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Preface

The “Oceans from Space” conference series, which has been held in Venice, Italy, at 10-year
intervals since 1980, aims to review the use of remote sensing from Earth’s orbit in the study of
the oceans. Indeed, in the last half century satellite observations have become a cornerstone of
all planetary sciences and of our efforts to understand and sustainably manage the Earth. The
5th “Oceans from Space” symposium, held at the Scuola Grande di San Marco, in Venice, on
24-28 October 2022 (after being delayed for two years by the COVID-19 pandemic), focused on
the most recent scientific and technological achievements, innovations, and challenges of satellite
oceanography. Major new developments have been achieved in ocean observations, to the point that
many aspects of modern oceanography have been revolutionized by the unprecedented capabilities
offered by orbital remote sensing. No other technology allows gathering information about marine
variables and processes, at suitable space and time scales, like satellite observations do. Ocean
exploration and environmental trend monitoring, coupled ocean and atmosphere forecasting, marine
resources management, maritime spatial planning: the list of current or potential applications is
virtually endless. The present collection of papers provides a significant sample of these, originating

from the latest “Oceans from Space” edition.

Vittorio Barale
Guest Editor
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Editorial
Half a Century of Oceans from Space: Features and Futures

Vittorio Barale

Tethys Research Institute, 20121 Milan, Italy; vittorio_barale@yahoo.it; Tel.: +39-333-1235757

Abstract: Half a century separates us from the dawning of satellite oceanography. Aircraft flights,
photographs from early space missions, and data from meteorological satellites in the 1960s already
provided glimpses of the future role of remote sensing in marine science. A first generation of
dedicated ocean-viewing satellites followed in the 1970s. The “Oceans from Space” conference
series, which convenes every ten years in Venice, Italy, started in 1980, when unprecedented data
sets originated by a second generation of satellites, SEASAT, TIROS-N, and NIMBUS-7, were just
beginning to be analyzed. When “Oceans from Space II” was held in 1990, no major new missions
were operating. However, in the 1990s, a third generation of missions were underway, based on
a longer satellite series and larger orbital platform. By the time “Oceans from Space III” was held
in 2000, increasing data quality, accessibility, and usability were contributing to the growth of this
young research field. “Oceans from Space IV”, in 2010, came at a time when remote sensing was
already in everyday use as part of the marine scientist’s standard toolkit. “Oceans from Space V”,
delayed by the COVID pandemic until 2022, offered a scientific and technical program reflecting the
astounding panorama of missions, instruments, and innovations available today.

Keywords: Oceans from Space; satellite oceanography; surface elevation; surface roughness; marine
emissivity; sea surface temperature; sea surface salinity; marine reflectance; ocean color; Venice

1. Introduction

Half a century—that is how much time separates us, today, from the dawning of the
early satellite oceanography concepts. Being able to conjugate and even merge together
such diverse ideas seemed unreal, back then, and almost contradictory in a way. Space
exploration was still in its infancy in the 1960s, a promising, exciting, unexplored avenue
of research reserved for a scant group of scientists, sometimes appearing to both experts
and the general public alike as a scientific and technological competition, mixed with the
allure of a thrilling voyage into the unknown. Additionally, oceanography was perceived
by most, including many of its practitioners, as an intriguing and even romantic affair,
which should have been carried out primarily, if not exclusively, on the open sea, or at best
near the coast—certainly not in the faraway offices of a Space Agency. A bit simplistic, a bit
naive maybe, but not too far from the reality of things: we will race to the moon, bringing
spacecrafts, sensors, and brave men into Earth’s orbit, developing, in the meantime, the
scientific understanding required to conquer that new frontier, which is waiting for us in
outer space. Conversely, we, a meagre group of smart adventurers, with tanned skin and
hairs ruffled by the wind, will embark, literally, on our next expedition across the Pacific
Ocean, hopping from island to island in search of the Holy Grail of sea floor spreading.
Two different, distant worlds .. ..

However, already in the 1970s, when the idea of an “Oceans from Space” conference
series was still in the making, that early concept of conjugating space and marine sciences
was well on its way to becoming a reality, thanks to the novel ideas of a relatively small
group of newborn space oceanographers: we shall demonstrate, they foretold, that the
ocean CAN be explored from Earth’s orbit! Yes, we shall seek to calibrate our instruments
in the lab and on the water. Yes, we shall need to validate our results from buoys and ships.
However, in fact, all that will be required to make sense of our data, our “imagery”, is a
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powerful computer, which does not even need to be located close to coastal infrastructure,
let alone to the piers of a seaport. Therefore, back in San Diego, the people working on the
famed Scripps Pier would feel a bit seasick, looking up at that huge satellite dish being
mounted on a nearby hill, where rattlesnakes had been hissing amid the cable reels from
past seagoing expeditions just a short while before.

After such a prelude, the “Oceans from Space” conference series, which convenes
only once every ten years, always in the city of Venice, Italy, and which will be the main
focus of this paper (see Appendix A for details), finally got started in early 1980. The first
edition attracted only a few tens of participants, mostly from Europe and North America.
However, the atmosphere during the Symposium was one of genuine excitement: the
partakers simply knew that they were breaking new scientific ground, while expectations
of making revolutionary progress in many sectors of marine science were running high.
There had been another gathering on the same topic, the so-called “Oceanography from
Space” conference, held in Woods Hole, Massachusetts, in August 1964, to be recalled in the
following, which is traditionally seen as the starting point of all things to come in satellite
oceanography. A few other landmark events, also to be recalled in the following, soon
came after that first one. However, Venice 1980, i.e., “Oceans from Space I”, was the maiden
meeting for people to discuss actual results of the first suite of space missions specifically
designed to probe the oceans, in virtually all ways possible. Indeed, after much planning
and years of preparation, things had started to happen, all at the same time, as usual, in the
last few months of 1978.

2. Oceans from Space I and II, Venice 1980 and 1990

A bit more than a decade was required to properly set the stage for “Oceans from
Space 1”. Data from visible, infrared and microwave sensors carried on aircraft flights and
photographs from early orbital missions, as well as records from video and thermal sensors
on the initial meteorological satellites, in the early 1960s, had already provided the first indi-
cations that remote sensing had something to offer to the advancement of marine sciences.
However, the report of the 1964 “Conference on the Feasibility of Conducting Oceano-
graphic Explorations from Aircraft, Manned Orbital and Lunar Laboratories”workshop,
held at Woods Hole Oceanographic Institution, in Woods Hole, Massachusetts [1], was the
ideal starting point of all the pioneering programs on ocean observations developed during
the following decade. In the wake of this promising beginning, the so-called “Williamstown
Conference”, held in 1969 at Williams College, in Williamstown, Massachusetts, to discuss
a space-based geodesy mission [2], and the 1972 “Conference on Sea Surface Topography
from Space” held in Miami, Florida [3], further contributed to focusing the attention of
oceanographers onto the advantages of space-based radars to address a number of their
data requirements.

A first generation of ocean-viewing satellites [4] carrying a suite of (active) microwave
sensors, Skylab in 1973 and Geos-3 in 1975, started to provide data on the structure of the
sea surface, i.e., its elevation (with respect to the geoid) and roughness (as a function of
winds, waves, wakes, and slicks). At the same time, measurements of emissivity in the far
infrared coming from (passive) infrared sensors on meteorological satellites [5], such as
the Visible and Infrared Scanning Radiometer (VISR), supplied the first assessments of sea
surface temperature (while assessments of salinity, through emissivity in the microwave
spectral range, were still far to come). Additionally, aircraft programs, such as those
conducted over both American and European waters using the airborne Ocean Color
Scanner (OCS) [6], continued to give indications about both potential and difficulties of
measuring the reflectance of the surface sea in the visible and near-infrared spectral range,
thereby determining its color and deriving its optical properties and constituents.

The availability of several, very promising, preliminary data, generated by a suite of
diverse, cutting-edge sensors and a growing scientific understanding of the processes that
they were describing (see Table 1 for a synthetic listing of Ocean Observations techniques,
spectral regions, and primary and derived parameters, which summarizes the main features
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of satellite oceanography [7]), led to the conception of orbital remote sensors explicitly
designed to look at the sea surface. Three novel spacecrafts were launched, in only a four-
month interval of 1978, which collectively carried a suite of sensors covering virtually all
the known ways of observing the oceans remotely from space and which would profoundly
change the way ocean scientists would study the sea in the years to come. The now-famed
trio comprised SEASAT, launched on 26 June; TIROS-N, which followed on 13 October
(immediately after the catastrophic failure of SEASAT on 10 October, when a massive short
circuit in the electrical system prematurely ended the mission); and NIMBUS-7, reaching its
final orbit on 24 October. This second generation of satellites devoted to ocean observations
returned a wealth of data, which definitively proved the claim of their promoters about the
techniques’ potential and value and which paved the way for almost all the subsequent
developments in satellite oceanography.

Table 1. Ocean Observations: techniques, spectral regions, primary and derived Parameters.

Surface Parameters Spectral Regions A *

(Passive Techniques: Spectrometers, Radiometers)
(Active Techniques: LIDARs)

1. REFLECTANCE *! Visible & Near Infrared  (a)
Surface Color, Optical Properties, Water Constituents, Bathymetry, Ice
Pigment(s) Concentration, Dissolved Organic Matter, Suspended Matter
Phytoplankton Biomass, Productivity, Functional Types, Macro-algae

2. EMISSIVITY *2 Thermal Infrared & Microwaves  (b)
Sea Surface Temperature (Skin temperature, Mixed Layer Temperature)
Sea Surface Salinity

(Surface Roughness)
(Active Techniques: Imaging RADARs, Scatterometers, Altimeters)

3. ROUGHNESS *3 Microwaves  (c)
Wave Height, Wave Spectra, Internal Waves
Wakes, Films, Slicks, Ice
Surface Winds

4. ELEVATION *# Microwaves  (c)
Surface Height (with respect to the Geoid), Slope
Geostrophic Currents, Eddies, Sea Level Rise
Ocean Geoid, Bathymetry

* Common observation wavelengths A are: (a) 380-750 nm and >750 nm; (b) typically 3.5-12.5 ym and 0.1-10 cm;
(c) primarily 1.3-76.9 cm, band letter designation K, to L.

