outreach
and
Management
Management Management
Model
Monitoring
Space Policy,
Economics
and Law
(PEL)

✔

✔

Space
Applications
(APP)

✔

✔

✔

✔

Space
Engineering
(ENG)

✔

✔

✔

✔

Human
Performance
in Space
(HPS)

✔

✔

Space
Humanities
(HUM)

✔

✔

✔

✔

Space
Management
and Business
(MGB)
Space
Science (SCI)
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✔

✔
✔

✔

✔

✔

✔

1.5 Limitations
As part of this report, we limited our analysis to a set of pre-selected topics. Various constraints
defined the scope of this report, namely, the time and page limit, and the lack of definitive information
about the Constellation. On the one hand, the lack of clearly defined user requirements for the
Constellation gave our subgroups the freedom to present opportunities for how to best utilize and
optimize the platform. However, this information vacuum presented challenges for section 6 on
Governance, Commercialization and Outreach. Key documentation, including letters of intent, and
memoranda of understanding and agreement between the various stakeholders could not be made
public. With this incomplete access to highly relevant information and bearing in mind that
stakeholder composition remains in a volatile state that is liable to change, we decided that assessing
the legal aspects of the Constellation would be premature, overly speculative, and would not provide
useful output for the report. In addition, certain legal aspects, including on constellation and data
governance, are already well-established in the literature on other constellations, so we chose to
prioritize analyses of the prospective handling and technical delineation of data and its usage.
We analyzed the relevant parameters linked to fishery, agriculture, and aquaculture; we limited our
analysis to detailed remote sensing techniques. We have also not addressed some abiotic coastal
resource mapping topics such as oil, gas, and energy; the main areas of interest for the AIR Centre
were centered on biotic resources.
We did not address microplastic identification, management and mitigation as a standalone topic but
considered it transversally as part of other sections. There is some limited capability to identify these
small particles directly from space using satellites; we determined that our section on citizen science
would be best placed to integrate indirect monitoring methods as a complement to in-situ verification.
There is a large body of literature that has already covered the issue of ocean microplastics
extensively, including a detailed analysis of plastic pollution produced by ISU’s Master of Space Studies
program last year (Space & Oceans, 2021). To avoid unnecessary overlap and free-up our team’s
capacity to investigate other uses of the Constellation, we chose to avoid addressing this topic in our
report. We also decided not to dwell on certain applications with extensive availability of existing Earth
observation technologies and data sources. For example, those relating to fishing fleet monitoring
using Automatic Identification Services (AIS). We also limited the report based on current scientific or
technological limitations. For example, the technical constraints of deep-sea mapping from space.
We liaised on our work with the Team Project Space for Non-Space to investigate a synergetic
approach. However, due to the discrepancy in the progression of the two TPs’ work as well as the
limited convergence and compatibility of their proposals with our recommendations, we chose not to
explore synergies further. We also ensured that the overall report addressed all departments,
although some chapters focused more on specific ones. The Human Performance in Space department
was challenging to address because it does not directly relate to the Atlantic Constellation. However,
some indirect links were made, primarily on human health.
Overall, setting limits to the report allowed us to prioritize on our key areas of focus. We hope to have
demonstrated our ability to address topics in an extensive, efficient, and valuable manner to best
serve the decision makers involved in the Atlantic Constellation.
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Ocean and Atmospheric Mapping and Monitoring
Oceans, the atmosphere, and their intricate interactions create a significantly complex system. They
directly impact the cycles that drive the Earth’s ecosystem and sustain life as we know it such as the
water cycle, carbon cycle, wind systems and ocean currents. The increasing availability of technology
leads to a better understanding of these interactions. However, there are many gaps in our knowledge
of these processes and their potential effects on human life. We will show that developing improved
monitoring and mapping strategies is necessary to support further research in these areas.
The push for a deeper understanding of our planet stems from the importance of monitoring Earth’s
natural cycles and understanding and mitigating human-induced global warming. Climate change is
responsible for intensifying extreme weather, and it will continue to exacerbate many hazards that
threaten human life. In addition to the obvious physical hazards such as storms, fires, and flooding,
there are many other potential consequences of a warming planet. Alongside these immediate
concerns, long-term issues such as economic downturn and climate refugees will become more
prevalent. Millions of people are displaced due to extreme weather every year, a number that will
only increase with climate change (Richards and Bradshaw, 2017).
Alongside climate change, the health of the world’s oceans is also tied to the problem of ocean
pollution. The prevalence of microplastics is harmful to the environment and all animals on Earth,
including humans. Plastic in the ocean erodes into smaller and smaller pieces, down to particles
smaller than 1 mm in diameter, and can sink to the ocean floor, making it very difficult to track and
quantify. We do not currently have the capability to identify these particles from space using
satellites.
Monitoring and collecting reliable and consistent data over long periods are critical for researching
the Earth’s climate and long-term cycles. This data can help people understand the relationship
between human activities and ocean and climate processes, as well as support the establishment of
better environmental protection laws and policies. Near real-time information is also critical for
protection against natural hazards and enforcement of environmental protection. There are many
valuable applications for satellite data with a high temporal resolution—Illegal fishing, the
management of Protected Areas (PA), and tracking oil spills are some examples.
In this chapter, we include a review of the interaction between the atmosphere and the oceans, and
the technologies used to collect data. We will identify gaps in the available information, highlighting
areas that require more study, before we offer recommendations on optimal data collection
methods.

2.1 Literature Review
The climate-ocean interaction refers to the energy and mass exchange between the ocean and the
atmosphere by means of heat, moisture, and momentum. Wind created by atmospheric convection
interacting with the ocean surface creates waves by horizontal advection. Precipitation, evaporation,
and condensation enable the exchange of molecules. Meanwhile, clouds in the atmosphere reflect
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solar radiation from the Sun to space and trap infrared (IR) radiation from the oceans in the lower
atmosphere warming it (Hughes, Hughes and Smith, 2013). This energy circulation is the primary
driver of our weather systems (Bigg, 2003). Figure 2 illustrates some of the significant physical
phenomena driving these exchanges of energy.

Figure 2: Major physical phenomena driving exchange of energy between oceans and the atmosphere. Source:
(Hughes, Hughes and Smith, 2013)

Oceans have a layered structure, the surface being the topmost layer with the highest temperature
and the lowest pressure. As we move deeper, the temperature decreases, and the pressure increases.
These variations in temperature and pressure create ocean currents (NOAA, n.d.). Ocean currents and
turbulence significantly affect many phenomena such as carbon absorption and ocean-atmosphere
relations. These currents extend over 100-300 km at depths of up to 1 km. Satellites that measure
surface height of the ocean have identified and monitored turbulence, which can then be used to infer
internal pressure differences (Klein et al., 2019).
Through these currents and other processes, the ocean serves as a sink for carbon dioxide. Oceans are
responsible for absorbing around 25% of the carbon dioxide emitted by human activities (Watson et
al., 2020). While this absorption may sound positive for the atmosphere, ocean absorption of carbon
dioxide substantially impacts ocean chemistry. The high concentration of carbon dioxide in the
atmosphere, compared with the past, triggers chemical reactions in the ocean surface which lower its
pH value, a process commonly referred to as acidification. Acidification has a very negative impact on
ocean life; it changes the processes that ocean life depends on, such as the ocean carbonate system
impacting coral, plankton, and other calcifying organisms (Doney et al., 2009).
Figure 3 illustrates some of the main processes by which the ocean removes and stores carbon from
the atmosphere. In the case of gas dissolution (Figure 3, left), atmospheric carbon dioxide is dissolved
into the water, transported downwards via water circulation, and finally captured in deep waters. In
the case of ocean plankton processes (Figure 3, right), carbon dioxide is also captured from the
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atmosphere, this time by phytoplankton who produce organic matter via photosynthesis. The organic
matter then falls to the ocean floor.

Figure 3: Process of carbon sequestration: by dissolution of gas into the ocean (left), and by plankton processes
(right). Source: (Ocean and Climate Platform, 2016)

Similarly, the atmosphere has distinct layers with unique thermodynamic properties. Earth’s
atmosphere is comprised of a mix of gases, mainly oxygen (21%) and nitrogen (78%), with the
remaining percentage being argon and other trace gases (e.g., water vapor, carbon dioxide). The
lowest layer of the atmosphere, called the troposphere, has a height of around 10-15 km, contains
90% of the atmospheric mass, and has the highest-pressure level. All Earth’s weather phenomena
happen mainly in the troposphere (Fowler et al., 2009). Within the troposphere lies the atmospheric
boundary layer (ABL). The ABL is the part of the atmosphere that directly interacts with the Earth’s
surface and is generally turbulent with diurnal cycles. Understanding the flow of this layer of the
atmosphere is critical for weather and climate models, and for any research and industry sectors
concerned with wind energy and air quality (Holtslag et al., 2013).
Many different sensors have been deployed on a multitude of satellites to monitor our climate and
oceans, and to enable further understanding of ocean-atmosphere processes. All current sensors, in
some way, measure information about the electromagnetic radiation reflected, emitted, or scattered
by a target. It is possible to divide these sensors into two main categories, active and passive. Passive
sensing systems detect the electromagnetic (EM) radiation coming from the target. The radiation
source is often the sun, but there can also be other sources. These typically include visible light, nearinfrared (NIR), shortwave infrared (SWIR), thermal infrared (TIR), and microwave bands (Amani et al.,
2022a).
Multispectral and hyperspectral imaging systems use parallel sensor arrays that detect these
wavelengths in small sections, called bands. Multiple bands are gathered for each image pixel when
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these systems collect data. Hyperspectral imaging is similar to multispectral. However, it measures
significantly more small bands of the EM spectrum. This allows an in-depth view of the imaged surface
(Govender, Chetty and Bulcock, 2009; Qian, 2021). This technology is currently being used to monitor
greenhouse gasses, ozone profile, integrated water vapor, and other critical ocean and climate data a
(World Meteorological Organization, 2022). Future missions will employ hyperspectral imaging,
NASA’s PACE mission, to measure the changes in the ocean and atmosphere and record better
information about their chemical exchanges (PACE, 2022).
Global Navigation Satellite Systems (GNSS) are often used for positioning, navigation, and timing.
However, GNSS-Reflectometry can also be used to gain information about several different
geophysical parameters and is also considered passive when only a receiver is being used. Table 2
shows some current satellites currently employing these passive sensors and some of their use cases
pertaining to ocean monitoring.
Table 2: A noncomprehensive list of passive sensing systems for satellite remote sensing, their applications in
ocean monitoring and some current satellites with those systems on-board. Source: (Amani et al., 2022a; World
Meteorological Organization, 2022)
Passive Sensors

1

Sensor

Application

ORSS
(0.33-3 µm)

Chlorophyll Concentration
Ocean Color
Ocean Surface Salinity
Ocean Oil Spill
Ocean Surface Current
Sea Ice
Tidal flats
Hard Target detection
Aquatic Vegetation
Bathymetry

Thermal Infrared (TIR)
(3-100 µm)

El Nino cycles
Suitability of aquaculture ecosystems
Evaluating thermal stress threat to coral bleaching
climate warming
Air-sea fluxes and CO2 exchanges diurnal variation
and quantifying the development of severe storms

Microwave Radiometer
(polarimetric and nonpolarimetric)
(16 × 10! - 3 × 10" µm)

Reconstructing and measuring the ocean wave speed
and direction
Soil Moisture (Polarimetric)
SI and snow
Integrated atmospheric water vapor
Cloud liquid water
Rain rate
Ocean Surface Wind (OSW)
Ocean Surface Salinity (OSS)
Atmospheric Water Vapor
Sea Surface Temperature
Cloud Liquid Water

Future planned mission

13

Current Satellites / Instruments
KOMPSAT-3 (AEISS)
Sentinel 2A, 2B, 2C1 (MSI)
ALOS-31 (WISH)
SNPP (VIIRS)
NOAA-20 (VIIRS)
Landsat-7 (ETM+)
OceanSat-2 (OCM)

Landsat-7 (ETM+)
Terra (ASTER)
GOES-16,17 (ABI)
Meteosat 9-11 (SEVIRI)

GCOM-W (AMSR2)
GPM-CO (GMI)
DMSP-F17, F18 (SSMIS)
SMOS (MIRAS)
CIMR1 (CIMR)

GNSS-R
(16 × 10! - 3 × 10" µm)

OSW Speed
Sea Ice
Altimetry
Mesoscale Eddies
Ocean Precipitation

COSMIC-2 (TGRS)
Fengyun-3C,3D (GNOS)
Lemur-2 (STRATOS)

Active sensing systems operate by acting as a source of EM radiation, and then analyzing the backscattered radiation received. The active sensing systems most used for ocean studies are
scatterometry, altimetry, gravimetry, synthetic-aperture radar (SAR), light detection and ranging
(LiDAR), sound navigation and ranging (sonarte), and High-Frequency Radar (HFR). Table 3 shows a
non-exhaustive list of applications for each sensor type and currently operational satellites with that
sensor type on board (Amani et al., 2022b). These active systems, in addition to passive sensors, can
be used for many applications that are critical for the ocean, climate, and land monitoring. However,
each system has unique limitations which must be compensated for through other means, such as
additional data collection and validation methods.
Table 3: Active sensing systems. Source: (Amani et al., 2022b; World Meteorological Organization, 2022)
Sensor

Application

Current Satellites / Instruments

Scatterometer ( 2.0 × 10# 6.0 × 10# µm)

Ocean Surface Wind (OSW) speed and
direction
Sea Ice (size, thickness, and flow)

OceanSat 2, 31 (OSCAT)
Metop-B/C (ASCAT)
CFOSAT (SCAT)

Altimeter (7.5 × 10 - 1.0 ×
10" µm)

Marine Geoid
Ocean Circulation
Fronts or Eddies
Ocean Tide
El Nino-Southern Oscillation Cryosphere
Meteorology
OWH
OSW velocity

Gravimeter (13 × 10# 15 × 10# µm)

Ocean Bottom Pressure
Deep Ocean Current
Seal Level
Ocean Heat

GRACE
CHAMP
GOCE
GRACE-FO

Synthetic Aperture Radar
(25 × 10$ - 1.0 × 10% µm)

Ocean Wave Height
Ocean Surface Wind
Ocean Surface Current
Sea Ice
Ocean Oil Spill
Ship Detection
Bathymetry

Sentinel
ICEYE (constellation)
Capella (constellation)
UMBRA (constellation)

LiDAR (0.3 – 1.0 µm)

Bathymetry
Aquatic Vegetation
Ocean Tide

ICESat-2
CALIOP
ISS-GEDI
Aeolus

$

Sonar (15 × 10! - 15 × 10%
µm)
HF Radar (1.0 × 10& - 1.0 ×
10' µm)

Bathymetry
Aquatic Vegetation
Target Detection
Target Detection
Ocean Wave Height
Ocean Surface Wind
Ocean Surface Current

Sentinel
CryoSat-2 (SIRAL)
CFOSAT (SWIM)
SWOT1 (KaRIN)

**Not satellite Remote Sensing**
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Before satellites, location-based measurements were one of the few options available for data
gathering. Measurements of this type are known as in-situ. Given the vast scale of the ocean, several
techniques exist for gathering in-situ measurements: platforms anchored to the surface, ships, buoys,
Remotely Operated Vehicles (ROVs), and Autonomous Underwater Vehicles (AUVs). Ships, ROVs and
AUVs are deployed to collect data, then retrieved. Ships carry a range of sensors and are also the
tether point for ROVs, which can transmit video, via the tether, directly to the control room. AUVs are
also typically launched from ship. These AUVs usually carry an assortment of gear for sampling and
surveying. This equipment frequently includes cameras, sonar, and depth sensors. An AUV stores its
data on-board until the data can be retrieved.
While satellite remote sensing offers ample spatial coverage with a high temporal resolution, in-situ
systems, complementary to satellite-based observations, can provide invaluable information,
particularly in the maritime domain. Not only does in-situ data allow validation, assimilation, and
calibration of satellite data, but in-situ systems installed below the surface level also enable the
measurement of various characteristics at greater depths of the ocean and other bodies of water – a
critical limitation of satellite remote sensing.
Table 4 presents some of the popular maritime observation methods currently employed utilizing
surface and underwater in-situ systems (Newman et al., 2019).

Figure 4: Various in-situ sensor options including (b) moored instrumentation, (c) profiling floats, (d) ice-tether
profilers, (e) ice-mass buoys, (f) animal tags, (g) gliders, (j) ApRES radars, automatic weather stations (k), GPS
and multi-sensors (l), AUVs (m), borehole sensors (n), deployed moorings (o), and bottom landers (p). Source:
(Newman et al., 2019)

By better monitoring atmospheric and oceanic parameters, it is possible to improve the prediction of
weather and storms, make these predictions sooner, and optimize their accuracy (Vialard et al., 2020).
Today, methods for effective monitoring include a combination of satellites and domestic sensors.
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Here are some examples:
1. Profiling floats (Argo) - sensors that are dispersed in water and report once every few
days various parameters such as water temperature, salinity, and pressure in the depths
of the sea (up to 2 km).
2. RAMA - allows real-time measurement of parameters such as salinity up to a depth of
120 meters and temperature up to a depth of 500 meters, mixing different water
currents. Useful for areas where real-time measurement is of high importance for the
benefit of the forecast.
3. XBT - a ship that collects data up to a depth of 1 km during a typical commercial cruise of
a ship
4. The global drifter program - is in the region of 5 degrees X 5 degrees and performs
measurements to a depth of 15 meters.
5. Tide gauges - coastal measuring stations that help monitor sea level levels and help
forecast a tsunami
6. Satellites - are the only systems that allow measuring vast areas frequently. Enable
various measurements of sea surface such as temperature, salinity, water height,
watercolor, and weight. They can be used to measure the atmosphere—data such as
winds, wind pressure, radiation, etc.
7. GO-SHIP - a cruise of a scientific ship that collects much information through precise
measurements critical for understanding the various parameters of the oceans, such as
depth, chemical, and biological measurements.
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Figure 5: Map of global in-situ measurement platforms. Source: (OceanOPS, 2022)

To monitor and map the ocean most efficiently, it is necessary to map all the parameters we want to
measure and ensure that we do it in the most efficient and convenient way. This way, we can verify
which sensor we will use to measure, and we will be able to identify our gaps more easily. Table 4
illustrates this.
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Table 4: Desirable ocean mapping parameter and their sources. Source: (Todd et al., 2019)
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2.2 Gap Analysis and Discussion
Despite all the current research and data collection on the oceans and atmosphere, there are still
many gaps in knowledge surrounding specific mechanisms and processes. One challenge is building
accurate models and simulations of the many ocean and climate interactions, to provide a deeper
understanding of how they affect each other and affect life on Earth. This is essential for improving
forecasting ability, especially for those events that may impact coastal area communities, ecosystems,
and economies.
There are still some challenges to address regarding pollutants in the oceans. Plastics is one of the
biggest, which now comprises around 80% of the waste in oceans. Unfortunately, there is still a gap
in our current ability to identify, monitor, and follow patches of plastic waste and microplastics in the
ocean. This is mainly due to much needed improvements in in-situ measurement infrastructure and
monitoring methodologies, as well as data analysis, interoperability, and harmonization (Conchubhair
et al., 2019).
Another significant concern is the acidification of the world’s oceans. To help understand this process,
in-situ and remote sensing measurements could be combined to monitor the carbon flux between the
ocean and atmosphere (Brewin et al., 2021). With the help of in-situ measurements, it is possible to
perform a vast range of tests on samples of varying depths, but it is still challenging to carry out
measurements frequently and over large areas.
Satellites can only measure surface radiances over broad areas, and are limited in visibility, and thus
data is subject to inconsistencies due to changing weather conditions. Therefore, to build a complete
picture of the ocean and atmospheric interaction, it is necessary to combine the information we can
sense from space with in-situ measurement systems.
To effectively monitor the large ocean volume, in-situ systems require two important characteristics:
autonomy and long endurance. Autonomous capabilities are particularly critical for submersible
systems because communication and navigation in underwater environments are greatly impeded.
Smart functions such as operating under various modes (e.g., data collection phase, communications
and data transfer phase, and maintenance phase), self-navigation (e.g., collision avoidance, utilization
of multiple sensors, route calibration, and correction, etc.), and contingency management protocols
(e.g., power management, emergency surfacing, etc.), would eliminate the requirement of frequent
retrieval and redeployment of in-situ systems, but the trade-off is a significant increase in cost
(Centurioni et al., 2019).
In addition to ocean-climate interactions, understanding ocean currents is critical. They affect many
natural processes: the migration of marine mammals, birds, and fish, the breeding and spawning of
marine life, and the movement of heat, dissolved salts, sediments, plankton, and pollutants across the
planet. Currently, no remote sensing system can provide direct observations of these currents on a
large scale. Sea surface height and ocean wave height from altimeter data are the main parameters
used to extract information about the ocean. Altimeters have benefits, such as being an all-weather
and well-understood method. However, the resolution is limited, and there is a latency in the data
(Isern-Fontanet et al., 2017).
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Deep ocean currents and ocean heat can also be modelled with gravimetric data. This was
demonstrated by the Gravity Field and Ocean Circulation Explorer (GOCE) mission, flown by ESA, as
well as other missions such as CHAMP, GRACE, and GRACE-FO. With the information GOCE provided,
scientists were able to model ocean currents, significantly improving the understanding of ocean
circulation (Becker, Brockmann and Schuh, 2014). Gravimetry data can also be used to glean better
terrestrial water storage information such as data on groundwater, soil moisture, and snow and ice
(Xiao et al., 2015). However, only four missions have been flown in total, and only one of these, GRACEFO, is currently still operational. These missions have also only consisted of one satellite pair, so the
gravity field is mapped non-uniformly, and the temporal resolution is difficult to improve (Flechtner
et al., 2021).
The water cycle on land is essential for supporting human, animal, and plant life. As humans increase
their usage of groundwater to unsustainable levels, and changes in climate processes cause more
extreme drought and flooding, the importance of monitoring hydrological processes increases (Xiao
et al., 2015). In countries like the United States, the number of in-situ measurements is often sufficient
to manage and plan water resources due to the extensive network of monitoring and data collection
stations. However, in other less developed countries, the lack of in-situ measurements of rivers,
snowmelt, groundwater, and other factors can be a barrier to managing water resources effectively.
This means that satellite data is critical in many regions for supplying information about soil moisture,
the state of water resources such as rivers, snow, and reservoirs, as well as information about
groundwater and vegetation health. When researching the available satellite remote sensing
information, we found that near real-time data is available for many parameters, including
precipitation, streamflow, soil moisture, water levels, and evapotranspiration (Sheffield et al., 2018).
This table is visible in Appendix A. Despite the data availability, however, some challenges remain.
These challenges include limited coverage of smaller bodies of water and streams, uncertainties in
precipitation and evapotranspiration data, and very coarse resolution for gravimetric data (Sheffield
et al., 2018).
In addition to gravimetric data for observing hydrological processes, another challenge is that satellite
antenna design limitations prevent soil moisture readings from below 5 cm. NASA flew the Soil
Moisture Active Passive (SMAP) mission in 2015 to improve the spatial resolution of soil moisture
monitoring from 40 km to 10 km. However, the mission was unsuccessful. And coarse resolution and
shallow depth of readings make it complex to use satellite soil moisture data for hydrological
applications (Sheffield et al., 2018).
Other methods such as hyperspectral imaging could also be used to improve our understanding of
water resources. Multiple planned satellite missions, such as PACE, HyspIRI, FLORIS, CHIME, EnMAP,
and MAJIS, will utilize hyperspectral imaging for many ocean and climate applications and ecological
studies. However, these satellites cannot provide near real-time data because they operate alone. For
example, FLORIS will be able to provide global data once in twenty days(World Meteorological
Organization, 2022). Govender, Chetty and Bulcock (2009) discuss the use of hyperspectral imaging
for flood detection and monitoring, wetland mapping, water quality detection, and plant physiology
measures. However, one significant and common challenge is that the lack of near real-time data
hinders the usability of the information in the case of some critical applications like flood monitoring.
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2.3 Recommendations
2.3.1 Additional Satellite Data Collection
One area where there is an evident lack of data is gravimetry, both from satellites and in-situ
measurements. There is only one active satellite pair measuring gravimetry data meaning there is
limited spatial and temporal coverage. However even with higher resolution gravimetry data from
satellites, validation of this data makes in-situ ocean bottom pressure readings equally important
(Macrander et al., 2010). According to Amani et al. (2022b) in-situ gravimetry data for ocean studies
is largely under sampled. This data would help improve ocean current models, but it could also inform
decision-makers in water resource management since gravimetry data is very informative for
hydrological studies. Improved models of ocean currents would contribute to SDG target 3.9 by
providing improved mapping of the spread of plastics and surface pollutants like oil spills in the oceans.
This could prevent decision-makers and organizations from collecting seafood from the affected areas.
More data about the water cycle on land would also contribute to SDG Target 13.b and 6.4 by
providing important hydrological data to data-poor areas such as developing countries. Providing
more detailed information to the research community and decision-makers in these areas could help
optimize the utilization of water resources, predict, and react to droughts and monitor climate impact.
While many complexities are involved in designing a space mission for gravimetry, it may be worth
exploring the potential of adding such a pair, or group of pairs, to an existing Earth observation (EO)
satellite mission. Having gravimetric data incorporated within an operational EO constellation would
not only be ground-breaking, but the improvement in temporal and spatial resolution of gravimetry
data could also prove pivotal for water resource management, hydrology, as well as deep ocean
currents and climate-ocean interactions.
In addition to gravimetry data for gathering important information on groundwater and ocean
characteristics, we recommend including hyperspectral imaging. Current hyperspectral imaging
satellites provide data in a number of days, if not weeks. The proposed Atlantic Constellation would
offer much faster revisit times, allowing potentially new usability of this type of data in the areas of
climate and ocean monitoring but also in the tracking of illegal fishing vessels and disaster
management and mitigation.

2.3.2 Oceans and Atmosphere Interface
Monitoring ocean warming and temperature variations is still a challenge today. A joint international
effort could increase the monitoring capabilities of global temperatures to lower the uncertainties in
available data.
On the issue of ocean acidification, our first recommendation is to start with a mitigation approach
and to follow this with an improved monitoring infrastructure. Our suggestions mainly concern
improvements to the degree of understanding between stakeholders applying current mitigation
measurements, which directly support SDG 14.3 and reduce ocean acidification. Regarding
monitoring, our primary recommendation is to follow open data-sharing standards and policies for
sharing data between organizations and other stakeholders.
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To address the current communication gap between the scientific community and the public
concerning climate change, we recommend engaging the public in research methodology via citizen
science. Zooniverse is a crowd-funded project where volunteer citizens engage in research by
performing different kinds of data annotations, giving the public a better grasp of the science. This
also creates possibilities for involvement with educational systems, supporting SDG target 13.3,
allowing the public to help act against climate change and stay informed.

2.3.3 Integrating Maritime In-Situ Systems with the Constellation
There is a significant lack of long-term in-situ systems, specifically designed for integration with
satellites and other maritime systems, that effectively collect, disseminate, and evaluate a wide range
of maritime data (Nightingale et al., 2019). Most existing maritime in-situ systems are not seamlessly
compatible with satellite networks. Instead, data collected from such systems needs to be manually
recovered and processed by separate entities. We recommend that satellites within the Atlantic
Constellation be pre-equipped with communications and data processing capabilities that would
effectively and efficiently enable the interoperability between maritime assets. This includes the use
of various types of crewed and autonomous maritime vessels. Our recommendation would facilitate
the process of implementing and integrating dedicated in-situ observation methods in the future, and
significantly expand the Constellation’s overall sensing capabilities for a broader range of applications.
Integrated in-situ systems should have a sufficiently high level of autonomy, long-term reliability, and
robustness to cover large volumes of the Atlantic Ocean effectively. As a rudimentary
recommendation, we suggest that underwater gliders be used in conjunction with the Atlantic
Constellation for several reasons: As a rudimentary recommendation, we suggest that underwater
gliders (Figure 4) be used in conjunction with the Atlantic Constellation for several reasons:
•

•
•
•

Exceptionally high endurance and long-range (i.e., minimal power requirement; able to
solar charge during the surface phase and uses buoyancy manipulation to generate
forward motion)
Most critical autonomous functions are included by default because they are necessary
for operating any glider systems
Traverses through surface and underwater so able to gather data from all depths
Highly modular, interoperable, and mass-deployable

2.4 Summary
There are many well-developed methods of Earth and ocean observation. However, we have
identified several areas that still need further development Additional satellite monitoring of
gravimetry data is needed to improve our understanding of ocean currents; and of hydrological data,
which could have an impact on agriculture and water resource management. Along with higher
resolution satellite data, there are many synergistic opportunities for improving in-situ data
gathering. We encourage incorporating these measurements using underwater gliders or other
methods.
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3 Ocean Resource Management
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Ocean Resource Management
Our oceans support over 35% of global food (Costanza, 1999). Between fishing, aquaculture, and
coastal farming, our oceans play a significant role in what we consume every day, and so managing
these resources in the Atlantic is an essential consideration for the proposed constellation. Ocean
resource management refers to the management of biotic (living) and abiotic (non-living) resources
found in the oceans and surrounding areas (saline or brackish bays and estuaries), and commercial
resources such as shipping and transportation. In this report, we have focused on biotic resource
management, as we found that this seemed to align best with the interests of the AIR Centre. In this
section, we discuss the current state of the fisheries, coastal agriculture, and aquaculture
management, locate areas where further research should be applied, and provide recommendations
for using the Atlantic Constellation and AIR Centre resources to fill these gaps. Aquaculture especially
presents a significant area of interest for the AIR Centre with their support of NextOcean and ASTRAL,
two projects highly focused on aquaculture development and impact monitoring and reduction (AIR
Centre, n.d.). One area of biotic resource management that will not be addressed is oceanic animal
tag tracking, as only around 16% of respondents to an Atlantic Constellation planning questionnaire
were interested in this application (AIR Centre, 2021).

3.1 Literature Review
The background for this chapter covers aquaculture, its societal and environmental impacts, marine
spatial planning, management, and remote sensing data acquisition. It also covers fishery monitoring,
control, and surveillance

3.1.1 Aquaculture
Aquaculture is the process of farming aquatic plants and animals for human consumption or other
uses. It has been an expanding industry over the past two decades in all areas (Joffre et al., 2017;
Clavelle et al., 2019; Naylor et al., 2021; Sugumaran et al., 2022). Aquaculture can be performed in
freshwater or saltwater. However, while freshwater aquaculture still accounts for most of the fish
mass produced (Naylor et al., 2021), this is mainly conducted with inland fishponds and is out of this
project's scope. Therefore, our focus in on saltwater aquaculture.
Coastal and marine aquacultures are often essential for meeting future food demand (Boyd et al.,
2020; Duarte, Bruhn and Krause-Jensen, 2022). There is an increased interest in placing aquaculture
farms further offshore, though this would require more autonomous management and decisionmaking at the farm location than is currently used in this industry (Føre et al., 2018). There is no
distinction between where coastal aquaculture ends and offshore aquaculture begins, complicating
research in this field (Froehlich et al., 2017).
Coastal and offshore aquaculture represent open systems where the farm directly connects with the
ocean. These open systems are simple and cost-effective, but the fish are vulnerable to pathogens and
are affected by environmental fluctuations such as water flow, temperature, light, etc. The past two
decades have seen significant developments in fish nutrition and feed efficiency; however, there is
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still a reliance on marine and agricultural resources to provide for this nutrition. The use of marine and
agricultural sources for nutrition increases the footprint of aquaculture and competes with human
food production. Bivalve and algae farms are exceptions, as these species of filter feeders do not
require additional nutrition (Naylor et al., 2021).
3.1.1.1 Impact on the Ecosystem
Aquaculture, especially when improperly managed, can be responsible for several harmful effects on
coastal ecosystems. First, the development of coastal aquaculture sites is linked to the destruction of
coastal ecosystems such as mangrove forests, seagrass fields, and salt marshes (Ottinger, Clauss and
Kuenzer, 2016). Mangrove forests in particular have seen large-scale destruction due to commercial
aquaculture, with a 2013 report stating that mangrove forests had seen a nearly 52% decrease in area
within the 8 countries of this study, 28% of which is due to aquaculture development (Hamilton, 2013).
Mangroves help protect coastal regions from flooding, minimize land erosion and storms, are a carbon
sink, and provide critical habitats for several marine species (Romañach et al., 2018; Amani et al.,
2022a) . Their destruction to make way for aquaculture presents a risk to coastal communities as they
are more exposed to storms; this risk is increased by climate change.
Aquaculture also contributes to the harmful algal blooms (HABs) occurring along the world’s
coastlines. In this event, concentrations of certain algae species in the water reach “levels that may
cause harm to humans and other organisms” (Berdalet et al., 2016). The leading cause of HABs is
excess nutrients in the water, specifically nitrogen and phosphorus, a process known as eutrophication
(Glibert, 2017). We provide a more extensive analysis of HABs in the section on Coastal Monitoring
and Disaster Management (section 4). Aquaculture may contribute to the build-up of these nutrients
in the environment due to the large amount of waste produced in a small area by cultured animals
and from the introduction of animal feedstuffs containing nutrients into the water (Tanaka et al.,
2020). HABs can have several effects on the local ecosystem. These include the deoxygenation of
water, which renders it unhabitable for other species, and the limitation of light penetration to the
depths that other plant life needs to survive (Amani et al., 2022a). Aside from their effects on coastal
ecosystems, algal blooms can also harm human health. Marine life that ingests certain toxic algae will
accumulate those toxins in their tissues and become harmful for humans to consume (Berdalet et al.,
2016). HABs currently affect many areas of the Atlantic, as shown in Figure 6.
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Figure 6: Distribution of HABs in the North Atlantic in 2021 Source: (Anon., 2022)

Conversely to its negative impacts, specific aquaculture can also help to mitigate some ecological
effects. Shellfish such as mussels, oysters, and other filter feeders absorb excess nutrients from the
water, including the excess nitrogen and phosphorus responsible for algal blooms (Gentry et al., 2020).
Italy is already offering carbon credits for mussel aquaculture (Avdelas et al., 2021). However, we must
take care with shellfish used for filtering purposes, as it may absorb toxins to a sufficient level to harm
human health (Naylor et al., 2021).
There is also some evidence suggesting that aquaculture farming can be applied to promote shoreline
stabilization and coastal protection while providing an active habitat for marine species (Gentry et al.,
2020; Zhu et al., 2020). Aquaculture systems can also be designed in such a way as to limit their effects
on the surrounding environment. Current research on combining finfish, shellfish, and plant and algae
aquaculture into a circular system known as integrated multi-trophic aquaculture (IMTA), where the
waste products from one trophic level are utilized by another, is ongoing. The ASTRAL Project is one
such example. (ASTRAL, 2022). This circular system would limit the output of excess nutrients from
the farm into the broader ecosystem.
3.1.1.2 Policy and Marine Spatial Planning
Regulations can mitigate the impact of aquaculture on ecosystems (Davies et al., 2019) and counter
climate change (Boyd et al., 2020). An essential aspect of these regulations is marine spatial planning
(MSP). Regulators use MSP to allow for the expansion of aquaculture. In order to set this up, it is
essential to understand the needs and interactions of the different users of the marine environments,
such as fisheries, aquaculture, tourism, and the ecosystem (Clavelle et al., 2019). Currently, offshore
expansion is limited by a lack of regulatory frameworks and supporting information (Davies et al.,
2019). Marine spatial planning is a required tool to combine the needs of nature and the other users
of the marine environment (McCarthy et al., 2017; Adolph et al., 2018; Lester et al., 2018; Galparsoro
et al., 2020; Duarte, Bruhn and Krause-Jensen, 2022).
Successful MSP needs to be supported by models and GIS systems (Filgueira et al., 2013; Bergström,
Lindegarth and Lindegarth, 2015; Lester et al., 2018; Avdelas et al., 2021). The models need to account
for the entire water column and include the effects of global warming for long-term forecasting
(Mengual, Sanchez-Jerez and Ballester-Berman, 2021).
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3.1.1.3 Management
Currently, aquaculture farmers rely on their subjective experience to interpret the state of their farm
and the actions to be taken in response (Føre et al., 2018). The farmers use their own experience to
make judgement on things like the feeding and harvesting schedule by looking at, for example, the
weather and fish movement. Direct observation of aquaculture farming is challenging due to its
subsurface nature however a range of methods are available: submerged cameras are an option for
visual imagery; surface or aerial cameras can determine splash rates; echosounders can be used to
get a sense of fish distribution within a cage; more advanced echo sounders enable the determination
of swimming speed and direction of individual fish; sonar can determine fish size; for some species,
hydrophones can also be used to measure size; fish can be equipped with acoustic transmitters to
observe depth movement, 3D position, swimming and muscle activity, respiration rate, and feed
intake (Føre et al., 2018).
From a personal conversation with the Innovation Manager in Blue Economy at the AIR Centre
(Appendix B), we understand that aquaculture farmers know plenty of data is available, but they need
decision-making models and services for the data to be valuable. The temporal and spatial resolution
should match the users’ needs (Sarà et al., 2018) and the information must be available in real or nearreal time (Saitoh et al., 2011). We also understand that the data needs to be renewed every six hours
(Appendix B).
Aquaculture can use predictive models in several ways. Fisheries and aquafarmers can plan their
activities, estimate shellfish larvae production, undertake production site and harvesting planning
(Hobday et al., 2018), and monitor sea surface temperature and chlorophyll concentrations, which
influence shellfish larvae production (Broitman et al., 2022). Monitoring and modelling a farm's
environment is essential for preventing biofouling, which is the pollution of aquaculture sites with
unwanted species (Bannister et al., 2019). Studies for developing digital twins, a real time model of a
real system, for aquaculture ponds using model parameters of dissolved oxygen, water acidity,
turbidity, and ammonia concentrations, are currently being researched (Teixeira et al., 2022). The
reliance of the aquaculture industry on GNSS and EO is increasing, however the primarily focus is on
applications in environmental monitoring and mapping (EUSPA, 2022).
3.1.1.4 Remote Sensing Data Collection
Remote sensing is well suited to delivering aquaculture's local, regional, and global picture, although
data cost and access to remote sensing can still form a significant barrier. However, more accessible
options are becoming available, such as the data provided by the Copernicus program and Landsat
data (Ottinger, Clauss and Kuenzer, 2016).
Information currently being collected from satellites includes ocean color which is monitored using
ultraviolet (UV), visible light, and NIR spectral reflectance. This data can provide information on
chlorophyll-a and particulate matter concentrations. Thermal infrared is used for sea surface
temperature measurements and microwave radiometry for salinity (see Table 2). We can observe
surface waves and artificial structures using radar measurements. Scatterometers can be used to
determine sea surface winds (Kavanaugh et al., 2021), and phytoplankton can be identified by
measuring chlorophyll-a through spectral measurements (McCarthy et al., 2017).
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There are limitations to satellite-based measurements. Ocean subsurface processes and features
cannot be directly observed by satellites, though theoretically, algorithms could derive subsurface
processes from satellite data (Gernez et al., 2014; Klemas and Yan, 2014).
An important consideration is that aquaculture farms are currently located in coastal regions. The
complex shorelines and dynamic waters in coastal regions complicate remote observations. This
increases the need for in-situ validation, but we can counter these issues by using data with an
increased spatial resolution (Gernez et al., 2014; Traganos et al., 2018).
In coastal waters, increased organic and particulate matter influence measurements in the optical
portion of the spectrum. These areas are also more dynamic (Moses et al., 2009; Gernez et al., 2014),
and reflections from a shallow seabed could influence measurements (McCarthy et al., 2017),
producing less reliable measurements of HABs and phytoplankton for coastal waters than in the open
ocean under clear skies (Moses et al., 2009; Amani et al., 2022a). Measurements in IR and NIR are
required to make a successful determination of HABs and phytoplankton in this environment (Moses
et al., 2009), accompanied by measurements or estimation of the aerosol type and atmospheric
visibility in the area for atmospheric correction (Arabi et al., 2018). The upcoming NASA Plankton,
Aerosol, Cloud, ocean Ecosystem (PACE) satellite includes two payloads (the Spectrometer for
Planetary Exploration (SPEXone) and the Hyper-Angular Rainbow Polarimeter (HARP2) which
specifically measure aerosols for this purpose (Frouin et al., 2019).
Sun-synchronous orbits (SSO), as proposed for use in the Atlantic Constellation, have the advantage
of having consistent target illumination during every revisit. However, coastal regions will not always
observe the same tidal environment. For single satellites, this can bias the data collected and might
omit tidal extremes (neap and spring tides). For good data comparison in coastal regions, the water
levels and tides (incoming or outgoing) must be the same (Gernez et al., 2014; McCarthy et al., 2017).
3.1.1.5 Synergy with Societies
Aquaculture farms take up coastal space. Their impact on local society is an element that should not
be overlooked. Sustainable aquaculture can add value to local communities and businesses. For
example, seaweed production can directly benefit SDGs 2, 3, 7, 13, and 14 (Duarte, Bruhn and KrauseJensen, 2022). Small islands dependent on imported goods can potentially benefit from domestic
production of aquaculture. However, stable and transparent governance is required (Davies et al.,
2019), as well as proper consideration for the local socio-economic structure (Gentry et al., 2020) and
regulations that balance external impact with gains in productivity (Kumar, Engle and Tucker, 2018).
There are different perceptions of farmed and wild fish catch. For example, according to a personal
conversation we conducted (Appendix B), the established Asian aquaculture is well perceived by the
local population. In Europe, people feel less connected to aquaculture and are concerned about
unequal profit distributions and industrialization (Katrin Schlag and Ystgaard, 2013). Consumer trust
in aquaculture will rise with ethical, reliable, transparent standards (Bacher, 2016; Banovic et al.,
2019). The public's perception can positively change when learning more about aquaculture
(Carrassón et al., 2021). Knowing and communicating the impact of aquaculture to local communities
and businesses is essential in a broader context of food production (Bacher, 2016).
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3.1.2 Fishery Monitoring, Control and Surveillance
The fishing industry provides an essential component in support of meeting the global food demand
and creates employment for coastal communities. Despite the growth of mariculture activities over
the last few decades, more than 80% of proteins from the sea still derive from wild fisheries (Costello
et al., 2020; OECD, 2020). Although global fish stocks remain threatened, the decline rate has slowed
recently as governments attempt to comply with Sustainable Development Goal 14 (United Nations.,
2022). Maintaining the fish population in our oceans is key to sustaining the expected rise of seafood
demand as global food consumption increases. Fishery Monitoring, Control, and Surveillance (MCS)
are critical for continuing the path to sustainability.
One of the many factors negatively impacting ocean health is overfishing. These illegal activities
damage ecosystems as well as the fishing industry and the coastal communities that rely on them.
Many coastal countries and Regional Fisheries Management Organizations (RFMOs) need improved
water tracking and monitoring systems to help prevent illegal, unreported, and unregulated (IUU)
fishing operations. Experts estimate that more than 500,000 tons of imported fish to Europe every
year are from IUU fishing. Fishing organizations also frequently abandon fishing gear and related tools
out at sea, severely threatening marine life and the environment (Williams, Hernandez-Jover and
Shamsi, 2020; Temple et al., 2022).
Despite some existing cooperation between different RFMOs, the need for centralized global
cooperation is clear (Hutniczak, 2019). There have been recent efforts to improve surveillance using
satellite monitoring. This capability is often combined with aerial and surface surveillance, and cross
referenced with boat details such as ownership, license, and the history of the boat, to paint a more
comprehensive picture of the problem (OECD, 2020). The Automatic Identification System (AIS) is
currently used for monitoring ocean vessel traffic, collision avoidance, fishing fleets, navigation
control, rescues, and more. Since 2006, satellites with AIS capability (S-AIS) have been launched to
improve the transmission of AIS data to the shore-based Vessel Traffic Services (VTS). Individual
satellites and several existing constellations provide S-AIS services, with Spire, ExactEarth and
Orbcomm being major satellite operators in this field (Kulu, 2021).
Russell Montiel et al. (2021) proposed using AIS data to improve maritime transport by predicting
vessel routes. Similarly, Widyatmoko, Hardesty and Wilcox (2021) presented a method to locate
Anchored Fish Aggregating Devices (AFADs) by tracking the behavior of shipping vessels using GPS
devices. These techniques show the possibilities of analyzing ship behavior for different purposes.
Illegal fishing is not just about fishing in prohibited zones. Certain dominating factors of illegal fishing
exist, which may be challenging to detect and prevent using current space-based remote sensing
technologies. These factors include, but are not limited to, vessels carrying no license, fishing above a
pre-determined quota, out-of-season fishing, using prohibited fishing gear and methods, and catching
undersized fish (Williams, Hernandez-Jover and Shamsi, 2020; Temple et al., 2022).