1 Measure is reflected Sunlight or return of LIDAR pulse.

*2. Measure is emitted Earth radiation.

*3 Measure is fine detail of reflected Imaging RADAR pulse, or averaged power of Scatterometer return.

** Measure is time, shape, and strength of nadir return, following a pulse emitted by RADAR Altimeter.

The importance of this combination of events for the future of ocean observations from
space cannot be overstated. The SEASAT mission in particular explicitly aimed to validate
the feasibility of global ocean monitoring using satellites and to define the requirements
of future operational satellite systems for ocean remote sensing [8]. The satellite carried
five major instruments: a radar altimeter, to measure the spacecraft height above the
ocean surface; a microwave scatterometer, to measure the wind speed and direction; a
Synthetic Aperture Radar (SAR), to monitor the global surface wave field, as well as polar
sea ice; the Scanning Multifrequency Microwave Radiometer (SMMR), to measure the
sea surface temperature; and the Visible and Infrared Scanning Radiometer (VISR), to
identify the cloud, land, and water features. TIROS-N, conversely, carried the very first
Advanced Very-High-Resolution Radiometer (AVHRR), soon to become the forefather of a
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long series of ever-improving thermal infrared instruments dedicated to the assessment of
sea surface temperature, the workhorse of satellite oceanography on a number of successive
operational NOAA satellites [9]. Finally, NIMBUS-7 hosted onboard, among other sensors,
a new visible radiometer labeled Coastal Zone Color Scanner (CZCS) [10], which aimed to
monitor the surface patterns of water constituents—in particular the coastal plumes already
imaged successfully in early photographs, taken with a held-held camera by astronauts
from Earth’s orbit—and conceivably measure planktonic pigments as well, while yet
another SMMR was also included in the payload.

It was the availability of the results from this varied array of missions that prepared the
grounds for “Oceans from Space [”. At the time of the conference in 1980, the unprecedented
datasets originated by the SEASAT, TIROS-N, and NIMBUS-7 suite of sensors were just
beginning to be analyzed, amid the lingering problems of data availability and accessibility
and cumbersome processing requirements [11]. Although in the early stages of some
missions, the members of the respective experimental teams were granted periods for
exclusive use of the data, most major space agencies soon adopted open data policies, by
which their archives were made freely accessible to researchers around the world. Therefore,
the vast majority of “Oceans from Space 1” participants, although essentially still coming
from North America and Europe, were fully engaged in the analysis of the data originated
from these initial, multi-faceted missions, leading the way into completely uncharted
scientific territory—even though most had little or no knowledge of the substantial, if
isolated, advances being made at the same time in the (passive) microwave remote sensing
of the oceans by the Kosmos (and later Okean) satellite series in the former Soviet Union [12].
The success of this early start of satellite oceanography meant that new missions could be
justified only on the basis of their potential, but proven, cost-effective, concrete contribution
to ocean sciences. The consequent painstaking assessment and time-consuming preparation
of science-driven follow-up missions, satellites, and sensors resulted in a lack of major
new developments in the 1980s (with the notable exception of the American GEOSAT,
launched in 1985; the two Japanese Marine Observation Satellites, MOS-1A and MOS-1B, in
1987 and 1990; and the continuing Kosmos / Okean satellite series, the results of which were
reviewed in 1978, 1982, and 1987, respectively, by the first, second, and third “All-Union
Oceanographers Congress”, held in the USSR to discuss the applications of satellite remote
sensing in oceanography [13]).

When the “Oceans from Space II” conference took place in 1990, no major new mis-
sions were operating and the scientific community was still busy looking back at those first,
original, and very promising, but short and broken time series of satellite data covering
most of the world’s oceans. In fact, the full processing of the enormous amount of data
generated by the lot of second-generation ocean-observing sensors (with respect to the size
of the data sets normally handled by oceanographers) took years to be completed. New,
longer, and wider time and space dimensions were also added in those years to the concept
of satellite oceanography, in order to comply with the increasing awareness that under-
standing climate change required precisely the kind of data only satellite oceanography
could provide. In the following years, this gave rise to an ever-growing third generation
of missions, based this time no longer satellite series and larger orbital platforms, the
precursors of contemporary (quasi) operational global observing systems, akin to those
used for meteorological forecasting.

Thus, the 1990s saw several new developments, arising at an increasing pace and
involving more and more space agencies over the world [14]. To name just a few, the
main ones only, first came the European ERS-1 in 1991, carrying a Radar Altimeter, Wind
Scatterometer, C-band SAR, Microwave Radiometer (MR), and Along Track Scanning
Radiometer (ATSR), to be followed by ERS-2 in 1995, carrying essentially the same payload,
with the additional Global Ozone Monitoring Experiment (GOME), a nadir-scanning
ultraviolet and visible spectrometer, and an improved ATSR-2. Then, new altimeters
were deployed on the American—French Topex-Poseidon in 1992, and a C-band SAR on
the Canadian RADARSAT-1 in 1995. A group of national space agencies contributed
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to the manifold suite of sensors on the Japanese satellite series composed of an Earth
Resources Satellite (JERS-1), launched in 1992; the first Advanced Earth Observing Satellite
(ADEOS-]) in 1996, also carrying a number of sensors capable of observing the oceans
using a wide range of techniques; and the Tropical Rainfall Measuring Mission (TRMM)
in 1997. Finally, a whole decade after the final demise of the CZCS in 1986, and just a
few months after the sudden failure of the Ocean Color and Temperature Scanner (OCTS)
and the French Polarization and Directionality of the Earth’s Reflectance (POLDER)—both
carried on the ADEOS-I platform—through an industry /government partnership came
the long-awaited visible/near-infrared radiometer Sea-viewing Wide Field-of-view Sensor
(SeaWiFS), developed and launched in 1997 by a private company under contract by the
American space agency, which retained responsibility for the data collection, processing,
calibration, validation, archive, and distribution [15].

3. Oceans from Space III and IV, Venice 2000 and 2010

By the time “Oceans from Space III” was held in 2000, increasing data quality, ac-
cessibility and usability from the third generation of oceanographic space missions were
contributing to the growth spurt of this young research field. The need for new, unprece-
dented commitments, in terms of both programs and funding, had become evident not
only to the scientific community, but also in the political circles where goals and priorities
of public investments were set. Climate change and its startling consequences, in both the
environmental as well as socio-economic realms, were upon us at that time, and action
seemed urgent. Thus, at the turn of the century, and of the millennium, a new generation
of multi-sensor platforms—the TERRA and AQUA satellites [16], part of the American
Earth Observing System (EOS); the European ENVISAT [17]; and the Japanese short-lived
ADEOS-II [18]—were placed into Earth’s orbit between 1999 and 2002, essentially to pro-
long the existing, if still preliminary, time series of climate-related data. The payload of
TERRA/AQUA and ENVISAT, in particular, included sensors destined to give continuity
to global ocean color assessments, the Moderate Resolution Imaging Spectroradiometer
(MODIS) and the Medium Resolution Imaging Spectrometer (MERIS), together with new
tracking systems, altimeters, advanced SAR, and infrared radiometers.

Within the first decade of the new century, (quasi) operational tools started to be
provided to meteorological and environmental services by specialized missions, such
as those of the SeaWinds scatterometer aboard QuikSCAT, launched in 1999 to quickly
replace the loss of NSCAT on ADEOS-I; or the American WINDSAT on the Coriolis satellite,
launched in 2002; or again the European Advanced SCATterometer (ASCAT) on the Metop-
A satellite, launched in 2006 [19]. Similarly, the joint American-German two-satellite
Gravity Recovery and Climate Experiment (GRACE) mission started in 2002 (and continued
with GRACE-FO, Follow On, in 2018), while the European Gravity Field and Steady-
State Ocean Circulation Explorer (GOCE) was launched in 2009, in order to map, in
unprecedented detail, the Earth’s gravity field [20]. The German twin Earth Observation
satellites TerraSAR-X and TanDEM-X were deployed, respectively, in 2007 and 2010, to carry
out SAR global monitoring and build up a worldwide and homogeneous Digital Elevation
Model. Monitoring of the variations in the extent and thickness of polar ice was pursued by
the American ICESat, launched in 2003, for a long-term altimetry mission (and followed by
ICESat-2 in 2018); and by the European CryoSat, which was lost in a launch failure in 2005
but then replaced by CryoSat-2 in 2010 [21]. Furthermore, American-European cooperative
altimetry missions were continued by the Jason satellite series, i.e., Jason-1 in 2001, Ocean
Surface Topography Mission OSTM/Jason-2 in 2008, and Jason-3 in 2016 [22]. The French
POLDER visible radiometer series also continued in 2002, with POLDER-2, and then again
in 2004 with POLDER-3 [23], while a second Canadian RADARSAT-2, carrying another
C-band SAR, was launched in 2007.