3.1.3 Coastal Agriculture
Another resource indirectly linked to the ocean is the landmass that adjoins it. This so-called coastal
area depicts the natural interface between land and sea; globally, the shoreline is 620,000 km long
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and extends 10 to 150 km landwards. This unique ecosystem hosts abundant flora and fauna, which
thrive on moist, fertile soils and excellent climatic conditions. These natural resources have attracted
human settlers since prehistoric times (Singh, 2020).
Today, approximately 40 % of the human population lives in the coastal area, within 100 km of the sea
(Maul and Duedall, 2019). These 2.8 billion people cannot sustainably subsist on the resources that
nature offers by itself. To achieve food security for an ever-growing population, coastal agriculture
becomes an increasingly important sector while facing a global decrease in available arable land
(Hopmans et al., 2021). Farming in coastal areas is very fruitful and enables many different plant
species to be cultivated, such as cereals, fiber crops, oilseeds, vegetables, spices, fruits, and nuts
(Singh, 2020).
Coastal agriculture can be an important part of a nation’s overall economy: “Aside from providing food
to coastal populations, agriculture also often provides raw materials to industry, which is established
in these areas to make the best use of port facilities” (Singh, 2020, para. 2). It can also encourage and
enable local tourism, further facilitating its development and importance.
Although coastal agriculture provides some economic benefits, there are several major ecological
drawbacks and environmental challenges which are also important to consider. Proximity to the ocean
makes coastal agriculture prone to natural disasters. Events such as storms and cyclones can transport
the ocean’s salt water onto the shore in the form of saline air (atmospheric deposition), threatening
the yield of non-salt-resistant crops. Floods and tsunamis can also deluge the flat agricultural areas
close to the coastline with salt water (seawater intrusion), leading to soil salinity problems. 7% of the
earth’s land surface (1 billion ha) is salt affected, while the area of salinized soil is expanding at a rate
of approx. 1-2 million hectares per year. These impacts are exacerbated by coastal erosion (i.e., loss
of land due to removal of sediment by tides, currents, and waves) (Singh, 2020).
Another phenomenon that jeopardizing coastal agriculture is global warming. Sea level rise due to the
increasing water volume in the oceans in conjunction with land subsidence – the sinkage of Earth’s
surface by natural processes or human activities (Bontempi, 2022) – will lead to inundation and,
accordingly, the salinization of coastal lands. Changes in precipitation patterns and river flows are
climatic factors affecting irrigation. Like every other type of intensive agriculture, coastal farming also
emits greenhouse gases, therefore contributing to global warming.
Result-oriented agriculture is taking its toll on surrounding ecosystems. This is especially concerning
when close to fragile marine life: “Inorganic fertilizers, fungicides and pesticides may result in water
and land pollution through runoff of agricultural chemicals and can have a harmful impact/effect [sic]
agriculture” (Singh, 2020).
Based on space-borne data, Ocean Resource Management monitors coastal agriculture, mitigates the
risks it poses to marine ecosystems, and controls its interactions with the ocean and climate (Singh,
2020).
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3.2 Gap Analysis and Discussion
With an understanding of the background for aquaculture, fishery, and coastal agriculture
management, several gaps can exist which the Atlantic Constellation may be able to help. These gaps
exist in the satellite orbits currently in use, atmosphere corrections, forecasting and environmental
services, spatial planning, fishery monitoring, and agriculture monitoring and protection.

3.2.1 Orbits for Coastal and Equatorial Areas
As we concluded in our literature study, coastal monitoring measurements must be available for
moments when the water level and tidal conditions are the same. The broad coverage of the Atlantic
Constellation design has a global mean revisit time of 1.64 hours. With careful data selection from
different satellites in the Constellation, it is possible to compare measurements with the same tidal
conditions. These measurements will need to correction for the different illumination conditions
during post-processing, negatively impacting one of the main advantages of frozen sun-synchronous
orbits. A tidal (or lunar) synchronous orbit (TSO) could be considered for coastal measurements. As
far as we know, such an orbit has been proposed before, but has not been implemented in a mission
(Lowe et al., 2012; Paek et al., 2020). An orbit like this will revisit the exact location on earth at the
same tidal conditions at regular intervals. We conclude we should address the lack of consistent EO
data for identical tidal conditions.

3.2.2 Atmosphere Corrections
Accurate
atmospheric correction is required to determine ocean color and emitted radiation. However, the
current baseline design of the Atlantic Constellation does not include any polarimeters or
spectrometers to do this. The next-generation EO satellites such as PACE do include these instruments.
This represents a gap in the capability of the proposed constellation to reliably detect the ocean color
changes associated with HABs (see section 4.1.2 for more details) and so should be addressed.

3.2.3 Aquaculture Forecasting Services
From our research, we conclude there is an interest and a need for using remote sensing data in
forecasting models. Data and limited models are currently available from existing EO missions, which
use both in-situ measurements and remote observations. We think this combination is essential to
building four-dimensional (3 dimensions plus time) models. he models could be digital twins of the
ocean environment, but the models could also be more limited in scope, only modelling certain
aspects or not running in real time. Aquaculture farmers, however, do not have the capabilities to
process and interpret data to optimize their production; users require specific services that use these
models to forecast the state and condition of their farms, which do not currently exist. These services
should not only provide information but act as decision models. The benefit for farmers is in prediction
and forecasting when they may need to harvest or shift the location of their aquaculture farms to
avoid contamination by algal blooms or changing oceanic conditions.

3.2.4 Environmental Services
Specific aquacultures can deliver ecosystem services, especially mollusk, and algae aquaculture.
Examples of these services are sequestration of carbon dioxide, filtering of water, and protection of
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coasts. There is a gap in understanding how effective these services can be, how the aquaculture
industry can monetize these services, and in applying these services to the benefit of coastal
ecosystems and communities. Projects such as ASTRAL are looking into the effects of aquaculture and
have initiated this research.

3.2.5 Marine Spatial Planning
In literature, we have found that marine spatial planning is a broadly recommended practice in
development. Models based on data collected with in-situ measurements and remote observation
measurements should support this practice. Satellite observations are essential for this practice, as
the planning is performed over broad areas and needs to include offshore sea and underutilized areas.
Spatial planning should be based on input from all stakeholders and local communities, to balance
their needs. Models should also incorporate factors such as climate change to facilitate governments
in taking a more informed approach.

3.2.6 Illegal, Unreported and Unregulated (IUU) Fishing
The use of S-AIS technology for monitoring illegal fishing vessels has been proposed. It is not yet well
implemented, although a large market of coastal governments needs this information (Purivigraipong,
2021). There have been recent efforts to improve surveillance through the use of EO (GFW, 2022)
combined with aerial and surface surveillance, and cross referenced with boat details such as
ownership, license, and history of the boat. However, we identified that there is also a missing link in
closing the loop between the discovery of the illegal boat, and the flow of information needed to
enforce the law. Adding this link will also enable preemptive measures to be taken, to avoid illegal
activities before they take place.
Some additional stakeholders can benefit from this capability, such as border control, home security,
insurance companies, identification of sea piracy, and illicit cargo shipping (Alghazo et al., 2021). The
interest of these stakeholders could help support the business case.

3.2.7 Coastal Agriculture
The following subchapter investigates the opportunities for remote sensing techniques to manage
coastal agriculture and control the environmental issues that may arise. It identifies the open research
gaps and discusses their impact on stakeholders, applications, and capabilities.
Many techniques already exist to forecast and monitor natural disasters affecting coastal agriculture,
such as floods and storms. Weather models like Sea, Lake, and Overland Surges from Hurricanes
(SLOSH) use remote sensing data from EO satellites to predict their occurrence. Most meteorological
satellites are in geosynchronous orbit (GSO) and employ visible, thermal IR, and microwave imaging
payloads, and data from polar-orbiting radiometers is also used (Klemas, 2013). From a scientific
viewpoint, there are no apparent research gaps concerning coastal agriculture – although it is
noteworthy that the integration of science into the political decision-making process is lacking (Albris,
Lauta and Raju, 2020).
A diverse set of methods exists to tackle the salinization of coastal land. However, most state-of-theart techniques rely on laborious in-situ measurements. Many of the commercially available local-scale
sensors measure the electrical resistance (DC) or impedance (AC) of the soil or solution to compute
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the salinity. However, there is a need to detect and monitor soil salinity across larger areas so that
trends and drivers of salinization can be analyzed, eventually aiding the management of coastal
agriculture. Therefore, salinity assessment research is now focusing on aerial photography and
satellite RS. “Remote sensing of salinity has moved beyond proof-of-concept, but few salinity
monitoring programs utilize satellite RS” (Hopmans et al., 2021).
There are two approaches for remote salinity detection: direct and indirect. Whereas direct methods
observe the reflectance properties of salty surfaces (salt increases the reflectance) in the visible
spectrum, indirect methods infer the root zone salinity of crops by their growth rate and health by
thermographic data or canopy spectral reflectance (Hopmans et al., 2021). or the latter, the visible
and infrared spectra are used to detect the differences in reflectance between healthy and sick plants.
“Sea surface salinity and soil moisture can also be mapped with microwave radiometers” (Albris, Lauta
and Raju, 2020).
However, further research is necessary “to establish that RS is sufficiently accurate and cost-effective
for more general use.” They identify the following priorities (Hopmans et al., 2021):
•
•
•

•

Data integration: Combining data from platforms with different temporal, spatial, spectral,
and radiometric resolutions because each captures information for salinity detection.
Crop-specific information: Developing RS salinity models that consider how different plants
show different salinity stress levels at different growth stages
Hyperspectral imagery: Analyzing more wavelength bands simultaneously will provide more
information regarding crop status; developing sensors especially for salinity detection should
be encouraged (e.g., terahertz radiation spectroscopy)
Environmental co-variates: Improving accuracy by including environmental covariates in
regression and classifier models

EO satellites also monitor coastal erosion and similar destructive surface processes that may affect
coastal agriculture. Due to advancements in RS imagery in the last 20 years, it is common to monitor
the shoreline using RS data (Hopmans et al., 2021). For example, the satellites of the Sentinel and
Landsat missions have been used to accurately map the continuous shorelines over decades, enabling
the reliable monitoring of seasonal variation and long-term shifts. Although the acquisition of the data
is quite established, there is still room for improvement regarding the implementation of this data to
parametrize computational flow dynamics (CFD) models like TELEMAC-3D, SISYPHE, or TOMAWAC for
sediment transport to enhance the protection capabilities of coastal agriculture by physical
countermeasures (Jones, 2021).

3.3 Recommendations
With the gaps analyzed, we have devised several recommendations for how the Atlantic Constellation
and the AIR Centre can support growth and development in the identified areas.
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3.3.1 Tidal Synchronous Orbit
We recommend that a tidal synchronous orbit concept is considered for future missions that are not
part of a constellation and might carry more specialized equipment. A tidal synchronous orbit is in
sync with tides and the moon to observe the same tidal conditions at the same location at regular
intervals. Considering this option during a trade-off is valuable to define the optimal mission profile.

3.3.2 Aquaculture
To address the gap in the atmospheric correction in the current Atlantic Constellation design, we
recommend researching the possibility of including sensors that can aid in these corrections. We
suggest looking into the possibility of a small spectrometer or polarimeter. If this is not possible, we
recommend developing a model that uses the input of on-ground sensors or citizen science to aid in
the atmospheric correction of the measurements. Another interesting solution would be to research
the suitability of using the available GNSS sensor for atmosphere corrections of the visual, IR, and NIR
data, similarly to what others have performed for altimetry (Fernandes et al., 2010). Addressing this
is essential for coastal monitoring of ocean color, which is required water quality and HABs
determination.
We recommend the development of services for forecasting the ocean environment using data
gathered by the Atlantic Constellation and in-situ sensors to benefit aquaculture's revenue and
production efficiency. This will help make the aquaculture industry more competitive and involve the
industry in developing models that improve understanding of our ocean environment. These forecasts
would help aquaculture farmers avoid production losses due to changing environmental conditions
and optimize their production schedules. This would increase food security and adaptability to the
changing environment, which is directly in line with SDG target 2.4. We recommend that the AIR
Centre supports the development of services specifically for use by the aquaculture industry in
cooperation with industrial partners. Working together with industrial partners allows a service
industry to develop. This effort could also be created to target small-scale businesses, honor and
support indigenous knowledge and create opportunities in line with SDG target 2.3.
We propose that the AIR Centre initiates and supports studies to quantify environmental services
provided by the aquaculture industry both on their economic potential and ecological impact. When
these services are better understood, we predict an opportunity to capitalize on these services and
create additional revenue streams for these aquaculture industries. It is worth exploring how the
Constellation can help aquaculture developers find the best locations to apply the possible ecosystem
services. The services we suggest cover a wide area. Considering carbon sequestration, as well as the
shoreline stabilization, biodiversity potential, nitrogen filtering, and pollutant filtering, is also
important. We see that mollusks farms and algae farms have the most potential for these services.
Investing effort into these solutions could support the sustainable and efficient usage of natural
resources, SDG targets 12.2 and 12.3, and could also significantly contribute to target 9.4 by growing
these businesses in a resource-efficient and eco-friendly way. Specifically, the introduction of
pollutant and nitrogen filtering businesses could contribute to the reduction of negative effects
creating positive change, target 14.1, as well as economic stability and growth to these regions.
As these services benefit the coastal communities, we should involve regulators and local communities
in their establishment. We think this is an opportunity for the aquaculture farmers to promote
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themselves as a sustainable industry that contributes to the community. Additionally, we believe that
including these environmental services in ethical and sustainable standards will promote the adoption
of aquaculture.
We recommend expanding the ocean modeling efforts in support of marine spatial planning and aim
for a virtual twin of the area in the long term. The model will need to be supported by in-situ and
remote sensing data. This is important because it will allow the selection of aquaculture sites with
optimal production and minimal impact on the ecosystem and the local communities. In addition, the
aquaculture services can be optimized by the initial localization of these aquaculture services. We
recommend that this virtual twin be used in support of target 15.9 to integrate sustainability into longterm planning to ensure future access to resources.

3.3.3 Illegal, Unreported and Unregulated Fishing
We propose to implement an artificial intelligence (AI) system to identify irregular behavior of vessels
that can indicate illegal fishing activities as well as methods to improve the time required to alert
officials. The reduction of illegal fishing is critical to maintaining ocean health and ocean biodiversity,
and as such is represented as SDG target 14.4, and it is also in line with the AIR Centre’s objectives.
This system could also greatly improve the ability of officials to monitor irregular vessel activity
because of illegal poaching or trafficking of protected marine species, in line with target 15.c and 16.b.
Additionally illegal fishing in protected areas reduces the fish available for smaller coastal communities
that depend on those fish for their livelihoods. Reducing this illegal consumption would help maintain
resource availability for small communities and fishers, supporting target 14.b. The behavior of vessels
has been predicted and categorized before (Russell Montiel et al., 2021). The current delay in the
detection of these illegal vessels with remote sensing prevents the government or enforcing agencies
from taking immediate action. However, the improved timing constitutes another advantage of a
constellation of satellites compared to a single satellite. The antenna locations for the ground segment
strongly influence the data latency. Choosing ground stations over the North or South pole, along with
a network of ground stations distributed accordingly to the areas of interest, will help reduce the time
needed for the data to become available to the users. Section 5.2.2.2 discusses the distribution of
ground stations in more detail.
A different approach that we propose to consider as a communication solution is a low-earth orbit
(LEO) to geostationary orbit (GEO) inter-satellite link using the GEO satellite as a relay, as in the
European Data Relay System (EDRS). This method will also significantly reduce latency and can benefit
other applications that also require near real-time data, such as warnings for natural disasters.
Another method that can highly benefit the search of illegal vessels is to use a SAR system, which will
allow satellites to monitor the oceans independent of light or cloud cover conditions. This system can
be complementary to verify the veracity of the AIS data and to be able to work with vessels that are
not equipped with AIS or that turn it off when performing illegal activities.

3.3.4 Coastal Agriculture
As with every area subject to ocean-climate interactions, there is a need to be proactive rather than
reactive when managing coastal agriculture risk. This holds especially true for preventing or mitigating
the effects of natural disasters. As previously stated, the acquisition of RS data for the prediction of
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extreme weather events (floods, storms, excessive precipitation etc.) is already well established.
Therefore, we recommend focusing on the access to and distribution of the gained information in case
of an emergency. We propose a shared-access approach for data that potentially indicates hazards to
coastal agriculture. Furthermore, the data should be stored on a globally standardized multi-hazard
risk management platform. Integrating the gathered data into a collective and collaborative system
not only decreases the response time in case of an emergency, but it also helps to combine data from
in-situ and deep-sea measurements with those from space- and air-borne systems. Further discussion
on data handling and on governance and control of data can be found in section 5 and section 6,
respectively.
We emphasize that the issue of salinization of coastal lands and its causes, like atmospheric deposition
and seawater intrusion, should be a key priority for the AIR Centre and the Atlantic Constellation. It is
of utter importance to identify the world's major irrigated areas. Bringing new technologies,
innovations, and knowledge combined with more remote sensing data will help to mitigate the soil
salinity impact. Additional data and monitoring of these regions will not only support SDG target 2.4
by allowing lawmakers to create and enforce policy supporting the sustainable use of these areas but
also directly support 15.3 by allowing specific data on reducing degradation of the land and soil.
To tackle the effects of global warming, preventive communication strategies shall be investigated
and eventually implemented to increase the awareness of all stakeholders and to set up adequate
countermeasures. Managing the consequences of a climatic disaster costs more than predicting and
anticipating it. Given the climate crisis, improving tools dedicated to risk management should be
seriously considered. Concerning coastal areas, farming, and food production, preserving property
and – first and foremost – people are of the utmost importance. Given the vulnerability of people in
these regions, a separate coastal risk management framework is needed (Singh, 2020).
The management of climatic and non-climatic pressures impacting coastal agriculture must also
integrate a multidisciplinary dimension involving the entire ecosystem of the stakeholders concerned:
governments, private sectors, non-governmental organizations, other organizations, and individual
Beyond the AIR Centre’s activity, a change in management and support for the planned transformation
of coastal agricultural practices by individual farmers are vital in ensuring a change in practices that is
sustainable, long-lasting, and effective.
The change in farmers' behavior will be motivated if the recommendations for new agricultural
systems integrating the challenges of climate change and the sustainability of the activity offer a
higher income. We believe, just as we proposed for aquaculture, that this can be achieved by offering
services based on decision-making models. By involving the farmers in these developments, we want
to support both the decision-making services and the environmental transformation of agriculture.
Worldwide we can learn that risk reduction is possible, even in complex scenarios to reduce risk, even
in complex coastal ones. It is our collective responsibility to call to action.
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3.4 Summary
The oceans produce many critical resources, but improper management of these resources can lead
to detrimental effects on the environment. Currently, management of various marine and coastal
resources is non-existent or lacking, and the Atlantic Constellation presents an opportunity for change
in this area. Satellites take various data measurements but integration and application of this data is
an area that needs focus. Regarding aquaculture, we recommend using a tidal orbit for future satellites
to help with consistent coastal measurements, adding a sensor or mathematical model to the
Constellation capable of accounting for atmospheric effects in ocean color, and an oceanic forecasting
system is developed. We also recommend investigating aquaculture services for ecological benefits
and expanding mapping efforts to avoid conflict between aquaculture development and existing
ecosystems.
RS has become a tool of accountability for coastal agriculture. Not has RS changed decision-making
across institutions but is also involved in planning sustainable futures (Singh, 2020). As such, routine
monitoring of soil salinity via remote sensing is a priority for coastal agriculture.
Therefore, researchers, their funding institutes, and decision-makers should prioritize the
development of the following three aspects (Hopmans et al., 2021):
•
•
•

Multi-temporal, multi-scale, multi-instrument data analysis pipelines that integrate
available satellite data and fully extract the salinity signal
New remote sensing technologies for canopies and salinity
High-resolution covariate and ground-truth databases

Other environmental factors related to coastal agriculture, like coastal erosion and natural disaster,
are well understood. Nevertheless, with new technological advances, future satellites should also
measure the following climatic and non-climatic stressors for coastal agriculture.
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Coastal Monitoring and Disaster Management
Monitoring the oceans plays a crucial role in understanding the dynamics of the Earth’s ecosystems.
A significant portion of the world’s population lives in coastal areas. The Atlantic coastline offers
various services including trade, agriculture, aquaculture, human settlement, industry, and tourism.
The seashore is also a sensitive interface. Coastal communities must deal with extreme natural events.
These risks include hurricanes, coastal erosion, earthquakes, human development, harmful algal
blooms, flooding, tsunamis, landslides, and sea level rise. The Atlantic coast is particularly vulnerable
to sea level rise because of low-lying cities and a sinking shoreline. Governments try to minimize
potential devastating environmental, social, and economic risks. To be well-prepared for potential
risks, be able to handle disasters with resilience, and foresee the potential consequences of climate
change, improvement of coastal monitoring is desirable. Monitoring these coastal hazards is
indispensable and is a high priority for understanding the process of disaster management.

4.1 Literature Review
4.1.1 Background
Space is a critical resource in how humanity has predicted, managed, mitigated, and recovered from
natural and human-made disasters. Advances in remote sensing technology have directly benefited
coastal hazard monitoring and have even entered the regime of international policy. The International
Charter on Space and Major Disasters (the Charter), for example, whereby charter members provide
earth observation data and other services on request in the event of a disaster, has been a significant
success (Clark, 2018). Several regional organizations deliver disaster response services. Examples
include the Copernicus Emergency Management Service (CEMS), United Nations Institute for Training
and Research (UNITAR) and United Nations Satellite Centre (UNOSAT) Rapid Mapping, and Sentinel
Asia (Lang et al., 2017). Recent studies show the value of combining satellite observations with in-situ
data, such as citizens' data (Olthof et al., 2021), which is discussed in more depth in section 5 on Data
Handling, or seismographs for example (Pandey et al., 2021).
We present the state of the art to inform the AIR Centre of the latest coastal monitoring and disaster
management updates, along with the latest technologies, concepts, and innovations in remote sensing
data. We identify missing technological and programmatic gaps in the Atlantic region and provide the
AIR Centre with technology-specific and end-user recommendations.
While the ocean plays a huge role in the Earth’s climate. Obtaining information for monitoring or
creating dynamic and predictive forecast models on such an enormous feature is not easy. A better
understanding of the ocean is only possible by utilizing space-based technologies. On this account,
knowing which parameters can be measured directly from space and which can only be inferred is
essential.
Many parameters can be observed directly from space. Water clarity can be determined through
empirical and analytical approaches. Water health can be measured by detecting chlorophyll-a as a
marker for total phytoplankton biomass. For example, specific marker can be used to identify
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potentially harmful algal blooms. Other water health parameters we can measure include submerged,
emerged, and floating aquatic vegetation, bottom substrate, and bathymetry in optically shallow
water. Even dissolved organic carbon can be estimated via colored dissolved organic matter (CDOM)
measurements.
Shoreline erosion can be measured by monitoring suspended sediments and their particulate
concentrations. Sea surface temperature can be measured using well-established remote sensing
capabilities and infrared or passive microwave detectors. Oil slicks can be detected using active
microwave sensors. Some parameters can even be inferred from space even if not directly measured,
such as trophic status, primary productivity, algal toxins, pollutants, nutrients, dissolved oxygen,
microbial contamination, and metal. To process these measurements, various algorithms are available
and in routine use (IOCCG, 2018).
Regarding the considerations presented in the literature, water quality monitoring by remote sensing
has many advantages. Remote sensing can provide observational capabilities over a large area without
the logistical and expensive obstacles involved using traditional monitoring approaches. Space
agencies have increased their commitments to ensuring data and product continuities, near real-time
observations, low-cost monitoring via freely available datasets and processing, and archived historical
data allowing for retrospective analysis for decades (IOCCG, 2018).
Remote sensing technology is not without its limitations, however. Imagery is limited by atmospheric
visibility. Revisit time is reduced by fog, smoke, cloud-cover, and related effects blocking data
collection. And potential spatial or temporal bias, cloud cover induced nearshore.
Also, satellites can only conduct near-surface observations. Remote sensing signals function primarily
at depths at which sunlight is reflected. As a result, water quality observations only represent the
highest layers in the water column. There are also some challenges with algorithm and image
processing for optically complex, nearshore, and optically shallow waters, leading to more significant
product uncertainty under some circumstances. Additionally, satellite data and the tools we use to
process it are not always easily understood by non-specialists, even though they often comprise the
bulk of primary end-users of that data (IOCCG, 2018).
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Kd

Turb.