Still around the turn of the century, new space agencies from emerging countries
also started to pursue independent ocean observation programs, in order to support both
national scientific communities and growing blue economy aspirations. India launched
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its own OceanSat-1 in 1999 and OceanSat-2 in 2009, while Oceansat-3, carrying a suite of
sensors composed of an Ocean Color Monitor (OCM-3), Sea Surface Temperature Monitor
(SSTM), and Ky-band scatterometer (SCAT-3), was finally launched in 2022 [24]. Even more
significantly, China began to deploy three satellite series named Haiyang (HY)—"ocean”
in Chinese—carrying a suite of visible, infrared, and microwave sensors, both active and
passive [25]. The HY-1 series, designed, primarily, to measure the ocean color and sea
surface temperature, was started in 2002 by HY-1A, followed by 1B in 2007, and later by 1C
in 2018 and 1D in 2020 (satellites 1E and 1F are supposed to continue this series). The HY-2
series, devoted to marine environmental dynamics, with all-weather and round-the-clock
observations of wave height, sea surface height, wind, and temperature, was started in
2011 by HY-2A, followed by 2B in 2018, and later continued by 2C and 2D in 2021 (satellites
2E, 2F, 2G, and 2H are supposed to continue this series). The HY-3 series, devoted to ocean
surveillance, composed of satellites 3A, 3B, 3C, and 3D, was planned for 2022, but has yet
to get underway.

“Oceans from Space IV”, held in 2010, came at a time when most, if not all, of the above
was already in everyday use as part of the marine scientist’s standard toolkit, while a score
of novel ideas and technical developments were coming of age. New mission concepts
were emerging, such as that of substituting the classical global, periodical monitoring
from polar orbit with continuous observations of a single region from geostationary orbit,
as was performed for northeast Asia by the South Korean Geostationary Ocean Color
Imager (GOCI), launched in 2010 and followed by GOCI-II in 2020 [26]. Sensor technology
advances also allowed the introduction of new items to the classical list of oceanographic
parameters measured by orbital remote sensors. In late 2009, the Soil Moisture and Ocean
Salinity (SMOS) European mission brought into orbit the Microwave Imaging Radiome-
ter with Aperture Synthesis (MIRAS), which was capable of measuring changes in the
salinity of seawater by observing variations in the microwave emission coming up from
its surface. This was soon to be followed by the joint American and Argentinian mission
Aquarius/ Satélite de Aplicaciones Cientificas (SAC)-D in 2011, and by the American follow-up
Soil Moisture Active Passive (SMAP) mission in 2015, also operating passive microwave
radiometers capable of assessing sea surface salinity [27].

In the decade following “Oceans from Space IV”, a new multi-sensor satellite series,
providing continuity to particular observation fields, started to become operational. A long
string of American missions began in 2011 with the Suomi National Polar-orbiting Partner-
ship (NPP), and continued in 2017 with the Joint Polar satellite System (JPSS-1)/NOAA-20,
and in 2022 with the JPSS-2/NOAA-21, all carrying onboard, among other instruments for
atmospheric sounding, the Visible Infrared Imaging Radiometer Suite (VIIRS) [28]. The
Global Change Observation Mission—Climate 1 (GCOM-C1), nicknamed Shikisai—"color”
in Japanese—was launched in 2017 as part of a Japanese project for the long-term obser-
vation of Earth’s environmental changes [29], carrying the visible/infrared radiometer
Second-generation Global Imager (SGLI) and the Advanced Microwave Scanning Radiome-
ter 2 (AMSR?2). The European Sentinel satellite series also got underway in the same decade,
as part of the Copernicus program [30], with the launches of Sentinel-1 (A and B) in 2014
and 2016, in order to provide all-weather, day and night SAR imaging; of Sentinel-3 (A and
B) in 2016 and 2018, both carrying the Ocean and Land Colour Instrument (OLCI), the Sea
and Land Surface Temperature Radiometer (SLSTR), and the Synthetic Aperture Radar
Altimeter (SRAL); and then of Sentinel-6 Michael Freilich (S6MF) in 2020, to provide continu-
ity in high-precision altimetric sea level measurements, mapping previously unresolvable
features over both open and coastal waters.

Furthermore, during the same years, a score of international specialty missions has
been widening the spectrum of possibilities for constant, advanced oceanographic monitor-
ing. In this category, the Indian-French altimetry mission SARAL/ALtiKa was launched in
2013 [31]. The Chinese-French Oceanography Satellite (CFOSAT) was launched in 2018, to
conduct wind wave measurements with the Surface Waves Investigation and Monitoring
(SWIM) instrument [32]. And additionally, the American-French Surface Water and Ocean
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Topography (SWOT) latest altimetry mission, with Canadian and British contributions,
was launched in late 2022 [33].

4. Oceans from Space V, Venice 2022

“Oceans from Space V”—which took place in Venice like its preceding editions, but,
due to the COVID pandemic, had to be postponed twice from its original date in October
2020 to October 2022, and also somewhat downsized—offered a scientific and technical
program reflecting the astounding panorama of missions, instruments, and innovations
available today [34]. The conference formula was designed to provide an overview of the
path followed so far by satellite oceanography and the tools currently available, as well
as plans for tomorrow. Table 2 provides a summary of the main scientific and technical
themes chosen for this purpose. More information on the conference and its contents can
be obtained as indicated in the Supplementary Materials endnote.

Table 2. “Oceans from Space V” scientific and technical themes.

No. Themes Sessions

1 Missions, Satellites, and Sensors 4
Technical Issues, Instruments, and Data Synergies
Novel Analyses, Sea Surface Salinity, and Acidification
Sensor Arrays, Multi-Mission/Sensor, and Cube/Small-Sats
2 Models, Assimilation, and Cal/Val 2
Modelling and Data Assimilation (in Global Models)
Assimilation of Model Data for New Space Products
Uncertainties, Cal/Val, and In Situ Technologies
3 Regional and Planetary Issues 1
Ocean Basins, Arctic Ocean, and Antarctica
Continental Waters, Marginal Basins, and Sea Level Rise
Relating Earth Oceans and Oceans on Exoplanets
4 Surface Processes, Coastal Issues, and Extreme Events 3
Ocean-Atmosphere Exchange and Coupled Modelling
Wind, Waves, and Total Surface Current Velocity
Global Coastal Ocean, Near-Coastal Waters, and Hazards
5 Bio—Geo—Chemical Issues and Pollution Processes 1
Aquatic Carbon from Space
Biodiversity and Floating Vegetation in the Global Ocean
Pollution (Plastics, Hydrocarbons, and Runoff) and Debris
6 Society, Policy, and Economics 1
Science and Society, and Management and Policy
Coastal and Marine Ecosystem Services, and Economics
Emerging Countries and Early Career Researchers

(a) “Venice Syndrome” (Coastal Areas at Risk) 2

(b) COVID-19 Pandemic: Oceans’ Responses 1/3*
(c) Coupling Space Science and Citizen Science 1/3%
(d) UN Decade of Ocean Science (2021-2030) 1/3*

* Themes b, ¢, and d were all covered during the Symposium’s Closing Session.

The scope and breadth of the Symposium Program offer a better impression of the
current field of satellite oceanography and its likely future developments than any listing
of missions, satellites, and sensors currently available or planned. It highlights the added
value of many complementary systems, techniques, and their combined views, addressing
the multidisciplinary character of the scientific direction that future missions will take.
This broad spectrum of topics includes new sensing techniques and results for water color,
surface wind, all kinds of surface and internal waves, ice, floating vegetation, temperature,
salinity, and pollution, in both open and coastal waters, with multi-mission combinations,
and includes policy applications as well as citizen science. Additionally, it also comprises
a special session on global sea level rise and the future of Venice, in the hope that future
conferences, in 2030 and later, will continue to be possible at the same location. A sample of
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the papers presented, i.e., the winners of the Best and Distinguished Contributions Awards,
are listed in Appendix B, together with the winners of the other ad personam Awards issued
in 2022 and throughout the conference series.

With Theme 1 (Missions, Satellites, and Sensors), the program focused on ocean-
oriented missions, satellites, and sensors. Several specialized sessions were devoted to the
latest technical developments, instruments, data analyses, and synergies. Novel issues and
principles, such as polarimetry and lidar applications, sea surface salinity, or acidification
assessments were also foreseen. Lastly, this first Theme included the use of satellite
constellations, multi-mission and multi-sensor approaches, and cube-sats and small-sats
arrays (devoted, e.g., to global climate research).

Numerical models, data assimilation, and calibration/validation issues constituted
Theme 2 (Models, Assimilation, and Cal/Val) of the program. This comprised modelling
and assimilation at large, and, in particular, the assimilation of ocean data into global
models; the assimilation of numerical model data in order to derive new products from
space; uncertainties and validation; in situ technologies; and new calibration approaches.

Theme 3 (Regional and Planetary Issues) encompassed regional and planetary issues:
ocean basins, the Arctic Ocean, and Antarctica. Continental waters, marginal/enclosed
seas, and local sea level rise, as well as interfacing research on Earth’s oceans and the oceans
on exoplanets, were also considered.

The processes taking place at the surface of the ocean or at its coastal boundaries,
as well as extreme events recurring as a consequence of climate change, were grouped
into Theme 4 (Surface Processes, Coastal Issues, and Extreme Events). Ocean-atmosphere
exchange and coupled modelling fell into this category, together with ocean surface obser-
vations for assessing wind and waves, or for monitoring the total surface current velocity
(i.e., Doppler oceanography). Furthermore, the global coastal ocean, spanning across the
land-to-open-ocean boundary, plus coastal waters at large (wetlands, deltas, estuaries, and
areas with saline intrusions), coastal hazards, and extremes (e.g., inshore vs. offshore sea
level rise, surges, erosion, and sediment transport) were also included.

Theme 5 (Bio—Geo—Chemical Issues and Pollution Processes) dealt with bio—geo—
chemical issues, pollution agents, and processes. The aquatic-carbon-from-space item
aimed to link biology to the physics of the air—sea interface, while that on biodiversity called
for a vision for assessing the diversity of life beyond the simple and popular measures
of biomass/carbon. Floating vegetation in the global ocean meant observations of the
changing distribution of Sargassum, its causes and future projections, and observations of
other microvegetation species in other oceans. Marine pollution (including coastal/river
runoff, hydrocarbons, and plastics) and marine debris monitoring from high-resolution
microwave and optical sensors completed this Theme.

Finally, Theme 6 (Society, Policy, and Economics) brought about a connection to
strategies and management, linking what can be observed and the next generation of science
questions in need of being addressed (e.g., water quality, harmful algal blooms, carbon
management, and water resources) to how these could provide support for decision makers.
Science and society, valuations of coastal and marine ecosystems (i.e., ecosystem services),
and economic issues were considered. Furthermore, Theme 6 focused on involving early
career researchers, new contributors such as satellite sensor engineers/technologists, and
scientists from emerging countries.

An additional set of particular, targeted topics concluded this series of Themes:
(a) global sea level changes and the future of Venice, which parallel those of the many other
urban areas in the Mediterranean Sea and indeed around the world, that are at risk from
analogous hazards; (b) the oceans’ responses to the COVID-19 pandemic, as seen from
space; (c) the emerging potential of coupling space science and citizen science for water
quality monitoring in particular; and (d) the United Nations (UN) Decade of Ocean Science
for Sustainable Development (2021-2030), to which “Oceans from Space V” offered a key
opportunity for articulating the space applications” contribution to “ocean science that is fit
for purpose” [35].
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5. Conclusions

The task of providing a comprehensive review of satellite oceanography is truly
prohibitive, as it would be very hard for anybody to be fully aware of all the pyrotechnic
developments that have led us to the current state of affairs. Nevertheless, the present
synthetic—probably rather incomplete—historical outline of its progress, as witnessed by
the partakers in the “Oceans from Space” conference series, attempts to give a general
impression of this multi-faceted subject.

Satellite observations have become a cornerstone of all planetary sciences. No other
technology allows for information gathering at the proper space and time scales like orbital
remote sensing does, while the list of its current or potential applications is virtually
endless. Sustainable environmental management, in particular, relies on the provision
of information services via ad hoc communication, and of knowledge exchange between
scientific community and user community at large. A key role in this interaction is played
by specialized conventions, which can focus the awareness of both know-how providers
and their customers. In the marine sector, the “Oceans from Space” conference series is one
of the most celebrated and widely attended events, offering, with a decadal timeframe, a
thorough outline of the state-of-the-art in satellite oceanography, an overview of the current
research on the global scene, and a forum for debating topical issues.

“Oceans from Space V” was the latest in this series of discussions on the past, present,
and future successes, problems, and requirements of using satellites for studying the oceans.
It has been shown that research in Ocean—and indeed Earth System—Science has become
increasingly multidisciplinary, as well as focused on societal benefits. It demands the
collaboration of experts not only in traditional subjects, but also in social sciences, informa-
tional technology, and policy. The “Oceans from Space” conference series provides an ideal
opportunity to review the use of spaceborne measurements, promote interdisciplinary
education, stimulate new collaborations, and involve in this process participants with
varied backgrounds, including the next generation of early career scientists.

Supplementary Materials: Additional supporting information can be downloaded from the website
https:/ /www.oceansfromspacevenice2020.org/ (accessed on 2 August 2023), where past, present,
as well as future developments about the “Oceans from Space” conference series are summarized,
together with the “Oceans from Space V” facts and figures, recent news, and a final version of the
Symposium Proceedings.
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Appendix A

The first event in the “Oceans from Space” conference series, was held in Venice, Italy,
on 26-30 May 1980, as a “COSPAR/SCOR/IUCRM Symposium”. These acronyms refer to
international entities, which at the time were, and in some cases still are, rather active on
the international scene. The Committee on Space Research (COSPAR) was created in 1958
by the International Council of Scientific Unions (ICSU), predecessor of the International
Science Council (ISC)—a non-governmental organization that unites scientific bodies across
the social and natural sciences [36]—to promote scientific research in space. The Scientific
Committee on Oceanic Research (SCOR) is an interdisciplinary body of the ISC. It was
established in 1957 by the ICSU/ISC, coincident with the International Geophysical Year of
1957-1958, to help address interdisciplinary science questions related to the ocean. And
finally, the Inter-Union Commission on Radio Meteorology (IUCRM) was created in 1959,
as a constituent association of the International Union of Geodesy and Geophysics (IUGG),
which was one of the 20 scientific Unions grouped within the ICSU/ISC. It ceased activities
in 1982.

In the late 1970’s, COSPAR had suggested holding a joint event with SCOR, as a major
review of space oceanography. Since this meeting fitted well with a series of colloquia
organized by IUCRM, these three bodies joined forces to sponsor the very first “Oceans
from Space”. The Symposium was hosted by the Universita Ca Foscari of Venice, Italy, in
the halls of its Aula Magna at Ca Dolfin. The location proved to be so much appreciated by
participants, that all subsequent events of the conference series have always been held in
the city of Venice, although at different venues. Additional support to the first conference
edition was also provided by the Venice-based Istituto per lo Studio delle Grandi Masse
(ISDGM), of the Italian Consiglio Nazionale delle Ricerche (CNR). With the help of the local
organizers, an effort was made to complement the scientific and technical sessions with a
rich social program, a characteristic that later became a distinguishing trait of the whole
conference series. “Oceans from Space I” was chaired by J. Gower, then at the Institute of
Ocean Sciences (10S), Sidney, Canada. The Symposium Proceedings, which he edited for
Springer [11], were published in 1981, and soon became a celebrated manifesto of the whole
satellite oceanography community.

The first event ended with the commitment to reconvene once again the same com-
munity, in the same place, possibly in a sensible time frame, for a progress review. But
eventually “Oceans from Space II” did not take place until 1990. The decadal periodic-
ity has since become another distinguishing trait of the conference series. Both I0S and
ISDGM/CNR, together with some of the Unions and Associations in the original group
of sponsors, continued to support in various ways the conference series. A new entry in
this group was the ICSU/ISC-affiliated International Union of Geodesy and Geophysics
(IUGG), participating through the International Association for the Physical Sciences of the
Oceans (IAPSO)—which was organized in its present form in 1967, to promote the study of
the oceans and its interactions at the sea floor, coastal, and atmospheric boundaries using
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mathematics, physics, and chemistry. The Scuola Grande di San Giovanni Evangelista—a mon-
umental complex with noteworthy examples of Gothic, Renaissance and Venetian Baroque
art and architecture, which has been the seat of the lay brotherhood by the same name since
1261—was chosen as the new venue for the second Symposium, held on 21-25 May 1990.
Once again, ]. Gower acted as Chairman and convenor of the conference. Unfortunately,
although participation was even larger than that of the first edition, no proceedings of this
event were ever published.

“Oceans from Space III” was held on 9-13 October 2000, in the halls of the Scuola
Grande di San Teodoro—the seat of the traders’ lay brotherhood, devoted to the Patron
Saint of the Merchant Guild of Venice since the mid 1600s and originally the heavenly
protector of Venice itself—in the very heart of Venice, near the Ponte di Rialto. About
250 scientists, representing 25 countries from around the world, attended the various
sessions and took part in the many events of the Symposium. New sponsors joined I0S
and ISDGM/CNR in backing the event. The Joint Research Centre (JRC) of the European
Commission (EC) became deeply involved in organizing and financing the Symposium,
and later maintained the same role in all its subsequent editions. The Italian Istituto Centrale
per la Ricerca scientifica e tecnologica Applicata al Mare ICRAM) provided additional support.
Furthermore, the European Association of Remote Sensing Laboratories (EARSeL) and,
most prominently, the European Space Agency (ESA) also made their appearance in the
sponsors’ roster. These were later joined by the US Office of Naval Research (ONR) and
National Aeronautics and Space Administration (NASA). The chairmanship of the event
was enlarged to include V. Barale from JRC/EC and L. Alberotanza, then the Director
of ISDGM/CNR, together with J. Gower (see Figure Al). The conference proceedings,
collecting two-page Extended Abstracts from all the contributions, were published in 2000,
in conjunction with the event, as a JRC Technical Report [37]. A subset of these Extended
Abstracts, reformulated as more detailed Research Letters, were also published in 2004 as a
Special Issue of the International Journal of Remote Sensing [38].

Ten years later, “Oceans from Space IV”, held on 26-30 April 2010, moved back to the
Scuola Grande di San Giovanni Evangelista with a new conference formula, which rendered it
one of the memorable events in the mind of many participants. Oral sessions were limited
to 20 keynote addresses delivered by invited speakers (whose lectures were collected
and published prior to the conference in a volume edited by Springer [39]), while all the
submitted contributions were presented in a sequence of multi-disciplinary poster sessions
(the Extended Abstracts of which were, once again, published as a JRC Scientific and
Technical Report [40], in conjunction with the event). This formula eliminated the need for
parallel sessions, allowing all participants to have a complete overview of all presentations.
Early-morning Special Topic Seminars and late-afternoon Panels and Plenary Discussions,
focused on topics of particular interest, completed the program. The technical sessions
were complemented by daily art exhibits by Maestro E. Balliano, a celebrated representative
of the contemporary Futurist movement, whose painting “Le Pagine nell’Acqua”, created
purposely for the Symposium, was reproduced in a limited, signed, and numbered series of
prints offered to all attendees. Participation in the event was somewhat lower than expected
due to a persistent economic crisis, the unavoidable competition of other conferences, and,
perhaps primarily, to the untimely eruption of the Icelandic volcano Eyjafjallajokull, which
threw European air traffic into complete chaos during the weeks preceding the conference
and caused a number of last-minute cancellations. In spite of the attendance losses, the
Symposium still attracted 170 participants from several EU countries; Ukraine; Russia;
the US and Canada; countries from central and South America; African countries; India,
China, Japan, and Australia. Support was offered by 10S, ISDGM/CNR, JRC/EC, and the
Tidal Forecasting and Early Warning Centre (TFEWC) of the Venetian municipality. ESA
also renewed its sponsorship, together with the US ONR, NASA, and National Oceanic
and Atmospheric Administration (NOAA). Once again, chairmanship of the event was
provided by V. Barale, L. Alberotanza and J. Gower.