Emerg.

Float.

Subm.

daily
daily
daily
2-3 days
daily
daily
daily (2 sat.)
2 – 4d
daily
daily
2-3d

CDOM

9
2
2
8
10
3
21
9
10
3
15

TSM

1 km
500 m
250 m
300 m
750 m
375 m
300 m
250m
750m
375m
300m

CYN

ODIS – A and T
MODIS – A and T
MODIS – A and T
OCM-2
Suomi-VIIRS
Suomi-VIIRS
OLCI
SGLI-2
JPSS1, JPSS2, etc.
JPSS1, JPSS2, etc.
OCM-3

CHL

Table 5: Low-spatial resolution satellite systems relevant for inland and near-coastal water quality 2
Sensor
Resolution Spec. Revisit Freq. Water Quality Variables
Macrophytes
(Pixel Size) Bands

H
P
P
H
H
P
H
H
H
P
H

S
N
N
H
S1
N
H
S1
S1
N
H

H
S
S
H
H
S
H
H
H
S
H

H
P
N
H
H
N
H
H
H
N
H

H
P
P
H
H
P
H
H
H
P
H

H
P
P
H
H
P
H
H
H
P
H

N
N
N
P
N
N
P
P
P
N
P

N
P
P
P
N
P
P
P
P
P
P

N
P
P
P
N
P
P
P
P
P
P

Kd

Turb.

Emerg.

Float.

Subm.

96 per 24h
Half-hourly
10 min

CDOM

2
8
4

TSM

1km
500m
500m to 2km

CYN

SEVERI on MSG
GOCI
Himawari 8&9

CHL

Table 6: Geostationary (GEO) satellite systems relevant for inland and near-coastal water quality 2
Sensor
Resolution
Spec. Revisit Freq. Water Quality Variables
Macrophytes
(Pixel Size)
Bands

N
H
P

N
P
N

S
H
H

N
H
P

N
H
P

P
H
S

N
P
N

N
P
N

N
P
N

2

CYN

TSM

CDOM

Kd

Turb.

Emerg.

Float.

Subm.

LANDSAT-8
MSI
QuickBird/SPOT6/
GeoEYE
RapidEye
WorldView-2
WorldView-3

CHL

Table 7: Middle and high-spatial resolution systems relevant for inland and near-coastal water quality 2
Sensor
Resolution
Spec. Revisit
Water Quality Variables
Macrophytes
(Pixel Size)
Bands Freq.

30m
10m to 60m
2-4m

5
10
3-44

16 days
10days
60d to 2-3d

P
S
P

S1
S1
S1

S
S
S

P
S
P

S
S
S

S
S
S

P
S
S

P
S
S

P
S
S

6.5m
2m
1.2

5
8
8

daily
60d to 1d
60d to 1d

P
S
S

S1
S
S

S
S
S

P
S
S

S
H
H

S
S
S

S
H
H

S
H
H

S
H
H

Suitability is as follows: H = highly suitable; S = suitable; S1 = suitable for surface blooms; P = potential; N = not
suitable. Variables are as follows: CHL = Chlorophyll, CYP = cyanobacterial pigments, TSM = total suspended
matter, CDOM = colored dissolved organic matter, Kd = light attenuation coefficient, Turb = turbidity/Secchi
depth, Emerg. = emergent, Float = floating leaved, Subm. = submersed. Source: (IOCCG, 2018)
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4.1.2

Kd

Turb.

Emerg.

Float.

Subm.

once/4d
3 to 5d
3 to 5d
25d/point. 7d
16

CDOM

90
235
60
60
60

TSM

30m
30m
30m
20m
30m

CYN

EnMap
DESIS
HISUI-hyper
PRISMA
HySpIRI

CHL

Table 8: Existing and planned hyperspectral systems relevant for inland and near-coastal water quality 2
Sensor
Resolution Spec. Revisit Freq.
Water Quality Variables
Macrophytes
(Pixel Size) Bands

H
H
H
H
H

H
H
H
H
H

H
H
H
H
H

H
H
H
H
H

H
H
H
H
H

H
H
H
H
H

S
S
S
H
H

S
S
S
H
H

S
S
S
H
H

State of the Art

Natural disasters have always been an element of coastal areas and risk many coastal assets,
communities, socio-economic areas, and critical infrastructure systems. Global climate change is likely
to increase the frequency of these episodic disasters and the impact caused by them. Such events
have promoted the development of a potential resilience system in general for the vulnerable coastal
areas.
The city's preparedness characterizes disaster resilience to reduce the potential impact caused by
hazards, ability to manage during the event for minimal loss, and potential recovery aftermath. It has
seen significant advancement in recent years with varieties of intelligent and interconnected
technologies capable of better management against natural hazards. Improvement in Information and
Communication Technology (ICT), ubiquitous sensor networks, and adaptable, smart infrastructure
has allowed us to generate accurate time information at unimaginable levels. Deploying these
advancements to improve the services and management in hazard-prone areas is referred to as the
"smart city framework" and is the latest demand of urbanism (Kitchin, 2015).
A smart city is a framework in which citizens act as human sensors that report on natural hazards,
generate real-time data, and enhance public awareness about environmental issues. New urbanism
and smart growth are the fabric of this framework. Cities are inherently complex with multiple
interacting systems; therefore, networked urbanism is a crucial feature of smart city framework
(Bellini, Nesi and Pantaleo, 2022). Significant utilization of ICT in urban development, computational
power systems, and data-driven decision tools to generate real-time information allows analysis of
the data like never before.
Satellite systems like GNSS and Galileo have played a vital role in providing accurate positioning,
seamless navigation, regular weather reports, and intelligent mitigation toward cyber threats. They
are key enablers in offering low-cost solutions to the challenges faced by urban hubs. Digitally
controlled utility services, advanced infrastructure, interconnected sensor networks, and smart
devices make the city “knowable and controllable” in emergencies (des Dorides, 2018; Earth-i, 2022).
Alongside, all these interactive systems are heading towards enhancement stages to make the cities
more adaptable towards resilience to natural hazards. A variety of smart city framework features are
around the world, especially in coastal regions and disaster-prone areas. Specific case studies are
discussed and reviewed to analyze the types of systems implemented in the smart city concept. Table
9 lists the specific case studies (Tonmoy, Hasan and Tomlinson, 2020).
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Table 9: List of several case studies of coastal cities incorporating smart city features for disaster resilience
(Tonmoy, Hasan and Tomlinson, 2020; Khanjanasthiti, Chandrasekar and Bajracharya, 2021).
City
Prone to types of
Stages of
Smart city framework - key features implemented
hazards
disaster
addressed
Gold coast, Coastal flood,
Early warning
Implementation of ICTs by the City of Gold Coast
Australia
cyclones,
and disaster
(CoGC) to improve operational efficiencies of city
thunderstorms
management
infrastructure
Wireless sensors to track and report real time data
to support disaster responses
In early 2020, CoGC invested in a smart camera trial
to study the waterways, weather conditions and
document marine incidents in collaboration with
Queensland University of Technology
Barcelona
Coastal and river
Early warning
Early warning radar and sensor system to report
floods
and disaster
flash flooding
management
Coastal Water Management (COWAMA) tool and
Beach App to distribute critical information on
wind, waves, tides, temperature, weather forecasts
to the citizens.
Rio de
Coastal and river
Early
warning, Automated alert system to forecast a disaster
Janeiro
floods, landslides
disaster
which reduces the reaction time towards an
management and emergency
recovery
Instantaneous information dissemination via
messaging, emails, and mobile communications
A unified mathematical model of forecasting and
radar system to predict city situations like traffic
and power outages
Tokyo
Tsunami, typhoon,
Early
warning, Smart tsunami warning and management system
earthquake,
disaster
installed
cyclones, etc.
management and Coordination between Japan Meteorological
recovery
Agency and central government to develop national
emergency solutions
9 ocean bottom observation systems
interconnected to submarine cable, 150
underwater seismometers and across the city, rain
and water level gauges installed,
Cellular broadcasting of data to analyze potential
hazards
Recovery assist systems installed in mobiles for
timely updates during one such event
Taiwan
Coastal and river
Early warning
4G network to control and monitor 48 pumping
floods
and disaster
stations to pump flooded water out.
management
20 real-time video monitoring sets installed during
typhoon seasons
Image recognition algorithms implemented for
automatic water-level check
Mobile applications established for disaster related
information distribution to the citizens
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Orlando

Coastal flood,
hurricane,
tornadoes,
thunderstorms

Early
warning,
disaster
management and
recovery

OCAlert system to communicate with citizens and
provide instructions during an emergency
Regular feeds from doppler radar and satellite data
Flood sensors and live camera feeds in critical
locations
Automatic vehicle location function to track
movement of emergency vehicles, police vans,
ambulance, cargo trucks during disasters

Machine Learning (ML) techniques are used for coastal hazards detection and prediction. Forecasting
an extreme atmospheric event, coastal erosion, or algae blooms can be essential for minimizing these
events' impact.
Some projects, such as EPIPELAGIC (Kontopoulos et al., 2021), have designed decision support systems
for hazard mitigation and resilience. Using observational satellite data, in-situ data, and ML
techniques, the researchers monitor these areas and keep an eye out for high-risk situations such as
coastal flooding, soil erosion, degradation, and subsidence, among others. For example, the
EPIPELAGIC team will be applying this solution in two areas of interest: the Thermaic Gulf in
Thessaloniki, Greece, and the Yellow River Delta in China.
Other projects like the Coastal Hazards System (CHS) (Park and Lee, 2020) use gaussian systems and
ML techniques to predict and simulate coastal hazards. Some of these hazards come in the form of
storm surges, waves, currents, wind, and wind rainfall associated with extratropical and tropical
cyclones. The CHS also includes a database and a web-based data mining and visualization system for
publicly distributing high-fidelity probabilistic, atmospheric, and hydrodynamic modeling results.
Analyzing the resilience of communities to natural hazards is crucial to get the ability to adapt and
recover from natural disasters. Some previous works have argued that assessing the disaster resilience
of the external shocks or stresses will give communities an understanding of their potential risks
(Qiang, Huang and Xu, 2020).
It is hard to measure the accurate disaster resilience of communities. Measuring the damage after a
natural disaster should be compared with and without the damage hazard alleviation actions taken.
There is also a difference in the situation's strength, duration, and location. Overall, the types of
natural hazards vary in all communities, including seasonal ones (DRP, 2019). These dynamic events
should be the same for an accurate comparison. Communities need different mitigation plans and
disaster monitoring data in different phases of the disasters (Tariq, Pathirage and Fernando, 2021).
Different techniques can be applied in the observation of disaster resilience of communities. Research
has developed a framework to assess community resilience using night-time light remote sensing data.
Night-time light (NTL) remote sensing offers a unique perspective of the human dynamics during night
detecting artificial light. The night-time light models can be measured to observe community resilience
from space, economic disturbance, and the recovery patterns to a natural disaster. NTL remote
sensing uses the Visible Infrared Imaging Radiometer Suite (VIIRS) Day-Night Band (DNB) to estimate
disaster monitoring. The work focused mainly on US-centric data on hurricane Katrina and used
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different socio-economic data from the areas to analyze resilience. Nevertheless, the resilience
modeling framework can also be used for other disasters. The NTL remote sensing data can fill the
gaps where the environmental and socio-economic data is not or partially available, and more disaster
resilience is needed (Qiang, Huang and Xu, 2020).
Adapting to the remote sensing data results of resilience monitoring can lead to a reduced amount in
need for repair, recovery, and reconstruction of the living areas of the communities. It will lead to
more sustainability, a better local economy, equity, and a safe environment (Tariq, Pathirage and
Fernando, 2021). Every community needs access to monitor its vulnerability. Each community can
decide and adapt to its environment with disaster alleviation and future monitoring.
There are, however, hazards that require unique methodologies beyond community resilience. Algal
blooms require specific solutions to predict, manage, and mitigate. Algal blooms represent a critical
hazard for coastal communities in the coming decades. In 2020, the Environmental Working Group
estimated that algal blooms had cost the United States nearly $1 billion in prevention and treatment
in the last ten years (Schechinger, 2022). Harmful algal blooms, or HABs, can produce toxins deadly to
human and marine life and should be treated as a disaster in the same vein as flooding or storms.
From an economic and social perspective, HABs represent a crucial opportunity for integrating remote
sensing data with in-situ resources to provide an early warning system for communities around the
globe. While some systems exist already in place for detecting HABs in specific areas, such as via the
Copernicus system, and some are slated for launch, such as NASA’s PACE satellite, no such system
exists across the entire Atlantic region (Kramer, 2022). Additionally, these systems can only provide
predictive information at slow timescales. Nevertheless, analyzing these systems reveals critical gaps
that can be instructive for new systems and models.
One particularly instructive model is the Applied Simulations and Integrated Modelling for the
Understanding of Toxic and Harmful algal blooms (ASIMUTH) project (Maguire et al., 2016). This
project purpose is to provide short-term HAB alert systems for Atlantic Europe. Of note is the fact that
this project integrates multiple sources of information into one predictive model, including but not
limited to remote sensing data, high-resolution numerical models, and data from in-situ
measurements. The project has already delivered preliminary results as analyzed in Scotland, Ireland,
Portugal, and Europe’s broader Atlantic arc, with further improvements expected (Maguire et al.,
2016; Davidson et al., 2021; Kramer, 2022). The ASIMUTH system represents a potential model for
how future systems, such as the proposed constellation, can provide meaningful hazard management
information to coastal communities.
The ASIMUTH System integrates data from three primary sources: remote sensing, in-situ sensing, and
mathematical modeling. The first data source is information from the Copernicus earth observation
system, primarily from the Sentinel-3 satellite platform. Sentinel-3 contains an instrument called the
Ocean and Land Color Instrument (OLCI), which is a push broom imaging spectrometer in the optical
range (400-1020 nm) with a ground spatial resolution of 300 meters (Kramer, 2022). This allows the
detection of chlorophyll, a vital component for algae growth. Both Sentinel-3 platforms, A and B, have
a revisit time of 4 days, which results in a real revisit time of two days due to the phasing of the
satellites.
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However, remote sensing alone is insufficient for detecting algal blooms. Integration with in-situ
sensors is essential for providing ground truth and validation. In coastal communities, the current state
of the art for in-situ sensing is via direct sampling (Ruiz-Villarreal et al., 2022). Water and shellfish
samples are taken every week. The authors analyzed the samples via light microscopy for the presence
of or potential to form algae in large quantities. As reliable as these methods can be, their slow
sampling rate is a problem for providing timely warning systems. High-frequency real-time coastal
data would allow stakeholders to take meaningful steps toward containing algal blooms in the future.
Studies such as the PRIMROSE program have analyzed novel in-situ algal bloom monitoring methods
for their efficacy and readiness for the market. Potential systems can move the needle on early HAB
detection (Ruiz-Villarreal et al., 2022).
The final component of these systems is mathematical modeling. Transport modeling of algae is
critical for understanding how blooms grow, develop, and impact large coastal areas. Complex
biological models, however, require a deep understanding of HAB organisms and their place in the
food web of coastal communities. We have only recently been able to develop operational models for
coastal communities; these models rely on simple Lagrangian transport simulation but are sufficient
for HAB detection needs (Maguire et al., 2016). These basic HAB growth simulations, mixed with
hydrodynamical and wind transport models, can bridge the gap between detected algal activity and
future HAB risk. The existence of the ASIMUTH system implies the generation of a significant data set
of satellite imagery associated with HAB risk, which would enable the development of potentially
more accurate models via machine learning.

4.2

Gap Analysis and Discussion

State of the art in the smart city concept indicates a lack of technological scalability, which needs to
be addressed to improve disaster resilience. Artificial intelligence and machine learning-based realtime monitoring systems are yet to be implemented in this framework, as well as internet-of-things
(IoT) and high-speed image processing. There is also a lack of proper investigation and implementation
of the framework at the coastal government scale. Crisis informatics is also a gap where effective social
media communications can address disaster warning, response, and recovery operations (Tonmoy,
Hasan and Tomlinson, 2020). Effective dispersal of information to spread awareness to the target
audience is vital. Finally, more work needs to be done to analyze the resilience of interconnected
power, communication, monitoring, and warning systems.
There is a clear gap in global coverage regarding the EPIPELAGIC project and the Coastal Hazards
System. Newly proposed constellations can fill this gap by expanding monitoring and risk-alertness to
all coastal areas of the Atlantic Ocean. Using machine learning to predict coastal hazards and
improving the population’s understanding of how and when major coastal hazard events occur can
mitigate the devastation caused by major catastrophes.
A well-known gap is the lack of experimental satellite observations of worldwide disaster monitoring.
Additionally, local community members need access to disaster remote sensing data to estimate and
understand the resilience from their natural hazards. Furthermore, there are different ideas and
perspectives about disaster resilience. Adapting the disaster modeling frameworks to the
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community's demand is a crucial next step. There is a need of identification of characteristics and
remarkable structures of disaster management, especially for local communities.
Internationally the International Charter on Space and Major Disasters is an effective partnership for
sharing space data in the case of disaster. Currently neither the AIR Centre nor GEOSAT is a charter
partner. We note that in-situ data can effectively be used for disaster management, but no similar
international organization as the Charter exist to distribute this data.
Given the state of the art on remote sensing, a combined system of satellite data, in-situ sampling,
and mathematical modeling is the appropriate platform to detect future and current HABs. Clear gaps
exist in these systems, namely in scope, complexity, and data frequency. Current systems are limited
to specific regions of the globe, still use older in-situ sensing systems, and provide infrequent HAB
warnings. Due to increased international cooperation, modern advances in in-situ sampling, and
potentially more advanced simulations built off previous data sets, new satellite systems have the
potential to be able to fill these gaps. To take advantage of these advances, however, we recommend
that any system aimed at coastal hazard management, particularly the previously proposed
constellation, take certain engineering and management steps to maximize its future value.
The current literature indicates that future data-sharing efforts have an open and effective dialogue
between scientists, policy makers, environmental managers, and stakeholders at national, state, and
local events. This recurring challenge regarding educating, training, and understanding extends well
beyond data sharing, especially internationally. We consider end-users for algorithms and data
delivery only for the scope of these recommendations.

4.3

Recommendations

Following the gap analysis, we have several recommendations to serve as guidelines for the AIR
Centre. We have split them into technology-specific recommendations, end-user recommendations
and governance-linked recommendations.

4.3.1

Technology-specific recommendations

Firstly, we recommend using additional ICT-based, global machine learning based, closed-circuit
television (CCTV) imagery models for monitoring systems of a coastal region. It should promptly
capture and report the images of the shoreline, ocean beds and atmospheric events to city councils
for further investigation.
Secondly, we recommend an increased usage of airborne lasers to measure bathymetry. A blue-green
laser light used to penetrate water, deployed by LiDAR systems, is a ubiquitous technology to observe
underwater phenomena (USGS, n.d.). Software capable of viewing, processing, and returning the
LiDAR data provides an opportunity to measure and inform populations of events in coastal regions,
especially those concerning coastal erosion.
Additionally, we recommend using Machine Learning to forecast coastal hazards on the Atlantic
coast. Forecasting helps mitigate or diminish the impact of some coastal hazards on coastal
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populations. The methods used should integrate in-situ measurements and the data collected by the
Constellation to predict major catastrophes such as erosion, atmospheric events, coastal flooding, soil
erosion, degradation, and subsidence, among others.
We advocate for a method expansion from Qiang, Huang and Xu (2020), which discusses resilience
modeling frameworks with NTL remote sensing and different socio-economic data from the areas, for
the Constellation. We propose that the AIR Centre analyze and monitor the disaster resilience on a
more specific and local level, applied to all coastal areas of the Atlantic Ocean.
We also advise that the AIR Centre pursue integration of a proposed constellation with existing and
future in-situ sensor systems and existing simulations. Available sources indicate that remote sensing
alone is insufficient for providing all ocean data we need for our objectives, particularly in the case of
HABs. We need an in-situ data acquisition system for validation and ground-truthing of satellite data
at a minimum. Additionally, ocean current data provided by remote sensing can be utilized to make
predictions about future ocean states through simulations. While in-situ systems are currently the
bottleneck for end-user information frequency, a potential 1-hour revisit time in future constellation
systems would still be transformative, even if stakeholders still must conduct ship surveys or other
slower sampling methods.
There are emerging technologies that can deliver in-situ data more frequently such as in-situ imaging
flow cytometry. Integrating remote sensing systems with current in-situ measurements should be
pursued at a minimum, as well as preparing for better sensing technology in the future. It is worth
pursuing whether, for Europe, a future constellation can be integrated with existing ASIMUTH sensors
or models, or whether previous data from ASIMUTH can be used as a training set for HAB prediction
models. There is no reason to start from scratch if national stakeholders have already pursued existing
systems for HAB monitoring with open data sharing, and this strategy would be more inexpensive in
the short term.
Finally, we suggest the prioritization of a spectrometer in any remote sensing suite designed for
coastal hazard mitigation. A spectrometer is a powerful instrument in any remote sensing system but
is also currently one of the only meaningful ways to track ocean color, which has significant
ramifications for all our objectives. Monitoring ocean color is critical since it is our only way to track
chlorophyll, which enables HAB tracking.

4.3.2

End-user recommendations

Firstly, we recommend the creation of a public distribution of high-fidelity probabilistic, atmospheric,
and hydrodynamic modelling results and forecasts. Good dissemination can educate the population
but, more than that, it may prevent some of the issues caused by the hazards. To do so, it should
implement a web development stack capable of handling vast amounts of data and heavy visual
simulations. It should collect the data provided by all the in-situ measurements, the data given by any
forecasting models, and display them in an accessible, easy-to-use way.
We recommend that the AIR Centre share remote sensing data collected by the Constellation with
local communities of the coastal areas of the Atlantic Ocean. Such would enable these communities
to mitigate and adapt to natural hazards, understand their potential risks, and develop resilience.
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Secondly, we advise that the AIR Centre design a data processing framework to deliver HAB
information to end-users in less than one week. The current warning systems for HABs deliver weekly
reports to end users, which can be useful for planning activities, but are often insufficient for fishing
groups. Not knowing when a bay can reopen causes significant economic inefficiencies in planning
fishing activities. If possible, recreational activities (kayaking, diving, etc.) affected by HABs would
benefit from daily reports on HABs, which would directly transfer to increased tourism activities.
Increasing the actionability and visibility of this information would better educate the industry and the
public and support SDG targets 12.8 and 13.3. Additionally, linking detailed information with
community activities can help clarify the relationship between human activities and these HABs,
allowing policymakers to act in support of SDG target 14.1. Even if the Constellation has a revisit time
of 1 hour, we must consider the bottlenecks from in-situ sensors and labor hours to process data. This
integrates with recommendations from section 5 on data handling.
Moreover, we suggest a frequent assessment of the strengths and weaknesses of the coastal
monitoring models and algorithms and work to compare these algorithms with other available
methodologies. This information needs to be easier to access across the globe. Algorithms should be
evaluated in the context of how well it works in the applications and validated concerning user
requirements. Research programs can be used to improve applications over time. Algorithms also
need to be compared between regions to evaluate their robustness. This will improve quality control
and identify future areas of research and development.
At last, we advocate that the AIR Centre support end users’ education regarding any coastal disaster
management program and inform them on how data is collected and processed.

4.3.3 Governance-linked recommendations
We recommend that the operator of the Atlantic Constellation should voluntarily participate in the
International Charter on Space and Major Disasters in support of international cooperation, SDG
target 17.16. The Constellation has a high temporal resolution, which increases the changes of the
satellites to collect data during a disaster event and will add valuable data and expertise to counter
disasters.
We recommend that the Atlantic Pole to Pole Observation System of Systems (APPOSS) be combined
for disaster response. Oceanic data is important globally, and the countries involved in the AIR Centre
should be able to use the combined data of the Atlantic Constellation and the wider APPOSS. We
recognize that the AIR Centre is uniquely positioned to build a disaster management system among
its network focused on the Atlantic Ocean.

4.4 Summary
The field of coastal monitoring and management is closely related to the field of general ocean and
climate monitoring. Coastal regions, however, produce unique challenges compared to other areas,
and delivering value to them requires specific platforms and methodologies. The presence of humans,
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unique coastal biology, and inherent coastal remote sensing limitations all play a part in why coastal
regions necessitate their own recommendations.
In this chapter, we have described some of the backgrounds of coastal regions and the current space
technology used to manage disasters and other coastal phenomena. Organizations have expanded
their sensing and analysis methodologies greatly in the last decade, and new platforms are being
launched yearly through the worsening climate crisis. Through that exploration, we have identified
several critical gaps in our understanding of coastal regions. The first was the lack of an interconnected
global network of coastal monitoring. We also identified several technologies that were necessary for
future coastal monitoring as well as a need for increased end-user engagement.
We have described a short list of recommendations on these gaps, focused on technological
implementations and end-users. These include explorations of blue-light lasers, machine learning,
integration with future in-situ sensors, as well as providing easy data access and algorithm sharing
with other stakeholders and users. The recommendations are designed to enhance the Atlantic
Constellation's value and prepare the AIR Centre for future coastal needs. Ultimately, our collective
ability to maintain and manage our coastal regions will dictate our relationship with the oceans and
the Earth in the decades to come.
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5 Data Handling
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Data Handling
5.1 Literature Review
5.1.1 Background
The Atlantic Constellation will provide vast volumes of satellite data that will be sent to different
ground stations and subjected to various levels of processing. It will disseminate its products to an
extensive user community on a timely basis. That is, in near real-time for disaster applications and
pre-defined timelines for other user needs. To cater to these requirements, a data processing
framework is needed.
In this section, we address options for dealing with large amounts of data. We look at how to deal with
data on-board satellites, the movement of data to the ground segment, and finally address data
validation and bias.

5.1.2 State of the Art
We investigated up-to-date methods that are currently used to manage and validate large amounts
of data, and we present here this information divided into three sections. The first tackles on-board
data processing i.e., how to process data in the satellites. The second addresses how the ground
segment deals with this data. Finally, in the third section, we present our vision on how to address
data validation with in-situ measurements and citizen science.
5.1.2.1 On-board Data Processing
With the growing importance of satellite data across industries, and the improvement of remote
sensing technologies, the limitations of traditional data transmission architectures is becoming clear
(Caon et al., 2021). For example, a constellation of sixteen EO satellites orbiting Earth in a sunsynchronous orbit can gather more than fourteen terabytes of data per day (AIR Centre, 2021).
Immediate action against natural disasters is difficult as transmission time to the ground station grows,
as does the processing time. Data transmission is currently a main bottleneck in near-time processing,
contributing to a latency of 1 to 3 hours (Caon et al., 2021). Moreover, the downlink bandwidth
available between satellite and ground stations is not sufficient to transfer large amounts of data.
Stakeholders are now considering new compression and processing methods to mitigate these
challenges.
One solution is to move data processing from the ground to space. One can do so by developing
technology that would enable efficient processing and compression on board the satellite.
Compressing and processing data on-board maximizes the downlink capability to the ground stations.
This can increase the efficiency and decrease processing time for many important applications such
as biological threat detection, wildfire tracking, and guiding decision-makers during natural disasters.
Working with smaller data sizes can also improve the capabilities of data management (available mass
memory) and data transmission (bandwidth). It offers up to a 100-fold reduction in the data size
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without loss of relevant information and the possibility of real-time application, which is key in crisis
management.
On-board payload data processing includes the data acquisition, selection, compression or reduction
(depending on the specific scenario), and their storage (Mahendra et al., 2020). Raw data from
hyperspectral sensors consists of sets of two-dimensional images generated for individual wavelength
bands. For some atmospheric conditions, Earth observation becomes impossible due to lack of
visibility of the interested objects. Without the on-board image selection capabilities, a large amount
of useless data would be transmitted to Earth. There have been missions which explored on-board
processing architectures. The European Space Agency (ESA) had its first on-board processing mission,
HyperScout-1, that has two modes - acquisition and processing on-board. ESA is planning a continuous
mission, HyperScout-2, with hyperspectral and thermal imaging channels tailored with artificial
intelligence-based processing (Soukup et al., 2016). More on hyperspectral data can be found in
section 2.
It is imperative to use various processing and compression techniques on-board that maximize the
downlink rates and minimize the redundancy of data. However, the limited on-board data storage
capacity of small satellites provides challenges.
5.1.2.2 Ground Segment Data Processing
Satellite systems’ ground segments are comprised of various terminal designs to provide and manage
services delivered to end users. These terminals range from Earth stations to very small aperture
radars. Earth stations can include both fixed stations as well as mobile stations (Elbert, 2014).
Ground segments deal with the operational data management, user-services, and exploitation of the
data acquired from a satellite or constellation. Ground segments are usually divided into missions
operation segment, payload ground segment and instrument operations and calibration segments.
(Wolfmuller et al., 2009). However, for the main goal of data handling we shall be focusing on the
payload ground segment, specifically in data handling, reception, and archiving.
The location of ground stations is largely affected by the orbits of the payload since line-of-sight
between the satellite and the ground station is necessary for data transfer. One of the most common
orbits is the Sun Synchronous Orbit, due to its consistent lighting. However, due to its high energetic
requirements which derive from its high inclination, and it being a relatively crowded orbit, other
approaches which can maintain repetitive ground tracks (RTG) are encouraged. For example, tidal
synchronous orbits could provide advantages regarding aspects dependent on tides (Paek 1 et al.,
2018).
Scheduling of satellite communications is essential. Satellite constellations require multiple ground
stations to manage the data loads (Schilling and Schmidt, 2013). Hyperspectral imagery systems as
proposed for the Atlantic Constellation produce large amounts of data that require processing design
and ground system design to be downlinked successfully (Hihara et al., 2015).
Besides external elements such as orbits and ground stations, there is a lot of emphasis on data
analytics for ground segments in space systems, especially when dealing in constellations. Guo et al.
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(2012) identify machine learning and data analytics as essential for dealing with satellites’ large
amount of data.
Satellite data processing breaks data flow from measurement to end-user product and is typically split
into separate stages. The resultant output of each processing stage is a user product. Therefore,
processing stages and data products categorize themselves in processing levels.
Definitions of processing levels varies per organization, satellite mission, or instrument. Levels may be
more refined or have different meanings. For example, NASA subdivides Level-1 into Level-1A and
Level-1B (NASA SCIENCE, 2022). Also, higher-level products branch out to different applications, such
as the different trace gases in Sentinel-5P (ESA, 2022a). Further, Level 3 and higher-level data
classifications are not always defined.
Table 10 summarizes the data processing levels, their meaning, availability and finishes with some
examples.
Table 10: Data processing levels, their meaning, examples, and availability. Source: (ESA, 2022a; 2022b; 2022c,
p.3; NASA, 2022)

Level
L0

Data properties
Raw unprocessed and uncalibrated data.
Highly linked to instrument properties.

Example products
Raw satellite telemetry.
Data to support calibration
in L1 processing.
L1
Calibrated measurement data.
Sentinel-1: SAR amplitude,
Represented in physical units.
intensity, or phase data.
Annotated with metadata.
Sentinel-3/5P and MODIS:
Geolocated to instrument viewing geometry. top-of-atmosphere
radiance spectrum
measurements.
L2
Geophysical quantities computed from L1 Sentinel-1: ocean swell and
data.
wind fields.
Resolution and geolocations are the same as Sentinel-3: sea/land
for L1.
surface temperature.
Sentinel-5P: trace gas
concentrations.
MODIS: Atmosphere
aerosol products.
L3 and Further increasing value, examples:
MODIS Atmosphere
higher
Representing data on different grids Daily/Monthly Global
such as rectangular latitude/longitude
Products
Aggregation of products lower-level
products over time
Further data quality improvements

Available to
Expert users

End users

End users

End users

Finally, we looked at data security in satellites. The work from Cruickshank (1996) considers the
activities of various industry standardization bodies fulfilling the perceived security requirements of
commercial organizations like the AIR Centre. The authors propose a combination of public-key and
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secret-key systems to provide mutual authentication between the satellite-user and satellite-network
using public-key cryptosystems; data encryption using a secret-key algorithm agreed at the
authentication stage; using a digital signature system for signing documents.
5.1.2.3 Validating and Verifying Data: Citizen Science
When having large amounts of data from the same sources, one must consider if the data is valid,
unbiased, and reliable. In the literature we found that there are many popular ways of ensuring data
redundancy and validation. However, citizen science and in-situ measurements stand out amongst the
rest. Since section 2 on Ocean and Atmospheric Mapping and Monitoring has already addressed insitu measurements, our research mainly focused on citizen science.
Citizen science is a popular way for non-experts to assist scientists in research projects. Past citizen
science projects include EVE online, Zooniverse, NASA’s Planet Hunter TESS and Asteroid Data Hunter
(American, 2022). The interface between citizen science and remote sensing is a fruitful area for insitu data collection to supplement remote sensing data. Applications are diverse in scope ranging from
ground truthing to data fusion and innovative new scientific insight. The growth in Internet of Things
enabled sensors means that citizen science projects will become more and more capable (Bresnahan
et al., 2022).
Peer-work highlights citizen science as a valuable way to contribute to sustainability development
goals (Fritz et al., 2019). Involving local communities in these remote sensing projects add extra value
to the end user products. In turn, the local communities greatly benefit from the outputs of the
research projects.
Many past remote sensing applications used citizen science projects, with some case studies identified
in the literature. As an example, the Metis project (Wadsworth, Supernant and Kravchinsky, 2021)
used archaeological remote sensing data combined with Metis collaborators to paint a picture about
the past and present impact on the local Metis indigenous Canadian community.
Local communities are also an incredibly important stakeholder in biodiversity research as most
essential biodiversity variables are captured by local communities highlighting citizen science to
globally scale up the biodiversity data collection (Chandler et al., 2017).
An introductory overview of the role of citizen science in EO was also covered, revealing the issues
facing remote sensing and EO interface. However, it also showed how the data collection can be scaled
up and its benefits (Fritz, Fonte and See, 2017).
Within marine science, a citizen science project to track marine alien macroalgae was a successful case
study in the Mediterranean Sea and used in-situ sampling in combination with remote sensing to map
the local algae species (Mannino, Borfecchia and Micheli, 2021). These projects have been identified
as a valuable avenue to input into marine legislation. However, this would require adequate data
quality analysis on a case-by-case basis before being useful (Hyder et al., 2015). Another case study
utilized citizen science to map the lichen distribution on the Antarctic Peninsula to photograph and
provide a ground truth verification of the remote sensing data (Casanovas et al., 2015). An additional
application area where these projects demonstrated their value is in the monitoring of water quality
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in rivers using machine vision in iPhones (Malthus, Ohmsen and Woerd, 2020). Further work identified
invasive species of marine life using a wide variety of tools, such as sample collection with the scuba
diving and fishery community (Carbery et al., 2020). The research project demonstrated how a widereaching citizen science campaign can be a successful and valuable avenue of development.
Other more mainstream technologies pertaining citizen science worth mentioning are Google Earth
and Google Earth engine that work with the smartphone application iNaturalist taking photos and
recording from citizens (iNaturalist, n.d.). These photos are used mainly for biology and endangered
species recording. The platform makes handling big data processing and object
identification/classification accessible for both research centers and citizens.

5.2 Gap Analysis and Discussion
5.2.1 On-board Data Processing
Dealing with large volumes of data can be overwhelming. However, as seen in peer work, there are
some techniques that help reducing the volume of transmitted data to ground stations. The main
algorithms mentioned in the literature are processing techniques combined with machine learning.
These algorithms enable automatic selection between high and low priority users, making the data
available at a faster and more balanced rate.
Digital signal processing technologies, combined with artificial intelligence, enable automatic selection
and downlink of the data with high priority users. Table 11 supports the quantification of the benefits
of on-board processing. It also addresses the advantages and constraints of the approach.
Table 11: Data rates for hyperspectral sensors with and without on-board processing
Downlink Data rates/
Data
Image size
Pros & Cons
Image download time
24.4 GB (only raw)
500 Mbps
Pros: actual raw from
100 km x 100 km are spatial
8 minutes (8-10 mins
satellite data is available
Hyperspectral
resolution of 10 m/pixel for
max. visibility of the
Cons: may contain the nonwith unprocessed 200wavelengthbands/channels ground station) – only 1
useful data bottlenecking
with quantization of 10 bits per image downlink is
the downlink times.
pixel
possible
Pros: reducing the
500 Mbps
On-board
downlink times and quick
(All the processed
processing
data availability to user
Processed and selected images outputs can be
enabled for
Cons: Only specific type of
downlinked)
without any cloud cover etc..,
Hyperspectral
products can be made
data
available and there is a no
raw data available

As per our literature review, we found that there were limitations on implementing on-board
processing. It limits the processing to specific applications and the actual raw data acquired by the
satellite is lost forever. This has serious implication for the applications development on ground works
mainly on the actual raw data. A new methodology is necessary to counter this limitation. We propose
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a novel method to the Constellation’s design which includes installing an on-board hypervisor that can
execute applications with configurability and redundancy.
A hypervisor is a software layer that implements virtual machines which have the same instructionset architectures as the hardware on which an application is being deployed and executed (Kharb,
2016). The virtual machine’s instruction-set architecture is indistinguishable from the bare hardware.
As a result, the software that runs on a virtual machine cannot tell whether a hypervisor is present. It
allows multiple operating systems or multiple versions of the same operating system to coexist on a
single (hardware) processor. Even when virtual machines execute the same operating system, a
hypervisor provides an isolation that simplifies protections, and sharing a hypervisor to support replica
coordination which is critical for redundancy and operational continuity.

5.2.2 Ground Segment Data Processing
We decided to split our gap analysis of ground segment data processing into two main sections. The
first describes the gaps in a possible data handling framework and the second addresses gaps on the
use of ground stations and orbits.
5.2.2.1 Data Handling Framework
The first identified gap is on the low latency needed for the data processing. We expect this to be less
than 1 hour from the time it takes for data to be received on the ground stations to the time taken for
the processed result to be delivered. Given this degree of latency, high-performance computing
should be used for data processing. We also address the requirements of various levels of prioritybased processing, including long-term archival and data retrieval, and recommend storage devices
with high Input/Output (I/O) throughput for processing the Constellation’s large and low latency
satellite data sets.
5.2.2.2 Ground Stations and Orbits
The main gap found in the Constellation is that ground station revisit time is important and needs to
be maximized given the amount of data the constellation is dealing with. In its present configuration,
the Atlantic Constellation plans to have three ground stations. They will be in Fairbanks (Alaska, USA),
Kiruna (Sweden), and Santa Maria (Azores, Portugal). We note that these ground stations are
concentrated in relatively similar high latitudes, namely 64°N, 67°N and 36°N respectively.
We make the following assumptions to inform our recommendations. We assume a swath of 100 km,
a resolution 10x10 m/pixel in 200 spectral bands and a 10-bit quantization depth. A basic calculation
shows that at the proposed orbits, a single satellite, acquiring data only above the sun-lit half globe,
gathers 40 Tbits/revolution of raw data (600 Tbit/day). On the other hand, according to the AIR
Centre’s Workshop Technical Notes on user requirements (2021) the three proposed ground stations
can receive a total of 42 TB for the whole constellation in 3 days, that means 14 TB/day (i.e., 7 Tbit/day
per satellite, not assuming compression), assuming no errors or interruptions are experienced in the
communication. That is a gap of about two orders of magnitude and should be seriously considered
because it represents a very large amount of data that must be stored but that is not necessarily
useful.
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5.2.3 Validating and Verification: Citizen Science
After analyzing the literature, we identified some gaps pertaining citizen science and present them in
Table 12. The table identifies both the gaps and the feasibility of addressing them.
Table 12: Remote sensing application areas appropriate for citizen science projects
Application
Feasibility
Application Description
Reasoning
Area
(Yes/No)
Coastal
Local knowledge about
Monitoring and
Flood based mitigation with
community reaction is
Yes
Disaster
local communities
essential for disaster
Management
mitigation
Governance,
Communicating what the
Local teachers, educators,
Commercializati remote sensing projects are
and leaders are needed to
Yes
on and Outreach and how they help their
interface with the scientists
Model
community
and spread their knowledge
Sampling of mollusks to
Ocean Resource
check toxicity and predict
No
Skilled experts are needed
Management
harmful algae blooms
Environmental services for
Conservation could use inocean resource
Ocean Resource
situ data, but it is not clear
management - removing
Unclear
Management
what will be useful or a
nitrogen, conservation
hinderance
efforts etc.
Coastal
People as sensor to
Monitoring and
Live mobile data identifying
identify/report hazards in
Yes
Disaster
hazards within a smart city
smart cities in real time
Management
Coastal
Picture of sedimentation and
Monitoring and
Prediction of coastal
Yes
erosion to help map out
Disaster
hazards
coastal conditions
Management
Level of active light in local
Coastal
neighborhoods using
Monitoring and
Night-time light used to
phones, like light pollution
Yes
Disaster
guide disaster recovery
citizen science projects, is
Management
well suited for citizen science
applications
No

Requires sensor
measurements that aren't
easily usable by local
communities

Soil sampling using
gravimetric sampling
methods

No

Time consuming and labor
intensive - soil requires
baking for prolonged times

Water Quality verification

Yes

Water quality checks can be
done via machine vision

Ocean Resource
Management

Marine Spatial Planning for
Aquaculture

Ocean and
Atmospheric
Mapping and
Monitoring
Ocean Resource
Management

Sources
(Ainullotfi,
Ibrahim and
Masron,
2014)
(Beamish et
al., 2021;
Joyce et al.,
2022)
(EU-RL-MB,
2019; IPMA,
2022)
(Gentry et
al., 2020;
Naylor et al.,
2021)
(Papoutsogl
ou et al.,
2022)

(Tang et al.,
2017)

(Qiang,
Huang and
Xu, 2020)

(Valentini et
al., 2016)
(Fontanet,
FernàndezGarcia and
Ferrer,
2018)
(Malthus,
Ohmsen and
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Ocean and
Atmospheric
Mapping and
Monitoring

Measuring amount of
microplastics in water

Yes

checks using an app on your
phone

Woerd,
2020)

Samples taken are guided by
a team, so they are taken
correctly

(Carbery et
al., 2020)

After analysing the applications’ feasibility, we believe that there are two main areas that should be
delved into further. Firstly, it is unclear how citizen science can interface with local night light
monitoring for disaster recovery. Secondly environmental services, such as conservation, monitoring
biodiversity and removing nitrogen from water, is an under researched that is undercapitalized on in
oceans’ remote sensing.
With the potential for scaling up citizen science projects globally, it is a valuable tool to supplement
remote sensing modelling and value-added remote sensing user products. However, this will require
extensive quality assurances for the data from the citizen science project, as otherwise it can be a
hindrance more than a help (Hyder et al., 2015).

5.3 Recommendations
5.3.1 On-board Data Processing
To resolve the constraints of on-board data processing in specific applications, we recommend having
a novel approach of having hypervisor on-board the satellite. This approach is based on deploying the
hypervisor on-board that enables execution of many flexible and re-configurable applications. It would
address all the attributes, namely functional suitability, configurability, reliability, operability,
performance efficiency, security, compatibility, and maintainability. Reconfigurable hardware and
software for remote sensing applications are necessary to meet the project objectives.
To enable faster and quicker development of the application software we recommend using Docker
images for deploying on-board hypervisors. Docker is a service for virtualization used in OS where
software is delivered in containers with software, libraries, and configuration files. Written in Go
language and developed by Solomon Hykes, to enable faster and quicker development of the
application software.

5.3.2 Ground Segment Data Processing
Following the gap analysis, we would like to make several recommendations for ground segment data
processing. We start with our recommendation for a data handling framework and then move on to
recommendations pertaining to ground stations and orbits.
Firstly, we recommend using cloud computing for ground data-handling. Such a recommendation
builds on the previous suggestion for on-board processing. Secondly, we suggest using a 3-tier storage
architecture to meet the requirements of various levels of priority-based processing including longterm archival and retrieval. A 3-tier storage architecture separates applications into three logical and
physical computing tiers and is the predominant software architecture for traditional client-server
applications. A 3-tier storage usually divides the architecture into the presentation tier, the application
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tier (data processing); and the data tier, where the data associated with the application is stored and
managed (IBM, 2020). Data acquired at different ground stations will be brought to a single location
at which computing, and storage power are located. All the raw data and corresponding metadata
information will be received in this centralized location for processing.
Thirdly, we advise cybersecurity concerns to be considered. Just like mentioned in the literature we
propose a combination of public and secret-key systems to provide mutual authentication between
the satellite-user and satellite-network using public-key cryptosystems. This combination would also
provide data encryption. Moreover, we recommend optimizing orbits for the Atlantic Ocean to record
data only on relevant areas instead of the whole globe.
Finally, we suggest adding ground stations in the southern hemisphere. These ground stations could
be a contribution from other countries at either high southern latitudes (such as Argentina or South
Africa) and equatorial latitudes (such as Brazil or the Canary Islands, Spain), or even countries without
Atlantic Ocean links (such as Australia, New Zealand, Chile). Having these ground stations would help
split the download toll on the other terminals and would create technology-based jobs in these
regions, building international networks supporting EO and sustainability in accordance with SDG
targets 9.5 and 17.7.