11
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Figure Al. Co-chairs of the “Oceans from Space III, IV and V” Symposiums: Luigi Alberotanza (left),
Vittorio Barale (center), and Jim Gower (right). In the background, a partial view of the facade of the
Scuola Grande di San Marco, where the fifth edition of the Symposium was held in 2022.

After being carefully planned and scheduled to take place at the same decadal interval,
“Oceans from Space V” had to be postponed twice, first from its original date in 2020 to
2021, and then again to 2022, due to the continuing COVID-19 pandemic. When it was
finally held on 24-28 October 2022, in the halls of the Scuola Grande di San Marco (the seat of
the Fraternity of Saint Mark since 1260, rebuilt in 1485 after a fire, with elements of Renais-
sance classicism and a masterful front of Byzantine flavor), both its technical and social
programs had to be somewhat downsized, in order to accommodate the reduced number of
participants and health protection measures that needed to be implemented. Furthermore,
the lingering effects of the COVID-19 plague and the war in eastern Europe, generated by
the 2022 Russian invasion of Ukraine, again caused a number of last-minute cancellations,

12
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before as well as during the conference itself. In spite of this reduced attendance, the Sym-
posium still attracted about 100 participants, primarily from Europe and North America,
with smaller representations from South America, Africa, and Asia. The main sponsors
of the event were JRC/EC and the newly established Istituto di Scienze Marine ISMAR) of
the Italian CNR, together with the ESA and European Organization for the Exploitation
of Meteorological Satellites (EUMETSAT). NASA also renewed its sponsorship through
a grant to the SCOR, managed by the International Ocean Colour Coordinating Group
(IOCCG). The Italian Tethys Research Institute (TRI), MDPI Remote Sensing, and NSA
Group, which manned the Symposium Secretariat, provided additional in-kind support.
The chairmanship of the event was still provided by V. Barale, L. Alberotanza, and J. Gower.
The NSA Group published the conference Proceedings [34] as a draft version prior to the
conference and in their final form in 2023, again as a collection of Extended Abstracts.
A number of representative contributions were selected during the conference itself for
publication as full-length papers in the present “Oceans from Space V” Special Issue of the
MDPI Remote Sensing journal.

Appendix B

In the last three editions of the Symposium, the “Oceans from Space” Scientific Com-
mittee assigned Fero da Prora Awards to recognize the sometimes obscure, but fundamental,
work of those colleagues who, over the years, have played a major role in the satellite
oceanography community (Table Al). The Fero da Prora, or “prow iron” in Venetian dialect,
seen on every gondola (see Figure A2), is a counter-weight balancing the gondoliere on the
stern, thus allowing the vessel to sail smoothly with any number of passengers.

Table A1. “Oceans from Space V” Fero da Prora Awards.

Year Fero da Prora Award Recipients Spec.
2000 Jim Gower
(Ret.) Institute for Ocean Sciences, Sidney (CAN)
2010 Tom Allan In Memoriam
(Ret.) Satellite Observing Systems, Godalming
(UK)
2010 Roberto Frassetto
(Ret.) Consiglio Nazionale delle Ricerche, Venice (I)
2010 Dennis K. Clark
NOAA NESDIS, Silver Spring, MD (USA)
2010 Ezio Balliano For Artistic Contribution
Vercelli (T)
2022 Giuseppe Zibordi
(Ret.) Joint Research Centre, EC, Ispra (I)
2022 Christina K. Cross & Victoria K. Cross Youngest Participant Ever *

Florida Atlantic University, Fort Pierce, FL (USA)
* High-school students C.K. Cross and V.K. Cross were co-authors of an award-winning poster.

7

Symposium participants of the the last three editions of the “Oceans from Space’
received, in their conference kit, a ballot to be used for the evaluation of every contribution,
oral or poster, on a scale from 1 (poor) to 5 (excellent), on the basis of either the presentation
itself or of the Extended Abstract available in the Proceedings. After compilation of all the
entries, on the last day of the Symposium, a Best Contribution Award and 10 Distinguished
Contribution Awards were issued during the Closing Session. The results of this exercise
for “Oceans from Space V” are shown in Table A2.
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Table A2. “Oceans from Space V” Best Contribution (BC) and Distinguished Contributions (DC).

Author(s) & Title

1 M.M. Martinez *, L.A Ruiz-Etcheverry, B. Picard, M. Saraceno, and C. Guinet BC
“Analysis of hydrographic data collected by Southern Elephant Seals
in the Argentine Continental Shelf”
2 C.Gommenginger *, A. Martin, A. Egido, K. Hall, P. Martin-Iglesias, and T. Casal etal. = DC
“Imaging small-scale ocean dynamics at interfaces of the Earth System
with the SEASTAR Earth Explorer 11 mission candidate”
3 P. Bontempi * DC
“The value of regional and planetary ocean information
for Earth’s blue economy”
4 C. Donlon * DC
“Oceans from Space: Achievements of the European Space Agency
over the last decade and plans for the next decade”
5 D.T. Sandwell *, J.A. Goff, ]. Gevorgian, H. Harper, S.S. Kim, Y. Yu, and B. Tozer etal. DC
“Global Seafloor Mapping from Ships, Satellites, and Geological Information

for High Resolution Ocean Models: SYNBATH”

6 L. Lorenzoni * DC
“Looking at the past to pave the future: NASA’s OBB perspective on priorities
for aquatic ecosystems and bio-geo-chemistry”
7 A. Moiseev *, F. Collard, J.A. Johannessen, and B. Chapron DC
“Total surface current radial velocity

from Sentinel-1 SAR Doppler shift observations”

8 VK. Cross, C.K. Cross *, M. McCoy, and T. Moore DC
“Validation and Comparison of the HawkEye CubeSat Sensor
to Current Ocean Color Satellites over AERONET-OC Sites”
9 G. Umgiesser * DC
“Venice and Acqua Alta in the perspective of Climate Change”
10 K. Ruddick*, M. Beck, A. Bialek, V. Brando, A. Cattrijsse, ]. Concha, A. Corizzietal. =~ DC
“WATERHYPERNET: Automated in situ measurements of hyperspectral
water reflectance for satellite validation. . .and more”

11 D. Ciani *, M-H. Rio, B. Buongiorno Nardelli, S. Guinehut, E. Charles, H. Etienne etal. ~DC

“Ocean circulation from the synergy of altimeter

and oceanic tracers observations”

* Presenting and/or corresponding Author, who received the Contribution Award.

In line with its longstanding tradition of coupling science and art, “Oceans from Space”
has promoted high-quality publishing (i.e., the photographic volume on “Venice, places and
history” by D. Reato, re-published by White Star as a special edition for “Oceans from Space
III”) and visual arts expressions (i.e., the painting “Le Pagine nell’Acqua” by E. Balliano,
commissioned for “Oceans from Space IV”). On the occasion of “Oceans from Space V”,
a poetry contest was set up among all participants. A jury composed of the conference
Co-Chairs, and of other volunteers willing to evaluate the submitted entries, chose the
Haiku shown in Table A3 as the best poem of the Symposium.

Table A3. “Oceans from Space V” Poetry Contest: winning composition.

“Oceans from Space V" Poetry Contest

A Whirling Haiku
by Phoebe Hudson

Turbulent mixing
of wind, waves and ideas.
Swirling discussion.

14
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Figure A2. “Oceans from Space V” Closing Session slide introducing the Fero da Prora Awards.
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Abstract: The Ocean Colour Thematic Assembly Centre (OCTAC) of the Copernicus Marine Service
delivers state-of-the-art Ocean Colour core products for both global oceans and European seas,
derived from multiple satellite missions. Since 2015, the OCTAC has provided global and regional
high-level merged products that offer value-added information not directly available from space agen-
cies. This is achieved by integrating observations from various missions, resulting in homogenized,
inter-calibrated datasets with broader spatial coverage than single-sensor data streams. OCTAC
enhanced continuously the basin-level accuracy of essential ocean variables (EOVs) across the global
ocean and European regional seas, including the Atlantic, Arctic, Baltic, Mediterranean, and Black
seas. From 2019 onwards, new EOVs have been introduced, focusing on phytoplankton functional
groups, community structure, and primary production. This paper provides an overview of the
evolution of the OCTAC catalogue from 2015 to date, evaluates the accuracy of global and regional
products, and outlines plans for future product development.

Keywords: Ocean Colour; operational oceanography; essential ocean variables; regional products;
sentinel-2; sentinel-3; environmental reporting

1. Introduction

Awareness of the role that the ocean plays in the climate, environment, economy, and
more generally the entire society has increased over the past decades [1,2]. At the European
level, this has given birth to the Copernicus Marine Environment Monitoring Service
(CMEMS), which constitutes one of the six pillar services of the Copernicus program [3].
CMEMS was established in 2015, building on the experience gained through a series of
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European projects from 2004 through 2015 (MERSEA, MyOcean, and MyOcean2). Currently,
CMEMS is the European provider of operational information (both observations and model
outputs) about the global ocean and the European regional seas [4,5].