5.3.3 Validating and Verifying Data: Citizen Science
We also devised several recommendations for citizen science and some general guidelines for the
project. For example, we recommend adding local community knowledge of coastal regions to deal
with flood-based migrations. Facilitating and capturing local knowledge is crucial to disaster resilience
and recovery, since locals are the people that first deal with recovering from floods and in some cases
can provide more detailed data than remote sensing. Involving local communities would not only
improve general knowledge of climate effects and mitigation strategies in support of SDG target 13.3
but could also improve adaptability to these hazards, target 13.1.
Secondly, we recommend looking into the potential incorporation of the concept of “people as
sensors,” especially in the context of smart cities. This could facilitate more accurate identification of
hazards in real-time. Moreover, we advise involving citizens in water quality monitoring using mobile
phone technology. The main goal is to contrast the results with the case study mentioned in the gap
analysis, which dates to 2020. Using more state-of-the-art technology should bring value to remote
sensing mapping projects of water quality. This involvement of the local community in supporting the
improved efficiency of water resource management and water quality is in direct alignment with SDG
target 6.b.
Furthermore, we suggest general guidelines for creating and maintaining citizen science projects. The
first recommended guideline would be to take metadata such as location, type, and description,
among others, into consideration. We also advise selecting a data format and consistently designing
a data collection method throughout the project. Websites, social media platforms, or mobile
applications to record the data are also recommended as the most intuitive way accessible to many
local communities. Eventually, we recommend for all citizen science projects be executed after
consultation with all involved stakeholders to avoid increasing the complexity and ensure usability.
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5.4 Summary
The field of data handling encompasses a multi-step approach to designing and implementing both
ground-based stations and on-board processes. In this section we focused on how to deal with the
large amounts of data the Constellation will be producing and its handling. To do so we split our
research and analysis into on-board processing, ground segment data processing and data validation.
In on-board processing section we explored and recommended solutions for storage architecture and
on-board algorithms. In the ground segment we analyzed the importance of ground stations, orbits,
and data handling from Earth. Finally, in data validation, we analyzed how citizen science could help
not only validate but balance bias from data collected by the constellation.
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6 Governance, Commercialization and Outreach
Model
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Governance, Commercialization and Outreach
Model
To support decision makers in addressing some of the most pressing challenges exacerbated by
climate change, the AIR Centre initiated a discussion among its members to co-design a flagship
project to develop a constellation of small satellites called the Atlantic Constellation. The purpose of
the Constellation is to establish a transatlantic partnership with a mission to provide critical
measurements to users with unprecedented coverage and frequency. The constellation will enable
the development of innovative applications from Space to the Ocean, Earth, Climate, and Atmosphere
to tackle both the global and the local needs of coastal communities.
The Constellation will promote horizontal innovation, entrepreneurship, and capacity building across
the Atlantic. Considering the platform’s decentralized public-private partnership structure, this
section will explore a governance model that emphasizes the international mission of the project while
ensuring that the interests of relevant stakeholders are understood and well met. Good governance
must also consider downstream components, providing direction to best facilitate the development
of innovative space-based and space-enabled applications to tackle the global and local needs of
coastal users and their communities.

6.1 Literature Review
6.1.1 Governance
According to the United Nations Educational, Scientific and Cultural Organization (UNESCO)
International Bureau of Education, governance is intended as the way “power is distributed and
shared, how policies are formulated, priorities set, and stakeholders made accountable”. A large body
of literature has already illustrated governance models applied to different contexts, from sources
such as corporate and international organizations, government entities, and associations, (Akhter et
al., 2016; Asaduzzaman and Virtanen, 2016; Froehlich, 2021). However, there is still no global
consensus on a definition.
This part of the report covers governance, commercialization, and outreach. However, we refrained
from looking at specific aspects which are already broadly covered, or that would not add substantial
value to this report. The proliferation of satellite constellations raises numerous legal and policy
concerns. However, we chose to avoid the legal dimension, and analyzing geopolitics or specific
market conditions which we feel are beyond the scope of the TP. We instead focused on the
governance of the Atlantic Constellation itself and have used existing literature to ensure that our
proposals comply with major international regulations and customs (Froehlich, 2021).
In particular, we looked at addressing governance models, significant roles and responsibilities of
governing bodies, data management policy, commercial viability, and outreach, especially concerning
the connection with user communities.
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The BRITE (Bright Target Explorer) Constellation Executive Science Team Bylaws (BRITE, n.d.) provided
valuable context for our analysis. It describes the governance model of the BRITE Constellation, which
consists of a public space astronomy mission operated simultaneously by an international team of
scientists and engineers. We considered the proposed structure and terms for our own model, which
was inspired by some of the governance elements from the BRITE Constellation. In particular, we
reflected on the international aspects of the Atlantic Constellation, the need to have several bodies,
and considered the distinction between executive and more advice-oriented bodies.
The Atlantic Constellation uses a decentralized public-private partnership model. This model can
stimulate innovation in space (Jones, 2018). The Special Report from the European Court of Auditors
2021 describes the audit conducted on the measures taken by the European Commission to promote
the uptake of services derived from the EU space programs Galileo and Copernicus. This report made
several observations and recommendations for the efficient uptake of space services, which informed
our analysis and proposals regarding user uptake, achievement of expected economic and societal
benefits, and user engagement for the Atlantic Constellations.
The Constellation will feature multiple international stakeholders and should have the scope to
incorporate more, as needed, in the future. Reconciling private and public interests in joint space
initiatives will define the success or failure of the Atlantic Constellation. Any feasible governance
structure must ensure that the benefits of association exceed the costs of membership. Poor
transparency on membership incentives threatens long-term stakeholder commitment, internal
governance, and the growth capacity of the project. We also recognize the importance of building a
governance structure that is representative, actively participatory, and has the flexibility to adjust to
new stakeholders while also discouraging the forfeit of membership.
At a high level, there are three types of incentives for membership: the material, the solidary, and the
purposive (EUSPA, 2022). Material incentives are private benefits available to a few select members;
solidary incentives refer to the emotional attachments attributed to the organization and the
comradery among its community; purposive incentives deal with intangibles such as the association's
mission. These incentive types are valuable tools for constructing a sustainable constellation
governance structure. The Constellation should use material incentives to balance current
stakeholders' differing priorities and interests in the Constellation and offer long-term flexibility.
It should also leverage the ethos of the AIR Centre as the solidary and purposive glue that binds
members and end-users together as part of the global drive towards sustainable development.
In practice, the governance model must clarify access rights to satellite data and enshrine a set of
exclusive privileges. Any structure must respect the commercial priorities of the satellite operator and
incentivize their continued commitment to the project. Ensuring access to future stakeholders in the
Constellation is a crucial consideration for fulfilling the long-term vision and aspirations of the AIR
Centre and like-minded partners in their hopes for an Atlantic that is space-enabled, innovative, and
inclusive.
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6.1.2 Data Government and Commercialization
6.1.2.1 Platforms and Data providers
According to the European Union Agency for the Space Programme 2022 Market Report, the expected
growth for value-added services is significant, rising from €2.2 billion in revenues in 2021 to €4.7 billion
in 2031. The expected growth in the EO data segment is less dramatic, increasing from €536 million to
€797 million (EUSPA, 2022).
The European Organization for the Exploitation of Meteorological Satellites (EUSPA) defines the value
chain in several degrees of refinement (EUSPA, 2022):
•

•

Earth Observation (EO) data, consisting of:
o Infrastructure providers – provide computational infrastructure
o Data providers – provide unprocessed or pre-processed EO data
EO value-added services, consisting of:
o Platform providers – provide online platforms and/or services
o EO Product and Service providers – provide processed data products or services.
o Information providers – provide sector-specific information that incorporates EO
and non-EO data
o End users – final users that benefit from information from information providers

This definition will provide context for the discussion, establishing relevant terminology for the
Atlantic Constellation’s data governance, possible value chain, and how these two avenues relate to
commercialization.
Government-funded organizations providing open-access data, such as Copernicus in Europe and the
United States Geological Survey (USGS) Landsat in the USA, play a crucial role in enabling downstream
applications. For example, consider the ecosystem of Sentinel satellites and Copernicus services.
Copernicus covers the data provider role and is an EO product/service provider in several sectors
(EUSPA, 2022). While being a government-funded infrastructure, Copernicus works closely with
industry partners to implement specific parts of the value chain. For example, for the infrastructure
and platform roles, Copernicus relies partially on Data and Information Access Services (DIAS), which
are fulfilled by selected commercial companies. Copernicus data is accessible through four access hubs
hosted by ESA and the European Organization for the Exploitation of Meteorological Satellites
(EUMETSAT). In addition, the DIAS providers provide cloud-based access to the data (Copernicus,
2018).
6.1.2.2 Commercialization
Space applications developed using EO satellite imagery are expected to generate nearly $2.2 billion
dollars in revenue by 2029 (NSR, 2020). This is a booming global market. The Atlantic Constellation
holds enormous commercialization potential for the operator(s), and in facilitating commercialization
and capacity-building in the midstream and downstream. We define midstream as data sales, and
downstream as value-added services (Probst, Pedersen and Dakkak-Arnoux, 2017).
Space offers untapped potential for companies worldwide to innovate on existing business models.
EO data is an invaluable tool for optimizing servitization, a process whereby the supplier commits to
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improving customer value and so assumes greater responsibility for the overall value-creating process
compared with a product-centric, transaction-based value proposition (Kowalkowski et al., 2017).
Digitization as a way of optimizing servitization would help maximize the impact of the Constellation
for both the operator(s) and the broader consortium of stakeholders, who are interested in the
commercial as well as institutional downstream applications.
In the EO value-added services value chain segment, commercial EO products, services, and
information providers vary greatly per sector (EUSPA, 2022). The further downstream a company
operates, the more expertise is required in that specific sector to address a particular application
adequately. Several vertically integrated companies use satellites (or constellations) to provide data
and value-added services. They cover large portions of the EO value chain, being providers of data,
platforms, products and services, and information (depending on the business sector). Planet, Iceye,
and Maxar are examples of companies that follow this model.
Business incubation and acceleration programs are fundamental to a country’s entrepreneurial
ecosystem. They are often the most effective vehicles for commercialization (Lose, 2021). Incubators
and accelerators empower businesses to preserve capital and gain external support to drive business
growth. Within the European context, ESA Agenda 2025 outlined the short- and long-term challenges
in maintaining and growing Europe’s role in the space economy. As part of a package of measures,
ESA launched three accelerators (Space for a Green Future, a Rapid and Resilient Crisis Response, and
the Protection of Space Assets) to engage end-users from the start to secure demand for novel,
downstream space-based applications (ESA, 2022). Research indicates that the percentage of total
early-stage entrepreneurial activity in business-oriented services is underdeveloped (GEM, 2022).
Only five economies worldwide have more than one in 100 adults starting a new business and using
new technologies or procedures. Incidentally, of these five, only the United States is adjacent to the
Atlantic Ocean. Higher-income economies also tend to have a higher share of start-ups in business
services than those in low-income economies.
Another relevant area is the resource link between technology-based business incubators and local
startups. For instance, recent findings highlight how these incubators are essential in promoting
entrepreneurship and innovation in emerging economies, such as Brazil. Physical, human,
organizational, and technological resources are valuable qualities of incubation centers. Still, financial
resources tether incubation to startup success, so any proposal must integrate an innovation network
into local and regional funding ecosystems (Dourado et al., 2022).
6.1.2.3 Outreach
Concerning engagement with users, we reflected on the Copernicus User Forum, which provides
essential elements related to the management, administration, and organization of a User Forum and
associated meetings, and applied some of its aspects to our model. An emphasis on concrete
network-building with various types of international stakeholders including support organizations and
private investors, would offer new funding channels to help counter the risk of resource constraints
impeding successful research and entrepreneurial development.
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6.2 Gap Analysis and Discussion
6.2.1 The Atlantic Constellation Governing Bodies
Our team designed a hybrid governance model to manage the Atlantic Constellation. The hybrid model
sits within a purely advisory structure based on limited access to direct decision-making power but
sizeable influence over the CEO, offering expert advice, and a management team model, restricted
group of people or individual shareholders hold executive power on resources allocation and
operations particularly effective for commercial development sometimes lacking adequate long-term
strategic vision. This way, we fulfill the mission of the Constellation and foster international
cooperation among the various stakeholders. Figure 7 shows the proposed governance structure for
the Constellation.

Figure 7: Proposed governance structure for the Atlantic Constellation

We want to ensure a democratic approach and a balance of responsibilities between the partners
financing the development of the Constellation, and other cooperative parties willing to work on the
development of capacity, or who are interested in the use of the data for scientific, social, and
commercial purposes. The aim is to propose a flexible governance model allowing for the possibility
of adding new partners to join capability development.
The proposed model aims to stimulate dialogue and exchanges between all the involved stakeholders
and bodies (steering committee, executive body, downstream innovation platform (DIP) comprising
the user forum, and incubators/accelerators). The following sections provide a more detailed
description of each body's potential roles and responsibilities.
6.2.1.1 Secretariat
The AIR Centre is an internationally distributed scientific network spread across the Atlantic shores,
which closely partners with scientific and research centers worldwide. To fulfil its mission to foster
science and technology for sustainable growth, the AIR Centre was the initiator of a broad discussion
among all its members and partners. It was decided that the development of an Atlantic satellite
constellation, integrating in-situ measurements and other sources of data would help address the
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most pressing challenges posed by climate change to the socio-economic development of local
communities. Taking this into account and regarding the competencies and the expertise of the
organization, we believe that the AIR Centre is the most suited entity to undertake the role of
Secretariat.
The Secretariat would ensure the smooth administration of the project by facilitating discussions,
organizing meetings, providing relevant documentation, keeping track of decisions made,
coordinating the work of the different bodies, and taking care of the communication and
dissemination activities related to the Constellation’s outcomes. In this role, the AIR Centre also drafts
frameworks for bilateral or multilateral agreements (e.g., Memorandum of Understanding, Letter of
Intent, etc.) with new entities interested in joining the lineup of original signatories.
The AIR Centre, in its capacity as Secretariat, participates in the meetings of both the Steering
Committee and the Executive Board. The Secretariat coordinates the implementation of all relevant
aspects of the meetings, ensuring the correct flow of information within and between the established
bodies. It can propose new agenda items and it can be called to act as rapporteur by taking and
distributing minutes to the members. It would not have voting power, but it can be consulted as an
advisor to the Steering Committee on specific administrative, technical, scientific, or organizational
issues.
Within the framework of the Downstream Innovation Platform (DIP), which will be discussed in more
detail, the AIR Centre enjoys a more proactive role, facilitating exchanges and coordinating the work
of the Innovation Hub Network (IHN). It could make use of existing facilities to host one of the local
hubs. It will also coordinate with the other innovation hubs, facilitating an international and
interconnected entrepreneurial ecosystem that is consistent and supportive. The IHN is discussed in
more detail in section 6.2.3.1.
The AIR Centre, as the project's Secretariat, is also in charge of managing the User Forum, a network
of stakeholders participating in consultations when needed. It would also oversee the design of
surveys and lead discussions. The Secretariat also coordinates relationships with external stakeholders
and the executive board to translate users' needs into formal requirements.
6.2.1.2 Steering Committee
The Steering Committee provides high-level and strategic long-term direction for further development
of the Constellation and its associated networks. It can formulate recommendations on using the
Constellation data for scientific and social purposes and suggest potential future applications.
Delineation of data types is outlined in more detail in section 6.2.2.1. The Committee oversees
deciding membership of the Constellation and is responsible for evaluating the research applications
for using Constellation data for scientific purposes. The Steering Committee might also be asked by
the Executive Board to provide advice on issues requiring specific expertise. This could take place
before or after Secretariat approval of a proposal.
Regarding membership, we suggest that every signatory party of the agreement that established the
Atlantic Constellation would appoint two representatives, one of which is a primary delegate and the
other a deputy to the Steering Committee. New parties can join the Committee at a later stage by
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contributing to the development of the Constellation and only after previous approval from this body.
Membership is not on an individual basis. Every delegate is appointed as a representative of the
organization participating in the project. The function lasts two years and can be renewed for one
additional term. The Steering Committee is chaired with periodic rotation by one of its members,
proposed by the Committee or the Secretariat, and appointed by the Committee. The Chair is always
the main point of contact against the Secretariat, and they would remain in post for two years. There
would be an additional period of 6 months prior and 6 months following the two-year term to ensure
a smooth handover. Despite the permanent nature of this body, we advise that a rotation system of
representatives is implemented so that the organization benefits from different ideas and sources of
expertise. This body would meet at least twice a year. Special meetings can be called and decided on
a case-by-case basis, as justified by the Chair and/or members.
Considering the high-level strategic direction articulated by the Steering Committee, it would take
decisions by consensus. Delegating power to a different representative is always possible through the
formal approval of the affiliating organization and notification to the Secretariat prior to the meeting.
The Steering Committee can also decide, on request from a simple majority of its members, the
Secretariat, or the Chair, to temporarily or permanently set up a sub-committee devoted to providing
advice on specific issues of a scientific or technical nature where particular expertise is required.
6.2.1.3 Executive Board
The Executive Board is the official managerial body, overseeing the smooth running of operations and
taking decisions on financial, organizational, and programmatic aspects of the Atlantic Constellation.
This will include the commercial potential of products and services generated via the data stemming
from the Constellation. The Executive Board is entitled to ask for specific advice from the Steering
Committee or specialized external entities to inform its decision. The decision of the Executive Board
shall be considered final and shall not be subject to formal appeal by any other body.
The Executive Board shall be composed of the official operators of the Constellation, i.e., the entities
with substantial financial stakes. The financial commitment of the different parties shall be
proportionally reflected in this body on either the membership (intended as composition of the Board)
or on the voting system. The team has discussed two different approaches:
The first approach revolves around membership. In this approach, every operator and any entity
having a financial stake in the Constellation, can appoint several representatives proportional to their
stake, from a minimum of one to a maximum of 5. The participation percentages can be revised
throughout the lifespan of the Constellation, when considering the addition of new members. The
quorum to vote is met when 50% + 1 of the participants are present. However, we recommend that
the decision can be taken only in the presence of the absolute majority, which consists of 2/3 of the
participants, including abstentions. This strong majority is required to ensure that critical decisions of
this body affecting the operations of the Constellation, are widely agreed upon, leaving room for
disagreement without hampering the normal processes. The Chair of the Board is elected by its
members, enjoying voting rights for three years with the possibility of being renewed. The Chair runs
the meeting and oversees the voting process.
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We recommend this first system, as it allows for more agile voting methods. It enables immediate and
easy understanding of voting outcomes, without the need for waiting times.
The second system secure the mentioned proportionality through the voting system. Every operator
shall appoint only one representative to the Executive Board. However, their voting power is
determined by weighting factors. The weighting factors shall be built in proportion to the financial
commitment of each operator and any entity having a financial stake in the Constellation. Reviewing
the relevant weighting factors is of critical importance in considering any potential change in the
stakes of the operators or change in any entity having a financial stake in the Constellation or due to
the admission of new members. In this second case the Chair of the Board shall not enjoy voting rights
and shall be an officer of the Secretariat in charge for three years on a rotating basis. The role of the
Chair is to run the meeting and oversee the voting procedure. This second scenario allows more
accurate reflection on the participative shares. Nonetheless, this system divides the vote into two
decision-making stages: one associated with the expression of the preference from the
representative, and the second one formalizing the vote only after applying the weighting factor. This
second scenario increases the level of complexity of the decision-making process.
The two cases described above shall not be considered as complementary. A decision needs to be
made on the most appropriate approach to be implemented for the functioning of the Executive
Board.
Regarding the DIP, members of the Executive Board are responsible for identifying and selecting the
experts involved in the evaluation of the IHN participants. This provides an additional set of access
incentives for future financial stakeholders in the Constellation.

6.2.2 Data Governance and Commercialization
6.2.2.1 Balancing Public and Private Data Access
Data is the Constellation’s currency; determining who gets access to what, how, and when, and
represents the cornerstone of the governance model. Delineating data types determines which access
model best balances public and private interests. EO satellites generate data that, depending on the
user, can then be processed and packaged into digestible and customized packets of imagery. How
processed, and therefore reduced, this data becomes is a critical variable when determining the value
generated by the Constellation. With an effective data management strategy, constellation
operator(s) can improve their competitiveness, adapt to new market conditions, and proactively
define new offerings when opportunities arise.
There is scope for constellation operators to optimize their satellite-derived data service provision
further. By making commercial platforms more accessible and customizable through software and
processing improvements, the Constellation would be more relevant to a wider variety of prospective
users. This optimization is an especially pressing priority because, according to the most recent Global
Entrepreneurship Monitor (GEM) report, the proportion of new entrepreneurs expecting to use more
digital technologies exceeded that of established businesses in all but three economies (GEM, 2022,
p.16)
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Under our proposal, the AIR Centre Secretariat, specifically the Steering Committee, would administer
an application process for access to data. However, there must be sufficient possibilities for
commercial EO Data and Product/Service providers to develop a sustainable business.
Commercial partners with the AIR Centre may take up one of several roles in the EO value chain in
partnerships with the industry. A significant example would be having a collaboration between
Copernicus and DIAS. These two entities provide cloud-based access to the complete set of Copernicus
data and to cloud-based tools. In contrast to Copernicus itself, DIAS offers both open-access and
proprietary services. On top of providing data access, they provide access to commercial satellite or
non-space data and enhanced support. They also offer platforms for hosting and developing
downstream applications created by users, removing the need for users to download the data
products to local infrastructure (Copernicus, 2018).
Another potential role for the consortium of commercial partners is the development of scientific data
processing software. However, implementing a processing stage between two levels is a considerable
effort that involves expert knowledge and can be a barrier to entry for new commercial partners.
Taking inspiration from the taxonomy of the BRITE Constellation, we propose delineating data types
into four bands: L0 as Raw, L1 as Preliminary Extracted, L2 as Partially Reduced, and L3 as Fully
Reduced. We provide a full breakdown of these definitions in Table 10.