Within CMEMS, the Ocean Colour Thematic Assembly Centre (OCTAC) provides
state-of-the-art Ocean Colour (OC) core products for the global ocean and the European
seas based on multiple satellite missions [6-8]. The OCTAC serves users across the scientific
and operational oceanography communities, commercial providers focused on the use of
marine resources, and public agencies focused on environmental monitoring, with interests
in data across oceanic, shelf, and coastal waters. Depending on their applications, these
users require different spatial resolutions (i.e., 1 to 4 km in open ocean, 300 m over the shelf,
and down to 10s of meters in coastal waters) [9,10]. To meet these needs, the global and
regional higher-level combined OCTAC products generate added-value information not
readily available from space agencies. Since 2015, the OCTAC has continued to improve
the accuracy at the basin level of existing essential ocean variables (EOVs), i.e., chlorophyll-
a concentration (CHL), inherent optical properties (IOPs), as well as the radiometry in
itself [5,11]. EOVs are key parameters for understanding the spatiotemporal variability of
the ocean’s physical and biological compartments and are required for inclusion in climate
models and projections [11]. Given that the variability in the phytoplankton community
structure and the composition of the dissolved and particulate matter occurring across
oceanic basins cause significant optical differences [12-14], the regional algorithms differ
from those available for global applications because they are specifically derived to reflect
the bio-optical characteristics of each European sea [6,13,15]. Blended CHL datasets are
produced for all basins applying the appropriate algorithms across the open ocean and
coastal waters depending on the water types [6,7,9]. From 2019 onwards, new EOVs
related to phytoplankton functional and size groups, community structure, and primary
production (PP) were introduced [5,11].

The present review will provide (i) a summary of the operational OC products and
datasets across the different spatial resolutions and their evolution from 2015 to date; (ii)
an overview of the uncertainty associated with selected variables; (iii) examples of the use
of products for operational monitoring and reporting; and (iv) a description of the planned
and foreseen product evolutions.

2. Product Overview

Within the CMEMS operational oceanography framework, data are produced both in
near-real time (NRT) and as reprocessed multiyear (MY) data delivered as daily consistently
projected Level 3 (L3) datasets, as well as monthly average and daily “gap-free” Level 4
(L4) products to overcome cloud cover in subsequent oceanographic analyses [3-5]. The
daily L4 datasets are retrieved using optimal interpolation or variants of the DINEOF
(data interpolating empirical orthogonal functions) procedure [7,16,17]. The daily NRT
products are available by the end of the day following the satellite data acquisition. The
daily MY products are produced within 8 to 12 days of acquisition. Since 2015, OCTAC has
delivered global and regional OC products covering the CMEMS regions: Global (GLO),
Arctic (ARC), and North-East Atlantic (ATL) regions, and Baltic (BAL), Black (BLK), and
Mediterranean (MED) seas (Figure 1, Tables 1 and 2).

In 2015, the NRT regional products were based on single-sensors data; between
2016 and 2018, the multisensor datasets were introduced across the whole catalogue
(Figure 1). Such datasets are based on harmonized multisensor time series of remote
sensing reflectance (Rys) acquired by different OC satellites, significantly increasing the
spatial coverage of daily observations) [6,7,9]. These products are available at 1 km spatial
resolution for European seas, and at 4 km resolution for the global ocean. Since 2020, the
MY processing chains have become fully consistent with the NRT multisensor processors,
for all basins. Hence, the only difference between NRT and MY datasets lies in the upstream
input data: the Level 2 (L2) granules processed with consolidated auxiliary data (hindcast
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meteorological and ephemerides data, usually available a few days after their acquisition)
are used to produce the consistent and quality checked MY time series.

In May 2021, higher spatial resolutions were added to the catalogue with the OLCI
(Ocean and Land Colour Instrument) datasets at 300 m resolution combining Copernicus
Sentinel-3 A and B, as well as the Copernicus Sentinel-2 MSI (MultiSpectral Instrument)
datasets at 100 m (Figure 1). The Sentinel 2 MSI datasets are produced for the European
coastal waters in a 20 km strip from the coastline, while the OLCI datasets are available
at 300 m for all European regional seas and in the global product over a 200 km strip
from the coastline (Figure 2). In 2022, the OCTAC catalogue was fully reorganized to
reduce the number of products and datasets, so that each product now contains up to
five datasets:

(i) Plankton—with the phytoplankton chlorophyll concentration (CHL), phytoplankton
size classes (PSC) and phytoplankton functional types (PFT);

(ii) Primary Production—integrated productivity within the euphotic zone (PP);

(iii) Reflectance—with the spectral remote sensing reflectance (Rys);

(iv) Transparency—with the diffuse attenuation coefficient of light at 490 nm (Kd490),
Secchi depth (ZSD—an indicator of water transparency), turbidity (TUR), and the
suspended particulate matter (SPM);

(v) Optics—including the inherent optical properties (IOPs), such as absorption and
backscattering by particulate and dissolved matter.

As of December 2024, the OCTAC catalogue is composed of 38 OC Products and 214
datasets, across the multisensor, Sentinel-3, and Sentinel-2 data streams (Tables 1 and 2).

The OCTAC operational production is shared among European research centers and
private companies to ensure a distribution of the necessary expertise across data streams
(Table 2). The development, refinement, and implementation of the processing chains
is based on Copernicus funding as well as the uptake of state-of-art algorithms and
approaches developed by the space agencies, large collaborative projects, and the OC
community.

The OCTAC Catalogue (Tables 1 and 2) includes two complementary global re-
processed products from the Copernicus-GlobColour [7] and OC-CCI (Ocean Colour
Climate Change Initiative) [8,9]. These are the main and only two existing operational
initiatives providing global long-term daily observations of L3 OC products based on a
multisensor approach with 4 km resolution. The Copernicus-GlobColour operational
processor ensures consistency of MY and NRT products, with periodical updates when
new upstream data from NASA (National Aeronautics and Space Administration) or
ESA (European Space Agency)/EUMETSAT (European Organisation for the Exploitation
of Meterological Satellites) are available, or following processing chain evolutions [7].
On the other hand, OC-CCI targets climate quality consistency with minimal inter-
sensor bias [8,9], with the unavoidable cost of being unable to reach this consistency
with an NRT production. Since OC-CCI V5, the CCI algorithms have been applied to
delayed-time NRT data to produce interim climate data records (ICDR) for the Coperni-
cus Climate Change Service (C3S) within a month of acquisition, though these should
not be considered climate grade. The two products therefore feature different and com-
plementary characteristics, serving various user needs. A downstream service offering
NRT products might choose the GC MY to identify anomalies in yesterday’s NRT, while
a study investigating long-term subtle changes or deriving historical measures for later
use may opt for OC-CCI or Copernicus-GlobColour.
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Figure 1. Overview of the OCTAC catalogue evolutions of the single-sensor and multisensor global
and regional OC products from 2015 to 2024. The blue lines mark the timelines of each product type;
covered basins are marked in green and listed under each line; satellite sensors are marked in black;
spatial resolution of products/datasets is marked in blue. The red dots mark the dates of the MY
reprocessing.

Table 1. Overview of OCTAC products at various spatial resolutions: 1 and 4 km multisensor datasets,
merged Sentinel-3 OLCI A + B datasets at 4 km and 300 m, and merged Sentinel-2 MSI A + B datasets

at 100 m.
CMEMS Region i\/lkulti-Sen.sor Sentinel-3 (_)LCI A+B Sentinel-2 MSI A + B
m (Regions), 4 km (ARC, GLO) 300 m (Regions and GLO)/4 km (GLO) 100 m
NRT MY NRT MY NRT MY
L3 L4 L3 L4 L3 L4 L3 L4 L3 L4 L3 L4
Arctic Ocean - - v v v v v v v v - -
NE Atlantic Ocean v v v v v - v - v v - -
Baltic Sea - - v v v v v v v v - -
Black Sea v v v v v v v v v v - -
Mediterranean Sea v v v v v v v v v v - -
Global v v v v v v v v - - - -
Global (C35/0C-CCI) v v
* Due to size of the files, the Sentinel-2 based products for the North-East Atlantic are produced over the Iberia—
Biscay-Ireland (IBI) and North-West Shelf (NWS) areas and are provided in tiles linked to UTM zones.
Table 2. Listing of the OCTAC products in December 2024.

Region L3/L4 NRT/MY Product Name DOI Production Unit
GLO L3 NRT OCEANCOLOUR_GLO_BGC_L3_NRT_009_101 https:/ /doi.org/10.48670/moi-00278 ACRI-ST
GLO L4 NRT OCEANCOLOUR_GLO_BGC_L4_NRT_009_102 https://doi.org/10.48670 /moi-00279 ACRI-ST
GLO L3 MY OCEANCOLOUR_GLO_BGC_L3_MY_009_103 https://doi.org/10.48670/moi-00280 ACRI-ST
GLO L4 MY OCEANCOLOUR_GLO_BGC_L4_MY_009_104 https://doi.org/10.48670/moi-00281 ACRI-ST
GLO L3 MY OCEANCOLOUR_GLO_BGC_L3_MY_009_107 https:/ /doi.org/10.48670/moi-00282 BC/PML *
GLO L4 MY OCEANCOLOUR_GLO_BGC_L4_MY_009_108 https:/ /doi.org/10.48670/moi-00283 BC/PML *
ATL L3 NRT OCEANCOLOUR_ATL_BGC_L3_NRT_009_111 https://doi.org/10.48670/moi-00284 ACRI-ST
ATL L3 MY OCEANCOLOUR_ATL_BGC_L3_MY_009_113 https://doi.org/10.48670/moi-00286 ACRI-ST
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Table 2. Cont.

Region L3/L4 NRT/MY Product Name DOI Production Unit
ATL L4 NRT OCEANCOLOUR_ATL_BGC_L4_NRT_009_116 https:/ /doi.org/10.48670/moi-00288 ACRI-ST
ATL L4 MY OCEANCOLOUR_ATL_BGC_L4_MY_009_118 https://doi.org/10.48670/moi-00289 ACRI-ST
ARC L3 NRT OCEANCOLOUR_ARC_BGC_L3_NRT_009_121 https:/ /doi.org/10.48670/moi-00290 CNR
ARC L4 NRT OCEANCOLOUR_ARC_BGC_L4_NRT_009_122 https:/ /doi.org/10.48670/moi-00291 CNR
ARC L3 MY OCEANCOLOUR_ARC_BGC_L3_MY_009_123 https:/ /doi.org/10.48670/moi-00292 CNR
ARC L4 MY OCEANCOLOUR_ARC_BGC_L4_MY_009_124 https:/ /doi.org/10.48670/moi-00293 CNR
BAL L3 NRT OCEANCOLOUR_BAL_BGC_L3_NRT_009_131 https://doi.org/10.48670/moi-00294 CNR
BAL L4 NRT OCEANCOLOUR_BAL_BGC_L4_NRT_009_132 https:/ /doi.org/10.48670/moi-00295 CNR
BAL L3 MY OCEANCOLOUR_BAL_BGC_L3_MY_009_133 https://doi.org/10.48670/moi-00296 CNR
BAL L4 MY OCEANCOLOUR_BAL_BGC_L4_MY_009_134 https:/ /doi.org/10.48670/moi-00308 CNR
MED L3 NRT OCEANCOLOUR_MED_BGC_L3_NRT_009_141 https://doi.org/10.48670/moi-00297 CNR
MED L4 NRT OCEANCOLOUR_MED_BGC_L4_NRT_009_142 https://doi.org/10.48670/moi-00298 CNR
MED L3 MY OCEANCOLOUR_MED_BGC_L3_MY_009_143 https:/ /doi.org/10.48670/moi-00299 CNR
MED L4 MY OCEANCOLOUR_MED_BGC_L4_MY_009_144 https:/ /doi.org/10.48670/moi-00300 CNR
BLK L3 NRT OCEANCOLOUR_BLK_BGC_L3_NRT_009_151 https:/ /doi.org/10.48670/moi-00301 CNR
BLK L4 NRT OCEANCOLOUR_BLK_BGC_L4_NRT_009_152 https:/ /doi.org/10.48670/moi-00302 CNR
BLK L3 MY OCEANCOLOUR_BLK_BGC_L3_MY_009_153 https:/ /doi.org/10.48670/moi-00303 CNR
BLK L4 MY OCEANCOLOUR_BLK_BGC_L4_MY_009_154 https:/ /doi.org/10.48670/moi-00304 CNR
ARC L3 NRT OCEANCOLOUR_ARC_BGC_HR_L3_NRT_009_201 https:/ /doi.org/10.48670/moi-00061 BC-RBINS
BAL L3 NRT OCEANCOLOUR_BAL_BGC_HR_L3_NRT_009_202 https:/ /doi.org/10.48670/moi-00079 BC-RBINS
NWs L3 NRT OCEANCOLOUR_NWS_BGC_HR_L3_NRT_009_203  https://doi.org/10.48670/moi-00118 BC-RBINS

IBI L3 NRT OCEANCOLOUR_IBI_BGC_HR_L3_NRT_009_204 https:/ /doi.org/10.48670/moi-00107 BC-RBINS
MED L3 NRT OCEANCOLOUR_MED_BGC_HR_L3_NRT_009_205  https://doi.org/10.48670 /moi-00109 BC-RBINS
BLK L3 NRT OCEANCOLOUR_BLK_BGC_HR_L3_NRT_009_206 https:/ /doi.org/10.48670/moi-00086 BC-RBINS
ARC L4 NRT OCEANCOLOUR_ARC_BGC_HR_L4_NRT_009_207 https:/ /doi.org/10.48670/moi-00062 BC-RBINS
BAL L4 NRT OCEANCOLOUR_BAL_BGC_HR_L4_NRT_009_208 https:/ /doi.org/10.48670/moi-00080 BC-RBINS
NWs L4 NRT OCEANCOLOUR_NWS_BGC_HR_L4_NRT_009_209  https://doi.org/10.48670/moi-00119 BC-RBINS

IBI L4 NRT OCEANCOLOUR_IBI_BGC_HR_L4_NRT_009_210 https:/ /doi.org/10.48670/moi-00108 BC-RBINS
MED L4 NRT OCEANCOLOUR_MED_BGC_HR_L4 NRT_009_211  https://doi.org/10.48670 /moi-00110 BC-RBINS
BLK L4 NRT OCEANCOLOUR_BLK_BGC_HR_L4_NRT_009_212 https:/ /doi.org/10.48670/moi-00087 BC-RBINS

* Global ocean OC-CCI reprocessed multisensor data produced by PML (2015-2023) and by BC in 2023-2025.

2.1. Upstream OC Data Streams

Over the years, the upstream data shifted from OC science missions—i.e., SeaWiFS
(Sea-viewing Wide Field-of-view Sensor), MERIS (MEdium Resolution Imaging Spectrome-
ter) and MODIS (Moderate Resolution Imaging Spectroradiometer)—towards operational
missions (Figure 3). As well as the two OLCIs on the Copernicus Sentinel-3 A and B
and three VIIRSs (Visible Infrared Imaging Radiometer Suites) on NOAA'’s (National
Oceanic and Atmospheric Administration) SNPP (Suomi-national polar-orbiting partner-
ship), NOAA-20 and NOAA-21, the two MSI (MultiSpectral Instrument) sensors on the
Copernicus Sentinel-2 A and B satellite are ingested for the coastal products due to their
finer spatial resolution, although they were initially designed for terrestrial applications
and have a revisit time of 3-5 days (Figure 3). In 2015, all NRT regional products were
based on MODIS and VIIRS; between 2016 and 2018 these datasets were then replaced
by multisensor datasets [6,7,9] (Figure 1). The number of sensors contributing to the
multisensor product time series changed over the years from one sensor (SeaWiFS) from
1997 to 2002, up to six sensors (MODIS-Aqua, VIIRS-SNPP/NOAA-20/NOAA-21, and
OLCI-Sentinel-3A /B) from late 2022 to the moment of writing (Figure 3).
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Figure 2. Spatial coverage of the Sentinel-3 OLCI 300 m and Sentinel-2 MSI 100 m datasets.
(A) All European regional seas and a 200 km strip from the coastline in the global product for
Sentinel-3 OLCI. (B) A 20 km strip from the coastline for the European coastal waters covered in 5
days with Sentinel-2 MSI.

2.2. Merging Strategies and Atmospheric Correction

Within OCTAC, specific strategies to merge data from sensors with different sets
of central wavelengths and spectral response functions are adopted in the processing
chains. For the OC-CCI multisensor production, atmospheric correction is performed
independently for each sensor, and the merging is performed for the calibrated reflectances,
after band shifting to the reference sensor bands [8,9,18,19]. In particular, MERIS, MODIS,
VIIRS, and OLCI data were processed to L2 with the POLYMER algorithm [20,21] while L2
data downloaded from NASA were used for SeaWiFS. For the Mediterranean and Black
Sea regional products, the method developed within OC-CCI has been adapted to rely on
L2 data distributed by space agencies [6]. The Copernicus-GlobColour products for GLO
and ATL are based on the L2 data distributed by the agencies with multisensor merging
and flagging strategies detailed in Garnesson et al. [7].
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Figure 3. OC sensors and high-resolution imagers adopted upstream in OCTAC processing chains.
Timelines of legacy, and current and forthcoming (approved and planned) sensors are displayed
(source CEOS): red identifies science OC missions, blue identifies operational OC missions, and
brown identifies high-resolution/land imagers.

Combining Sentinel-3 A and B (Sentinel-3 OLCI datasets), as well as combining
Sentinel-2 A and B (Sentinel-2 MSI datasets), does not require band-shifting or inter-sensor
bias correction because the two companion A and B sensors are assumed to be fully
consistent. The Sentinel-3 OLCI datasets for the global and regional products are based
on L2 reflectances distributed by EUMETSAT [22], except for the Baltic Sea, where the
EUMETSAT L2 processor often yields inaccurate Rys spectra with low and even negative
values [23-25]. Thus for the atmospheric correction of the OLCI L1 granules in the Baltic
Sea, the OLCI neural network swarm [26] was used until 2023, and then POLYMER [20,21]
was selected based on a round-robin comparison of several algorithms [25].

The Sentinel-2 MSI products are available every 3-5 days at each location for a
20 km strip from the coastline of the European coasts, characterized by diverse atmo-
spheric conditions and fast-changing water types in space and time (Figure 2B). As an
operational L2 reflectance product for water applications is not available within Coperni-
cus for Sentinel-2 MSI [27], two algorithms, C2RCC (version 1.0, normal NN) [28,29] and
ACOLITE/DSF [30], are used as the baseline atmospheric correction approach to deal with
both optically complex and clear waters under the very challenging atmospheric conditions
of the nearshore environments [31]. These two methods are highly complementary because
ACOLITE/DSF makes no assumption about the water reflectance, thus achieving good
results even for unexpected water types (e.g., dredging plumes, very concentrated algal
blooms, etc.). Instead, C2RCC constrains the water reflectance to correspond to the training
data, always retrieving Ry spectra that look like water. This extra information/constraint
on water reflectance, embedded within the C2RCC approach, provides greater retrieval
power in the most challenging circumstances (sunglint, highly absorbing waters) but at
the expense of imposing a solution for Ry that may not correspond to reality. The C2RCC
to ACOLITE/DSEF pixel-based switching is performed by means of the comparison of the
Rys (560) and Rys (865) spectral bands (as provided by the C2RCC processor).

2.3. Retrieval Algorithms in the Global and Regional Processing Chains
2.3.1. Chlorophyll Algorithms

This section provides an overview of the CHL algorithms implemented in the op-
erational processing chains for the global and regional products across the three spatial
resolutions. All processing chains generate blended CHL datasets by ensuring that the
most appropriate algorithms are applied across the water types that occur in the open
ocean and coastal waters. The selection of the algorithms for CHL retrieval and the merging
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schemes were carried out based on the optical characteristics of each basin and round-robin
procedures. To generate the NRT and MY CHL for the OLCI and the multisensor datasets,
the regional bio-optical algorithms are consistently applied for each basin. For the S2 MSI
datasets, the same processing chain is applied across all European waters to generate NRT
CHL.