Figure 8: Proposed constellation data access matrix

Processing L0 to L1 involves a deep technical understanding of the instrument and extensive
knowledge of georeferencing techniques. Similarly, L1 to L2 processing typically requires knowledge
of geophysical processes, for example, atmospheric properties as in the case of Sentinel-5P (ESA,
2022a). L3 and other more enhanced processing levels are subject to change depending on the context
and mission of the satellite payload.
Information providers create a vital link in translating data products into actionable information. We
understand from a personal conversation we conducted (Appendix B) that while EO Data products are
abundantly available, translating the data into condensed valuable and actionable information for end
users is a significant challenge. There is a strong demand from end users for tangible, concrete metrics
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that fit their application. In addition, there is a gap in the reliability of information services; data
continuity is still limited. As a result, this sector has a significant potential commercial value.
For commercial stakeholders associated with the AIR Centre, developing information provisioning
services that meet these user needs is a key opportunity for commercialization. Due to the proximity
in the value chain to end users, this area is particularly suitable for smaller companies. In the European
EO market, the ESA Business Incubation Centre (BIC) plays a significant role in the incubation of
information providers. This can include acceleration programs, as was most recently seen with the
launch of the Nordic Acceleration Program in August 2022 (Nordic Launch, 2022).
Investigating partnerships with cloud-based infrastructure/platform providers like Copernicus DIAS
may further facilitate this role. Cloud computing makes data and processing architectures accessible
to players who want to develop applications around the link between data products and end users. In
this capacity, the Innovation Hub Network (IHN) could act as a parallel and complementary system to
the Copernicus DIAS platform (Copernicus, 2018). A single point of access to pre-determined
constellation data sets would streamline information bureaucracy and remove the barriers to entry
posed by enormous file sets for new commercial players, by allowing them to process data locally and
selectively. This is especially relevant to the post-pandemic digitalization trends observed across all
sectors, particularly by small and medium enterprises (Bettiol et al., 2022).
Another potential avenue to investigate is the development of freemium business models (Pereira,
2022). Freemium business models provide higher-value data or information commercially, and
present part of the data products/services as open data. A similar approach was investigated for the
provision of enhanced Landsat imagery data based on other on-board sensors, concluding that there
may be opportunities for commercialization (Landsat Advisory Group, 2019). However, there are
significant concerns that complicate this: increased costs, market uncertainty, and competition with
the private sector.
There are several features, across which, data providers may provide enhancements:
•

•

•
•

Separating Near Real-Time (NRT) data from archived data. Copernicus has a similar separation in
the data availability, offering NRT data only to registered users within a specific data quota,
although still free of charge. Archived data (Copernicus, 2019), limiting access to higher-level data
products (e.g., L2 and higher) or offering enhanced data products that combine data from multiple
sources, e.g., in-situ sensors.
Resolution-based separation. Offering data with higher spatial and temporal resolution
commercially, with lower-resolution data available with open access is also one of the
enhancements.
Opening-up certain data products only to commercial users. Specific instruments may require
advanced processing capabilities or a more significant hardware investment.
Applying a per-user quota beyond which proprietary access is needed. Copernicus also implies a
quota to registered users of NRT data.

The degree to which, the application of these features (or a combination of these) should be firm,
depends on the market and the composition of the Atlantic Constellation stakeholders. Also note, as
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discussed previously, that existing open-access data services, such as Copernicus, typically do not offer
such a freemium model for their data. The commercial value emerges further downstream in the
value-added services.

6.2.3 Downstream Innovation Platform (DIP)
The AIR Centre’s international and collaborative character is well-placed to facilitate international
interconnectivity and commercialization. The Centre’s integrative approach to space and society, as
well as its support for emerging technological innovations, synergizes naturally with capacity-building
programs. We wanted to explore how stakeholders in the Constellation could maximize the impact of
the data generated for users and prospective users. We believe the AIR Centre and the Atlantic
Constellation’s stakeholders could play a more proactive role in sector outreach by raising awareness
of space-based capabilities and their relevance to prospective users across all sectors.
The Atlantic Constellation caters to users’ needs across the oceanic basin, including Europe. Having an
additional EO space system with European coverage and stakeholders would provide an alternative
or supplementary source of remote sensing information for national customers. Our proposed
Downstream Innovation Platforms (DIP) could provide an organizational fit to an innovation and
accelerator hub network because the Constellation’s public-private stakeholder composition aligns
better with the dynamism and efficiency typically seen in the private sector.
Given the global and multi-hemispheric significance of the Atlantic Constellation, our proposal can go
further. DIP could offer unique transatlantic advantages to entrepreneurship currently underexplored
by existing incubation regimes. While accounting for the European dimension, it is also essential to
widen our perspective on commercialization so that any structure is better placed to accommodate
new stakeholders from other regions. Entrepreneurship support structures may already be
established across Europe. However, for other users on the Atlantic, such as those identified by the
World Bank in West Africa, systems facilitating innovation development are lacking despite being
critical to their respective ecosystems (Afric’innov, 2022). Space-enabled business innovation, enabled
by DIP, aims at encouraging new startups, particularly in emerging states, to build differentiated
business services using EO data. Our proposals would help fill this gap, serving as legitimate fora that
provide access to funding, facilities, credibility, advice, and expertise. They also exist beyond the
constraints of European regionalization.
We propose the Innovation Hub Network and the User Forum as complementary approaches to
enhance the downstream component of the Constellation. The AIR Centre Secretariat would
determine how stakeholders gain access to the platforms part of DIP. We detail the two bodies in the
next sections.
6.2.3.1 The Innovation Hub Network
We consider the Innovation Hub Network (IHN) as one of the approaches that could be adopted to
provide incentives for Constellation membership and generate value for Constellation stakeholders.
Comprised of an incubator and an accelerator, stakeholders can establish an innovation hub in their
host country. National innovation systems, including existing schemes and future policy formulation,
could integrate with these, so that capacity-building takes place in a meaningful and sustainable way.
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In addition, for non-state stakeholders, the IHN platform would present an opportunity to bring some
benefits of exclusive data access to their respective national economies and contribute to indigenous
innovation, entrepreneurship, and investment opportunities. Creating the IHN would also expose
commercial satellite operators to potential downstream investment and acquisition opportunities
while benefitting from economies of scale.
These hubs have several advantages for Constellation stakeholders. IHN participants would receive
privileged access to L0, L1, and L2 data generated by the Constellation without needing to go through
the application process adjudicated by the Steering Committee. Hubs would be connected via a closed
loop networked system, managed and coordinated by the AIR Centre. This network would comprise
the stakeholder countries and their indigenous hubs. It would give participants exclusive access to an
international and interconnected network of like-minded collaborators across the Atlantic looking for
ways to harness the Constellation’s remote sensing capabilities.
Access to Constellation-derived data would expose local innovators to data-driven opportunities and
help improve existing value propositions as well as develop new ones. These spaces would provide
tangible interfaces for downstream space applications and, alongside novel investment opportunities,
would spur the development of business-enhancing complementarities across sectors.
The Copernicus Accelerator is one example of how access to the IHN could be structured (ESA, 2018).
One approach to IHN participation for stakeholder countries could involve the following:
•
•
•

Use Atlantic Constellation data or information for their products or services
Membership is composed of the Constellation’s participating stakeholders and their
participating countries
Businesses younger than three years (or are to be incorporated within a year)

The engagement scope of the IHN is flexible; it can be as generic or as specific as interest requires.
One interpretation of the INH role could limit exclusive access to L0, L1, and L2 Constellation data and
pursue relationship-building and collaboration opportunities using the transatlantic entrepreneurial
network. A more developmental ambition for the IHN could extend these benefits to include tailored
business coaching and mentorship, collaborative funding schemes, and startup competitions. This
interface could also involve exploring potential synergies with other incubation architectures such as
the European Digital Innovation Hub, or co-operative partnerships with other schemes such as the
ESA Accelerators. Another potential extension of the IHN could offer hub participants discounted
access to L3 data. This extended interpretation would give the Constellation’s operator(s) access to
new potential satellite data markets and partners, early in their business development. It would
generate novel opportunities for the operator(s) to build long-lasting business relationships with
incubated clients, which last beyond the boundaries of their IHN participation.
6.2.3.2 The Atlantic Constellation Users’ Forum
As part of the governance model of the Atlantic Constellation, we believe that involving the current
and future users of the data and applications derived from the Atlantic Constellation would be of
added value from a social, scientific, and commercial standpoint. The overall aims are to optimize the
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value of the Constellation, drive the identification and development of future applications, and find
and address potential new markets.
The proposed User Forum (UF) would provide a feedback loop to the Steering Committee and
Executive Board, on current and future users’ needs. This UF input would feed into the
recommendations for the further development of the Atlantic Constellation both in terms of new
mission and payloads as well as future applications’ design to better fit the users’ requirements. In
addition, the UF could also be used to raise awareness on the benefits of EO satellite data and
applications and inform relevant communities including local leaders and educators.
The UF would consist of a large, international, and multidisciplinary community. The community would
include associations, the relevant scientific communities, businesses, and other organizations (e.g.,
Regional Fisheries Management Organizations). They would also consist of both current and potential
users of space based EO services.
Participation in the UF could strictly be voluntary and independent from a preliminary national
screening: all interested parties can become participants. Alternatively, according to the relevant
segment of interest, the signatory party member of the Steering Committee could propose the users
be involved in the consultation process with the Secretariat. This approach ensures an adequate
outreach towards national user communities and allows for an optimization of efforts. The interested
user would only need to notify the AIR Centre to participate in the consultations. Substantial
communication activities are required to raise awareness of the existence and work of the UF to build
a significant user community base.
6.2.3.3 Functioning of the User Forum (UF)
The AIR Centre’s role concerning the UF is dual. First, the AIR Centre acts as the UF secretariat, keeping
track of the participants, any documentation, and preparing meetings and meeting agendas. In
particular, the AIR Centre organizes surveys and documents to gather the users' needs, sectorial
challenges, expectations from public actors, as well as future projections and foresights. Secondly, the
AIR Centre acts as the UF chair and as an information relay for the other bodies of the Atlantic
Constellation. The AIR Centre would oversee the chairing of meetings, the coordination of sessions,
and the gathering of user feedback to disseminate to the Steering Committee and Executive Board.
After each meeting, the AIR Centre must share a summary of the discussions and critical needs with
all the participants involved in the talks as well as the Atlantic Constellation’s Steering Committee and
Executive Board.
To avoid discouraging users from joining the Forum, participation in the UF should not require a heavy
commitment from the participants (who may have limited resources). Balancing the frequency of the
UF meetings and the number of in-person versus remote meetings is therefore essential. The UF could,
for example, host one plenary session every two years, alongside more specific meetings focusing on
a particular community of users only (e.g., marine biologists). The users will be given the possibility to
be early adopters of data and solutions to be tested against their daily workflows. This can also be
considered as a further incentive to participate in the consultation process.
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Considering the UF purely as a discussion forum, there would not need to be a consensus on any
matter discussed within the meetings.
6.2.3.4 The Atlantic Constellation User Conferences
We should bear in mind that establishing the UF in an efficient manner would be a complex and
lengthy process. Another approach can also be considered, either as a temporary or complementary
solution to help with the development of the UF, or as a standalone option.
Such a solution (either as standalone or as an interim/complementary solution setting the foundations
for the establishment of the UF) may include organizing a regular international conference with
current and potential future users of the Atlantic Constellation data and services. The conferences
could consist of presentations of concrete solutions and services addressing the needs of various user
communities. These conferences would provide networking opportunities and advertise public and
commercial solutions derived from the Atlantic Constellation. In addition, the conferences could
provide sessions with user communities to share and discuss their needs. This would allow for
gathering user requirements and feedback, which could serve the main Atlantic Constellation
governing bodies. In that configuration, the AIR Centre could act as the main point of contact for the
concrete organization of the conferences.
The option to set-up user conferences includes many advantages. It would alleviate the administrative
burden compared with the establishment and formalization of the UF. It would add flexibility and be
a more accessible event for users, due to being less formal than the UF. In addition, these conferences
would have the advantage of being closely linked to concrete space infrastructure and derived
data. However, this option may offer less continuity than the UF in terms of both community
participation and user input.
6.2.3.5 Users’ Incentives for Participation
The UF would add significant value to the Atlantic Constellation’s main stakeholders; we must also
consider what the incentives could be for users to join. As with the IHN, participants in the UF could
gain access to select data from the Atlantic Constellation. However, because current and potential
users of EO data are looking for actionable data via pragmatic and concrete solutions and services to
address their needs, additional incentives are needed.
In addition to offering systematic access to some of the constellation’s data, our model may also offer
the opportunity for the participants in the UF to link with the Incubators and Accelerators network.
This may be interesting for private participants of the UF who may be interested in using the
Innovation Hub to grow their business or overhaul their processes. The participants may also benefit
from preliminary and pilot services from the start-ups within this Incubator and Accelerator network
to help them address their needs on a case-by-case basis.
Commercial and public stakeholders involved in the Steering Committee and Executive Board of the
Atlantic Constellation, will also be able to present and offer services and solutions to the UF and raise
awareness of the opportunities stemming from space based EO services. For the benefit of the UF, we
should consider training opportunities covering the analysis of EO data. Finally, the UF and the smaller
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user communities within such a forum will provide networking opportunities for its participants,
stimulating research and commercial opportunities.

6.3 Recommendations
6.3.1 Governing Bodies
We suggest a distributed model of governance comprising different bodies with different
responsibilities. We recommend the AIR Centre act as the Constellation's Secretariat by supporting
administrative processes and ensuring the correct flow of information between all the established
bodies. We recommend establishing an Executive Board, the decision-making body comprised of
members with a financial stake in the Constellation. We recommend establishing a Steering
Committee encompassing all the signatory parties of the agreement within the Constellation. This
Committee is recommended to have an advisory role to the Executive Board, to oversee the
operations of the Constellation. After thorough discussion, to ensure the proper proportionality
between the financial stakes held in the Constellation and the Executive Board members’ decisionmaking power, we recommend that the number of representatives should be proportional to the
actual investment made. The voting system shall be based on the absolute majority principle.

6.3.2 Data Governance & Commercialization
Because it is composed of governmental and commercial organizations from multiple nations, the
Atlantic Constellation requires a data-sharing framework, ideally facilitated by the AIR Centre, to meet
the needs of all involved stakeholders and cover the complete EO value chain. Establishing a balanced
multinational governance structure supports the aspirations of SDG 17.7. While an open data access
framework supports a vibrant research community and benefits the growth of new companies, this
comes at the cost of exploitation of the data by currently involved commercial companies. This section
lists recommendations to address this problem.
Commercial organizations associated with the AIR Centre should take up key positions in the EO data
value chain to sustain business activities. We recommend investigating partnerships with providers of
cloud-based data, processing infrastructure, and downstream application hosting, such as Copernicus
DIAS providers.
We advise investigating a freemium data sharing framework, in which, satellite data is freely available
to the AIR Centre’s partners up to a particular service and data quality level, with enhanced service
levels, data products, and data quality available on a proprietary basis. Factors that may be used to
distinguish a proprietary service level from open access include limitations on NRT data access,
enhanced resolution, separating based on instrument, offering enhanced data products, and applying
quota on data access. The interaction of the model with the existing satellite data market requires
further investigation to define what mix of factors provides an appropriate balance of commercial
value and open access to the AIR Centre and the Constellation’s involved partners.
To maximize the impact of the data generated for users and prospective users, as well as to boost
entrepreneurial ecosystems and support the sustainable development of communities across the
Atlantic basin, we recommend complementing the current governance structure with the Innovation
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Hub Network (IHN). The IHN would embody a transatlantic and closed-loop networked system of
incubators and accelerators that provides privileged access to select Constellation data sets to develop
novel data-driven opportunities and differentiated business services in the downstream. This
framework could fill a real gap in transregional innovation regimes and energize entrepreneurial
culture across the Atlantic basin.

6.3.3 Engaging with Current and Future Users
We recommend that the governance model enables sustained dialogue and exchanges with current
and future users to further develop, and make the best use of, the Atlantic Constellation and its
derived products. We also recommend addressing this requisite through the formalization of a body
called the User Forum. This body has the function of gathering input from the various users and
translating it into strategic and technical requirements. The AIR Centre could chair such a body and
act as an information relay towards the Atlantic Constellation’s Steering Committee and Executive
Board. As a contingency and complementary measure for this recommendation, we also suggest
conferences are hosted to engage with Atlantic Constellation users directly. These forums could be
used in support of SDG target 17.18 and 17.19, to develop strategies to measure climate action and
enhance capacity building to developing nations who are also stakeholders.
Finally, we strongly recommend considering incentive measures for the users and commercial players
involved in DIP. This could include, but is not limited to, facilitating preferential access to the Atlantic
Constellation’s data, products, either through the UF or via the Innovation Hub Network, and to
further reflect on additional incentive measures.

6.4 Summary
Based on our gap analysis and discussion, we propose a governance model for the Atlantic
Constellation that ensures flexibility and adaptability for current and future stakeholders. Our
suggestions are not exhaustive but offer a model that respects the commercial priorities of the
operator(s) while retaining the scope for value generation in the public domain. The proposed model
would comprise three central governing bodies: the Executive Board, the Steering Committee, and the
Secretariat. These three bodies are complementary.
In terms of data governance, we reflected upon the best way to ensure the commercial value of
Constellation’s data for private stakeholders, and how to make the best use of this data for public use.
Our proposed data distinctions offer an approach to managing data access rights so that the interests
of multiple types of stakeholders are accounted for.
We recommend that the governance of the Constellation pay explicit attention to the downstream
component. Our model addresses this user engagement and innovation dimension by proposing that
DIP be integrated into the platform. DIP includes the Innovation Hub Network, the User Forum, and
User Conferences as feasible frameworks for maximizing the downstream impact of the
Constellation.
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7 Conclusions
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Conclusions
7.1 Integrated Recommendations
In this section, we present a succinct summary of the recommendations provided by the ORCAS team
to the AIR Centre regarding space-ocean-climate interactions and the potential role of the Atlantic
Constellation and future satellite platforms. The recommendations are aggregated from all chapters
and are organized by field of interest; further discussion regarding these recommendations can be
found in each of the individual content chapters in this report. These recommendations should not be
taken as strict or mandatory; they are suggestions designed to maximize the value of the AIR Centre’s
efforts and have no legal binding authority. Additionally, these recommendations are not allencompassing. Rather, they represent a fraction of the potential avenues that could be explored
regarding the needs of the Atlantic region. We expect that further analysis will yield additional insights
and opportunities for the AIR Centre in the future.

7.1.1 Governance and Business Recommendations
Our first recommendation discusses the core governance model: we recommend a distributed model
of governance comprising multiple bodies with distinct responsibilities, with the AIR Centre acting as
secretariat between the established organizations. An Executive Board responsible for overseeing
constellation operations should be established, along with a Steering Committee responsible for
advising the board. We envision the committee being comprised of signatories as well as partners with
financial stakes in the constellation.
On the business side, we have several additional recommendations. For boosting the creation of new
business opportunities based on the data stemming from the Atlantic Constellation, favoring
innovation and economic growth, we recommend the creation of a platform, called the Downstream
Innovation Platforms (DIP). This platform would function as an umbrella, containing two parts: a User
Forum, meant to create a continuous loop of feedback between users and service providers, and a
system called the Innovation Hub Network, a decentralized net of incubators distributed across
several countries aimed at turning ideas into business opportunities. The DIP allows end users in the
private sector to generate commercial, entrepreneurial solutions to work alongside the AIR Centre’s
platforms.
Finally, we recommend that the operator of the Atlantic Constellation voluntarily participate in the
International Charter on Space and Major Disasters, coordinating with other platforms on disaster
mitigation when needed; one area of potential collaboration we recommend is with data from the
APPOSS system.

7.1.2 Technological Recommendations
Our technical recommendations are focused on three aspects: critical data and instrumentation, new
technologies, and integration.
Regarding critical data and instrumentation, we firstly recommend prioritizing ocean color and
atmospheric correction sensors, such as spectrometers, to address current needs in aquaculture
monitoring and chlorophyll measurements. If possible, we recommend investigating sensors for
coastal land salinization, critical information for major irrigation areas. For future platforms after the
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Atlantic Constellation, we suggest considering instrumentation for and a mission to measure
gravimetry data, which is useful for ocean current models. A Synthetic-Aperture Radar is also strongly
encouraged in the future, for monitoring regardless of cloud cover or time of day.
Regarding new technologies, we recommend that the AIR Centre work with industrial partners to
support the development of additional aquaculture decision making and forecasting services that can
be used by aquafarmers; this is to increase environmental monitoring and support marine spatial
planning in the aquaculture industry. We also recommend investigating new in-situ sensors for algal
bloom and general maritime monitoring, particularly those that are unmanned and can operate more
independently farther from shore. Airborne lasers are very useful for measuring bathymetry and
should be explored as well. Another major technology that should be explored is machine learning
and AI. We recommend exploring how this technology can identify irregular vessel behavior and
coastal hazard forecasting via multiple data sources. Any algorithms or models generated via this
process should also be evaluated and validated frequently.
Regarding integration, our primary recommendation is to prioritize integration and interoperability
with in-situ sensing platforms. This includes creating a seamless framework where data collected from
in-situ sensors can be processed alongside satellite data in support of ocean modeling and ultimately
the development of a virtual twin of the oceans.

7.1.3 Data Sharing and Handling Recommendations
Regarding data sharing, we recommend a framework that supports vibrant research while addressing
the needs of currently involved commercial entities. In this framework, we recommend providing free
access to data to successful applicants to the IHN, students, academic researchers, and upon special
request and acceptance by the steering committee. This data would be below a certain quality
threshold, while enhanced services and data products will be made available on a proprietary basis.
We also recommend that the framework allows for integration with in-situ sensing data to enable
collective, collaborative data access for fields such as hazard management.
Regarding data handling for the data generated by the Atlantic Constellation, we recommend an IaaS
model on the ground, implementing high-performance cloud computing with highly parallelizable
algorithms, until future data handling needs are better understood. Technologically, this would
require high I/O storage devices (such as an SAS SSD) paired with virtualized software on the satellite
itself, such as Docker images or Hypervisors. This allows the constellation the most flexibility when
generating large amounts of sensing data on a variety of targets. We also recommend that the
technological solutions chosen enable data generated by the Atlantic Constellation to be delivered to
end users at rapid timescales post-processing, ideally in less than two days; this would represent a key
advantage over current hazard monitoring systems.

7.1.4 End-User Recommendations
Our outreach recommendations all represent the same theme: frequent, sustained dialogue with
current and future end users. We recommend the formation of a body in charge of gathering end user
input on current and future constellation platforms, with users incentivized to join and participate.
This body would provide valuable input to future platforms. As for outputs, we recommend at
minimum a public distribution of high-fidelity probabilistic model results and forecasts; we also
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recommend that the AIR Centre work to inform, train, and raise awareness regarding remote sensing
with local coastal Atlantic communities.
We emphasize that communications with end users should highlight the impact of sustainability on
their individual businesses and livelihoods, to help encourage forward-thinking processes in maritime
activities. We also strongly recommend the AIR Centre engage with citizens on citizen science projects.
Some key areas where local community science would be powerful include flood mitigation
knowledge sharing, smart city communication, water quality monitoring via mobile phones,
microplastic monitoring, and general scientific communication projects. All projects should be
designed after consultation with scientists, engineers, and local communities, and should be built to
strengthen relationships with those communities and increase their involvement and awareness of
science.
Regarding integration, we also recommend several engagement frameworks to benefit stakeholders
and end-users. One of these frameworks is a coastal risk management framework to allow users to
access tools related to coastal farming, property preservation, and human safety. A public distribution
of high-fidelity modeling results and forecasts would be extremely useful for coastal populations,
within the constraints set by the recommended business model; ocean temperature variation is noted
as an area we believe would be beneficial to be shared.

7.2 Sustainable Development Goals
In this report, we make recommendations directly in support of the United Nations Sustainable
Development Goals (SDGs), a set of 17 interlinked goals established in 2015 to be achieved by 2030.
It is clear our report is in support of SDG 14, “Life Below Water.” Our recommendations also support
SDG 2, 3, 6, 9, 12, 13, 14, 15, 16 and 17, the titles of which can be found in Figure 9. In Appendix C we
provide an overview of how the targets of the SDGs are supported by our work. In total, our efforts
support 11 SDGs and 40 targets.

Figure 9: SDGs addressed by this report
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7.3 Conclusions and Future Goals
This report presents the conclusions of the work done by the ORCAS Team. The field of space-oceanclimate interactions is vast and includes many aspects (technical, ecological, social, and political,
among others). After an extensive literature review and many conversations with key stakeholders in
the field, particularly the AIR Centre, we have provided the main essence and scope of the project:
the analysis and recommendations on how we can maximize the value of the Atlantic Constellation
and future systems, through an evaluation of the potential modes of governance, management, and
implementation. Our analysis examines how the platform can impact sustainability and enhance our
understanding of the oceans and the communities they support.
Throughout this report, we investigate, explore, and provide context on the current global state of the
ocean, the various influential factors in marine and coastal environments and communities, the
challenges we face in these areas, and how we recommend solving them. The recommendations can
be found in detail at the end of each chapter or summarized in section 7.1 on Integrated
Recommendations.
We mapped and divided our broader topic into five narrower sub-areas in which we conducted
detailed research. In each area, we identified the main technical and programmatic gaps and issued a
list of recommendations. We believe that implementing those recommendations would help prevent
or mitigate the effects of current and future ocean-climate issues. Here, we reiterate our conclusions
for each sub-area and provide potential avenues for future work.

7.3.1 Ocean and Atmospheric Mapping and Monitoring
Given the vast size, depth, and variety of measurable parameters of the ocean and the atmosphere,
mapping and monitoring them efficiently and effectively is a highly complex task. No single tool can
provide a complete monitoring solution in terms of complexity, coverage, or frequency. Considering
this, we have recommended various tools from space and the ground that must be combined to
enable a comprehensive system. Future work could involve the development of extensive data
toolsets for processing and analyzing a large amount of information available.
We have also identified several gaps in monitoring critical information, namely biological and
chemical, that still has to be carried out in the laboratory and are not possible by measurements from
satellites. This is due to various constraints, including but not limited to the difficulty in measuring
beyond a certain depth and biological measurements that require a laboratory. This forces the
measurement rate on some indices to be very low. Future work would involve developing and
improving these ground-based measurement processes and investigating technology enabling more
measurements by satellites to result in better monitoring operations overall.

7.3.2 Ocean Resource Management
Although the amount of information collected and accessible to users for resource management is
vast, it is evident that there is a significant gap in the way in which information is provided and widely
profited from. The data received today from remote sensing sensors is numerous and reliable, but it
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is not efficiently distributed and used. The integration and dissemination of information is necessary
because it fundamentally improves the frequency of information availability and reliability.
We recommend that a more efficient distribution and use of information requires work on two levels:
technological development, which is necessary due to the large amounts of resource information that
require advanced analytical capabilities, and process development, which improves our ability to
measure and analyze parameters through remote sensing that, until now, have been measured in-situ
at a slow pace.
We recommend that future work be performed on developing forecasting models supporting services
for aquaculture that use remote sensing and in-situ data. Better models will help ocean ecology, ocean
industry, and marine spatial planning. Similarly, future work must be performed in modeling an AI
system to track and determine fishing activities. Finally, while an atmospheric correction is essential
for coastal monitoring, current spectrometers might not fit the current Atlantic Constellation
configuration. We feel several opportunities are available here, as outlined in our recommendations,
but more research is needed into the possibilities and limitations of these systems.

7.3.3 Coastal Monitoring and Disaster Management
Although one can think of the coastal region as one of the many diverse ocean areas, it is essential to
understand that this area is particularly significant and unique because of its impact and importance
to human coastal communities and aquatic life along the shore. Additionally, coastal regions present
numerous difficulties in monitoring using remote sensing. In this article, we have mapped and
identified the gaps that exist today when looking at the issue of coastal monitoring. Gaps are
expressed both technologically and in terms of end-user information management.
Future work on coastal monitoring would involve several factors: taking advantage of new
instrumentation as they are being developed, refining the concept of a smart city and analyzing how
it can be used to improve coastal disaster management, and finding ways to integrate data from wildly
different platforms, such as satellites and in-situ sensors. We see significant opportunity in exploring
a theoretical future network where stakeholders can integrate the latest autonomous in-situ sensors
with LiDAR data and seamlessly deliver that information to cities that can react rapidly as needed.

7.3.4 Data Handling
As we have shown in the earlier sections in the report, there is great importance in the immediate
availability of remote sensing information, such as in cases of natural disasters. Therefore, we offer
technical solutions that will allow faster access to information, such as pre-processing data before
downloading it to the ground. We also presented the importance of integrating information from
various sensors, satellite, and in-situ, and we proposed using advances in IoT technology, enabling
direct and immediate contact between both remote and in-situ platforms. In addition, we suggested
exploring the benefit of installing additional ground stations to decrease data delivery time.
For near term future work, we expect stakeholders to be able to take advantage of exponential growth
in on-board processing power; decreasing launch costs will enable larger processors and storage
capabilities. A potential area of research that could be worth investing in now is in stronger AI engines,
which would enable better processing of data before downlink.
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7.3.5 Governance, Commercialization and Outreach Model
Today, under the developing Atlantic Constellation, government bodies and private entities are
cooperating and finding ways to leverage and profit from both worlds. On the one hand, this
opportunity allows the private sector to generate a return on their investment and produce an
economic profit. On the other hand, a large portion of data can be accessible to the public, enabling a
significant social impact, which is of interest to government and research agencies.
Since the work of two entities that can sometimes have different interests may be problematic, we
recommended adopting a unique governance method and structure that will allow the different
entities to profit from and enjoy the products of the constellation simultaneously. To maximize the
efficiency of the product’s data distribution, we recommended developing an infrastructure to ensure
optimal utilization of the information by direct contact with commercial players and other end users.
Future work in this area could include implementing a formalized and facilitated process for the
participation of new partners in the Atlantic Constellation and integrating this process into the
governance model. Stakeholders could also explore synergies and complementarity between the
proposed Downstream Innovation Platform and similar endeavors in Europe and beyond. Finally, in
the future, it is valuable for stakeholders to reflect on the data features informing the distinction
between commercialization opportunities and open-data sharing and be continuously re-evaluating
how to balance these respective interests.

7.3.6 Final Conclusions
Ultimately, while significant gains can be made in the future of all these subsections, we believe that
concrete actions can be taken right now to understand our planet better and mitigate the effects of
climate change. The oceans represent some of our most vital resources on Earth. It is increasingly clear
that our responsibility is to act as the sustainable stewards of our planet, finding new and innovative
ways to solve our collective growing challenges. Here, in the Atlantic region, we believe that the AIR
Centre has a unique opportunity to produce meaningful data and drive meaningful action through the
Atlantic Constellation, an international, multidisciplinary system representative of the cross-cutting
actions we take as a species to solve the challenges humanity faces. Thanks to this collaborative, global
effort in space, we on the ORCAS Team are confident that, in some small way, the future of the oceans,
the climate, and the planet as a whole will be brighter.
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9 Appendix A
Table 13: Relevant variables for WRM from in-situ networks, RS, and models, including spatial and temporal
availability

Variable
Precipitation
availability

ET, PET

Streamﬂow

Water levels

Source

Spatial coverage

Snow and Ice

National gauge networks

Years to decades; Usually

Essential, but often limited by

RS

Extrapolar regions to global

limited coverage in real time
10–15 years for subdaily data;
near real time

Models

Regional to global

Variable; near real time

Gauge networks
demands(pan PET)
Flux towers (ET)

National networks

Years to decades

in real-time or spatial coverage
Essential in regions with sparse in-situ
networks, but products are subject
to large uncertainties and may have
short time series.
Global and decadal coverage but large
uncertainties
Essential for evaluating crop water

Limited points

1–10 years

RS (ET, PET)

Regional to global

Decades; near real time

Models (ET, PET)

Regional to global

Decades; near real time

Gauge networks

National networks

Decades; near real time

RS
coverage,

Limited to large rivers

Years to decades; limited

Limited number globally,
and limitedspatial
representativeness,
Useful for validation
Global and decadal coverage but
large uncertainties
Global and decadal coverage but large
uncertainties. Need a priori
knowledgeof water
management practice
Essential, but issues of availability in
many regions
Large uncertainties and limited

Models
Large

Regional to global

availability in real time
Decades; in near real time

but essential where available
Only source in unmonitored regions;

Gauges

Speciﬁc water bodies

RS

Limited to large rivers
for speciﬁcand water bodies

Years to decades; limited
availability in real time
Years to decades; in real time
Decades; in near real time

In-situ networks

Limited spatial coverage

Years; limited availability in
real time
Years to decades; available
in near real time
Decades; available in near
real time
Years to decades; some
regional networks
available innear
real time
Years to decades; available in
near real time
Decades; available in near

RS

Global

Models

Global

Gauge networks

Regional

RS

Global

Models
complement

Global

Well networks

Regional

RS

Global from gravimetry,
Years; coarse resolution
storage—GW but coarse resolution

real time
Groundwater

Utility for WRM

Gauge networks

Models
Soil moisture

Temporal coverage

uncertainties, with
management effectspoorly
represented
Essential, but issues of availability in
many regions
Limited coverage but useful
water bodies
Large uncertainties but only
data sourcein many regions
Useful for local applications; Essential
for validation
Limited depth; but useful if combined
with models
Large uncertainties but useful for
drought applications
Essential where networks are dense

Essential, but large uncertainties for SWE,
more accurate for snow covered area.
Large uncertainties, but can
in-situ and RS
Essential, but limited coverage;
Essentialfor validation
Measures only total water
must be interpreted or

modeled. Coarse

Models
Water quality

Point sample networks

Regional to global
Limited spatial coverage

RS

Global

Models

Dependent on variable

Years to decades; sometimes
available in near real time
Years; limited availability in
real time
Years; available in near
real time
Years to decades; available in near
real time

Note. WRM = water resources management; RS = remote sensing; SWE = snow water equivalence.

Source: (Sheffield et al., 2018)
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resolution prevents direct
use, but has research
applications and useful when
combined with models
Large uncertainties, but useful for
regional applications
Essential but limited coverage
Limited variables surface water only,
and large uncertainties
depending onthe variable
Large uncertainties depending on
the variable

10 Appendix B
Ospina-Alvarez, N., 2022. Personal conversation about understanding the current developments in
aquaculture and
remote sensing. Interviewed by … Niels van der Pas. [Personal conversation, via Zoom]. IST,
Tagus Park, Oeiras Portugal & Azores, Portugal. 11 August 2022, 14:47.

Personal Communication Summary
The following is a summary of the notes taken during a conversation with Dr. Natalia Ospina-Alvarez.
It does not represent a transcript of the conversation, only our understanding of what was discussed:
The cooperation between the Air Centre and marine aquaculture farms depends on the farmer’s need.
The farmers need the results retrieved from the analyzed data. They want to know when changes in
water quality will occur to know when to shift production area, identification of sites for production,
tools for site selection decisions, and aquaculture licensing considerations.
NextOcean Air observation tools could be applied as data/sensors for the management of the systems
of marine aqua farmers. However, there are no specific tools used by aqua farmers. Blue economy
gap mapping has been released in a report.
There are some measures important for the ocean health of aquaculture planning. Firstly, the waste
has to be of minimal impact (benefit from IMTA). Furthermore, there are some species sustainable
and beneficial (e.g., mussels are good oxygen producers), which can help filter organic material. The
most sustainable aquaculture specie is the seagrass, and the growth should be promoted.
Aquaculture can benefit from predictive models. However, some are in development. There are some
regional differences in species and environments of the globe, predictions for one area may not work
for another.
There are some models for blooms 2D/surface of depth measuring. A few examples are chlorophyll,
temperature, and wind direction models.
There are some gaps before the integrated of Multitrophic Aquaculture can be implemented. IMTA
labs in Ireland, South Africa, and Brazil are trying to extrapolate the lab methodologies to other places
(Spain, Portugal, Brazil). There are challenges due to different species in each location, and they are
trying to find which combinations of species will work for each area/climate.
There are some packages like a weather forecast. Management tools are used to combine
environment, water quality, etc., and to help make decisions. It needs information and data about
every 6 hours. For example, algal blooms are dangerous to mussels (toxin accumulation), so they need
to be left to cleanse in the water, may grow too large in that period so warnings for the occurrence of
algal blooms will help them to pull production early rather than having to wait for toxins to clear. Some

models have been developed for prediction (e.g., by South Africa) as alternative to monitoring
programs to warn of dangerous algal blooms.
There are some farmers which could benefit from sustainable production. Brazil has started to try out
these benefits (under development), what depends on the willingness of the government to work out
these benefits. Norway has plans for "circular economy" for this purpose.
Satellite data is used by IoT devices for tracking fishing nets and may be another application for
satellite uses. Benefit to both fishermen (nets expensive) and for environment, prevents nets
becoming litter. IoT is applied in offshore aquaculture production for monitoring of sea variable, and
for calculating cage size to estimate amount of fish feed needed. Sensors are also used for fish
hormone tracking for stress, what will tell farmers when something is wrong in the farm.
Lastly, there are some deep-Sea aquaculture developments mentioned. Azores is special case, where
the development of massive aquaculture as weather is unpredictable. Other areas (Madeira) have
better conditions. Traditionally deep seas have important fisheries but are now looking for better ways
to produce fish. Most African countries don't have extensive aquaculture but have a major impact on
the environment because of lack of regulations. They are trying to use technology to find the best
ways to reduce impact (production efficiency and spaces where it can be used with less impact, fast
metabolism species for farming).
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Table 14: SDG targets covered by each report section

SDG
1

2

3
6
8
9
11
12

13

14

15

16
17

Target
1.2
1.4
1.5
2.1
2.3
2.4
3.9
6.3
6.6
8.1
8.3
9.4
9.5
11.3
12.3
12.6
12.8
13.1
13.3
13.b
14.1
14.2
14.3
14.4
14.5
14.6
14.7
14.a
14.b
14.c
15.3
15.5
15.8
15.9
15.c
16.7
17.7
17.14
17.16
17.17

Sec. 2 Sec. 3 Sec. 4 Sec. 5 Sec. 6
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

SDG
2
3
6
9
12

13

14

15

16
17

Target
2.3
2.4
3.9
6.b
9.4
9.5
12.2
12.3
12.6
12.8
13.1
13.3
13.b
14.1
14.3
14.4
14.b
15.5
15.9
15.c
16.b
17.7
17.16
17.18
17.19

Sec. 2 Sec. 3 Sec. 4 Sec. 5 Sec. 6
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Table 15: Summary of how our recommendations link to SDG targets

SDG
1

Target
1.2

1.4
1.5
2

2.1

2.3
2.4
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Description
Our recommendations boost and protect aquaculture and fishery of coastal
communities and islands. With proper regulations, this will relieve poverty in
these populations.
We recommend marine spatial planning in cooperation with the local population,
which should secure their access to economic oceanic resources.
Our recommendations on disaster resilience will decrease economic and human
losses due to climate related extreme events.
The recommendations in the marine resources section will support the
sustainable development and growth of fisheries, aquaculture, and coastal
agriculture, all essential in feeding the world.
Our recommendations help food productivity and secure equal access to these
resources by marine spatial planning and fishery monitoring.
Marine spatial planning and predictive services ensure sustainable food
production. We recommend focussing on coastal salinity to build resilience
against climate change.

SDG
3
6

Target
3.9
6.3

6.6
8

8.1

8.3

9

9.4

9.5

11

11.3

12

12.3
12.6

12.8
13

13.1
13.3
13.b

14

14.1
14.2

Description
In this report we make recommendations regarding water quality monitoring,
directly supporting human health.
In this report we make recommendations regarding water quality monitoring. Our
recommendations on the use of AI to track fishery ships can help eliminate
dumping of hazardous materials from fishing ships.
Our recommendations throughout our report help protect water related
ecosystems.
We believe our report contributes to the growth of the economy in coastal regions
by suggested services specifically targeted at the promotion of aquaculture
industry, which take into account the needs of the local population.
The recommendations in our project are focused on creating an environment and
data system that supports entrepreneurship and encourages the growth of all
sizes of enterprises.
The environmental monitoring services and marine spatial planning we propose
in this report help support the adoption of sustainable practices in existing
industries.
The availability of data we propose, and the related governance model, will help
the development of scientific research and build capabilities in cooperating states
and other customers.
We propose that coastal cities use marine spatial planning that includes input
from the local population. We consider the marine area around coastal cities an
essential part of these cities, their impact, and their economy.
The services provided to fisheries, aquaculture, and coastal agriculture will help
reduce production and harvest food losses.
The data the constellation and our recommendations make available will make it
easier to assess the impact of companies and help them to adopt sustainable
practices and set up sustainable reporting.
Our recommendations on citizen science and the use of collected data will help
education about the marine environment.
In our chapter on disaster management, we make a number of recommendations
directly related to disaster resilience.
Through our citizen science and outreach recommendations, we strengthen the
awareness of the environment and climate change.
Our recommendations for coastal and oceanic areas will help local and
marginalized communities to plan and manage their region to deal with climate
change.
Our report focusses on life below the water. Our recommendations are in support
of all targets for SDG 14. Some highlights are shared below; for a full overview of
how we support SDG 14 we refer to the rest of this report.
The recommendations regarding monitoring support the reduction of marine
debris.
Our recommendations on modelling the marine environment are a direct and
important input for sustainable and productive management of our oceans.

SDG

Target
14.3
14.4
14.5
14.6
14.7
14.a
14.b

15

14.c
15.3
15.5
15.8

15.9
15.c
16

16.7

17

17.7
17.14
17.16
17.17

SDG
2

109

Target
2.3

Description
Our governance model enhances the cooperation between countries and
companies to fight the impact of ocean acidification.
We make recommendations to improve monitoring in support of enforcing fishing
regulations.
The forecasting models we propose in support of marine spatial planning help
conserve coastal and marine areas.
Our proposed AI modelling for tracking fishing ships will help identify companies
that receive subsidies but engage in illegal unregulated fishing activities.
The services in support of aquaculture will specifically benefit small island states,
as this can become a domestic sustainable source of nutrition.
Our international governance model will help develop research capacities for
marine science and technology.
We have tailored our recommendations on the use of remote sensing to be able
to benefit small scale businesses as well.
Our recommendations make enforcement of international law possible.
We recommend focusing on coastal salinity; this is an effect of drought and
degrades coastal areas.
We make recommendations that facilitate action for the protection of coastal and
marine natural habitats and the protection of biodiversity in these areas.
The protection of marine species requires a good understanding of their
environment. Our recommendations on monitoring support that understanding,
while our marine spatial planning recommendations help manage the marine
environment.
We recommend including marine protected areas as one of the users in marine
spatial planning.
Our recommendations aim to help coastal communities and secure their
livelihood while protecting the environment.
We recommend that marine spatial planning includes the local community; this
means that they are included in decision making on their local environment.
Our governance model is open for new participants; this will support the diffusion
of services that help protect the environment.
We believe our recommendations regarding the governance model promotes
policy coherence of sustainable development between the cooperating countries.
The governance model we propose is a multistakeholder partnership that
supports the achievements of the SDGs.
Our proposed governance model will benefit from the experiences of the
partners, promoting further partnerships using the data and services produced by
the Atlantic Constellation.
Description
Our recommendations help food productivity and secure equal access to these
resources by marine spatial planning and fishery monitoring.

SDG

Target
2.4

3

3.9

6

6.b

9

9.4

9.5

12

12.2
12.3
12.6

12.8
13

13.1
13.3
13.b

14

14.1
14.3
14.4
14.b

15

15.5
15.9
15.c

Description
Marine spatial planning and predictive services ensure sustainable food
production. We recommend focusing on coastal salinity to build resilience against
climate change.
In this report we make recommendations regarding water quality monitoring,
directly supporting human health.
In this report we make recommendations regarding the enforcement of nondiscriminatory laws that support sustainable development.
The environmental monitoring services and marine spatial planning we propose
in this report help support the adoption of sustainable practices in existing
industries.
The availability of data we propose, and the related governance model, will help
the development of scientific research and build capabilities in cooperating states
and other customers.
The recommendations presented will help achieve more sustainable usage and
management of natural resources.
The services provided to fisheries, aquaculture, and coastal agriculture will help
reduce production and harvest food losses.
The data the constellation and our recommendations make available will make it
easier to assess the impact of companies and help them to adopt sustainable
practices and set up sustainable reporting.
Our recommendations on citizen science and the use of collected data will help
education about the marine environment.
In our chapter on disaster management, we make a number of recommendations
directly related to disaster resilience.
Through our citizen science and outreach recommendations, we strengthen the
awareness of the environment and climate change.
Our recommendations for coastal and oceanic areas will help local and
marginalized communities to plan and manage their region to deal with climate
change.
The recommendations regarding monitoring support the reduction of marine
debris.
Our governance model enhances the cooperation between countries and
companies to fight the impact of ocean acidification.
We make recommendations to improve monitoring in support of enforcing fishing
regulations.
We have tailored our recommendations on the use of remote sensing to be able
to benefit small scale businesses as well.
We make recommendations that facilitate action for the protection of coastal and
marine natural habitats and the protection of biodiversity in these areas.
We recommend including marine protected areas as one of the users in marine
spatial planning.
Our recommendations aim to help coastal communities and secure their
livelihood while protecting the environment.

SDG
16

Target
16.b

17

17.7
17.16
17.18

17.19

111

Description
Our recommended satellite technology and data platforms would be able to
provide data to enforcement agencies soon enough to take action to enforce
sustainable policies regarding overfishing and illegal use of ocean resources.
Our governance model is open for new participants; this will support the diffusion
of services that help protect the environment.
The governance model we propose is a multistakeholder partnership that
supports the achievements of the SDGs.
The proposed governance model values the opinions of involved countries and
focuses on the building of downstream applications, improving capability-building
in these countries.
The discussions and involvement proposed in the User Forum and conferences
will allow for collaboration in determining measurable goals in sustainability and
growth of the involved countries and regions.
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