For the Global Ocean, CHL concentration estimated within the Copernicus-GlobColour
as a daily multisensor merged dataset, where CHL values are individually computed for
each sensor using a blended algorithm and then combined [7]. For oligotrophic waters,
the product relies on the CI algorithm [32], while for mesotrophic and coastal waters the
OCS5 algorithm [33] was tuned for each sensor. The OC5 and CI blending uses the same
approach as NASA’s implementation of the CI algorithm [32], with a transition between
0.15 to 0.2 mg m~3 to ensure a smooth merging.

For the Global Ocean, the CHL values for the OC-CCI products are calculated by
blending algorithms based on the water-types utilising the same OC-CCI R, described
above [8,9]. For v6.0, the blending of the OCI algorithm (as implemented by NASA, itself a
combination of CI and OC4 [32]), the OCI2 algorithm (an updated OCI parameterization),
the OC2 algorithm and the OCx algorithm [8,19].

For the Arctic and Atlantic Oceans, the regional CHL algorithm adopted until 2022
was OC5CCl—i.e., a variation of OC5 [33]—developed by IFREMER and PML [34]. To this
end, an OC5CCI look-up table was specifically generated for application over OC-CCI daily
merged Rys. The resulting OC5CCI algorithm was tested and selected after a calibration
exercise and sensibility analysis of the existing algorithms (OC3, OC4, OCI, OC5CI, OC5,
OC5CCI) that included a round-robin quantitative performance assessment against in situ
data [34]. Following a catalogue reorganization and change of production responsibility,
since 2023 the Atlantic Ocean product has been retrieved with the Copernicus-GlobColour
processor described above [7], while for the Arctic a new regional algorithm was devel-
oped [35], and applied to OLCI and OC-CCI Rys.

The water-column in the Arctic region has particular characteristics, namely high and
heterogeneous distribution of colored dissolved organic matter (CDOM) due to freshwater
inputs that reach different ARC sectors, which limits the performance of global CHL
algorithms [36,37]. When acquiring satellite data in polar regions, additional challenges
arise due to low solar zenith angles, frequent ice coverage and high aerosol content [37] that
usually introduce high uncertainties in retrieving water-leaving radiance. Since 2023, CHL
has been retrieved by a new regional algorithm, seasonal spatially adjusted for the Arctic
Ocean (CHL-SeSARC) [35], developed using supervised machine learning techniques and
trained with a compilation of in situ databases for the Arctic waters from 1998 to 2018. In
the proposed pan-Arctic CHL algorithm, the use of the longitude of the pixel center and the
day of the year enables accounting for the regional particularities and spatial heterogeneity
within the ARC and the seasonal variability of the bulk phytoplankton community and/or
the associated uncertainties in atmospheric correction.

In the Mediterranean Sea, the blended CHL product is based on two regional algo-
rithms: the MedOC4, an updated version of the regionally parameterized maximum band
ratio [6] for clear waters, and the ADOC4 algorithm [38] for optically complex waters. From
2020, the determination of the water type accounts specifically for waters with high CHL
concentration due to phytoplankton blooms (e.g., Gulf of Lions) or mixing (e.g., Alboran
Sea) that can be erroneously identified as Case II waters [39].

In the Black Sea, the retrieval of the CHL concentration is based on a merging
scheme [40] designed for two different regional algorithms exhibiting lower and higher op-
tical complexity. These are, respectively, a band-ratio algorithm based on two wavelengths
(490 and 555 nm) [41], and a multilayer perceptron (MLP) neural net based on Ry values at
three wavelengths (490, 510, and 555 nm) that features interpolation capabilities helpful
to fit data non-linearities [40]. In 2019, this merging scheme substituted the regional band
ratio approach by Kopelevich et al. [42].
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In the Baltic Sea, CHL is derived from the MLP neural net developed under the
umbrella of the BiOMaP program of JRC/EC [15,43,44]. The BAL product is based on an
ensemble algorithm that combines the CHL retrievals from individual MLPs based on
different Rys spectral subsets to address the optical complexity of the basin and to account
for the temporal and spatial variation of uncertainties introduced by the atmospheric
correction [25,45]. In 2020, this ensemble approach substituted the previous operational
regional algorithm based on the recalibration of the OC4v6 with in situ data [46].

The coastal products based on Sentinel 2 MSI introduced in 2021 are produced
for a 20 km strip from the coastline in the coastal waters of the ARC, NWS, BAL, IBI,
MED, and BLK regions (Figure 2B). For these products, the same processing chain is ap-
plied across all European waters to address the fast-changing water types in space and
time by combining different algorithms for the CHL concentration retrieval. The CHL
datasets are generated by merging two complementary algorithms following the approach
of Lavigne et al. [47]: the OC3 empirical blue-green bands ratio algorithm [48], and the
Gons [49,50] semi-analytical algorithm. The OC3 algorithm was selected for application
over low-to-moderate biomass waters and over clear-to-moderately turbid waters. The
Gons algorithm was chosen for application over moderate-to-high-biomass waters and for
turbid coastal waters. The operational limits of the CHL algorithms are determined on the
basis of the optical conditions of the considered pixels, using the quality control routines
developed by Lavigne et al. [47] adapted to the Sentinel-2 bands. Within this framework,
pixels are flagged in waters with a turbidity level of approximately 10 FNU or higher and
CHL lower than 5 mg m~3, because the uncertainties associated with CHL retrieval in such
water types would be too high.

2.3.2. Phytoplankton Type Variables

The phytoplankton type variables were introduced in the OCTAC catalogue from 2019
for the global ocean and all regional seas using global and regionally tuned
methods [39,51-56]. The phytoplankton size classes (PSCs) and phytoplankton func-
tional types (PFTs) are expressed as CHL concentration (mg m~3). Both for the global
ocean and regional seas, PFTs include diatoms, dinoflagellates, green algae, prokaryotes,
and haptophytes (except for BAL). For GLO and ATL, the prochlorococcus group is also
distributed, while cryptophytes are provided only for MED and BAL. PSCs consist of three
main size groups, micro-, nano- and pico-phytoplankton, based on Sieburth et al.’s [57]
size classification and Vidussi et al.’s [58] approach founded on the relationships between
diagnostic pigments, taxonomic groups, and their most common dimensions. For BLK,
only PSCs are distributed.

For both algorithm calibration and validation, the in situ Chl-a concentration of each
group was quantified through diagnostic pigment analysis (DPA) [58] and its implemen-
tations and refinements [51,59-61]. The DPA was updated for GLO and ATL [54,55], and
regionalized for MED, BAL, and BLK [39,53,56]. For GLO and ATL, the algorithm [49,50]
was initially implemented using OLCI reflectance in the visible spectrum (bands comprised
between 400 and 681 nm) using an empirical orthogonal function (EOF) approach and then
extended to the multisensor datasets. The regional algorithms for PFT and PSC retrieval
for MED, BAL, and BLK [39,53,56] rely on empirical functions based on statistical relation-
ships between the in situ contribution of each group (PFT or PSC) and the corresponding
log10-transformed in situ CHL concentrations (that are applied to each of the regional CHL
datasets).

2.3.3. Inherent Optical Properties

The operational processing chains for the global and regional products across the three
spatial resolutions have implemented different approaches for retrieval of the main IOPs.
The coefficients for the absorption by phytoplankton (aph), the absorption by dissolved
and detrital matter (adg), and the backscattering by particulate matter (bbp) are provided
at reference wavelengths.
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For MED, BLK, BAL, and ARC multisensor and OLCI datasets, the algorithm used
to produce the aph(443), adg(443), and bbp(443) is the quasi-analytical algorithm (QAA
V6 [62,63]), also used in the context of the band-shifting procedures [18]. For all the Sentinel
2 MSI products for European coastal waters, the bbp coefficient is spectrally dependent
and is also estimated using the QAA V6 [62,63].

For GLO and ATL since 2023, the adg(443) and bbp(443) are estimated from a semi-
analytical model based on Kd490 and Rs [64,65], replacing the retrieval carried out with the
Garver-Siegel-Maritorena (GSMO01) bio-optical model [66] implemented in the Copernicus-
GlobColour processor described above [7].

2.3.4. Primary Production

Primary Production data products were added to the catalogue in 2019. As of the
December 2024 version, PP is distributed for the GLO, ATL, MED, BLK, and BAL (Figure 1).
The GLO and ATL version is based on the Antoine and Morel algorithm [67], and uses
OC products—merged CHL, PAR (photosynthetically active radiation [68]), sea surface
temperature from OSTIA (operational sea surface temperature and ice analysis) and mixed
layer depth from model reanalysis (GLORYS12V1) [69]).

The regional PP datasets for MED, BLK, and BAL are based on an updated version of
the bio-optical model by Morel [70], incorporating the regional CHL retrievals [39]. This
model uses outputs from the atmospheric model by Tanré et al. [71], which allows the
estimation of the photosynthetic radiation at the sea surface and its attenuation through the
water column. With a parameterization of the main physiology processes, the model allows
the computation of the primary productivity starting from algal biomass concentration. The
empirical approach developed by Morel and Berthon [72] establishes relationships between
the pigment concentration in the upper layer, the integrated content across the entire
euphotic zone, and the shape of the vertical pigment profile. As a result, this model enables
the linkage of satellite-derived pigment concentrations with vertical pigment distributions.
For the regional products, the atmospheric model was replaced by the revised version of
the multispectral ocean atmosphere spectral irradiance model (OASIM [73]). This updated
OASIM model provides daily estimations of the direct and diffuse irradiance over the ocean
with 5 nm spectral resolution (400-700 nm) and 4 km spatial resolution. Moreover, the
empirical approach by Morel and Berthon [72] to associate a pigment vertical distribution
with a satellite pigment concentration has been refined for MED through the specific
utilization of a Mediterranean Sea in situ dataset (MedBiOp, [6]).

3. Uncertainty of OCTAC Products

The validation of the satellite products is carried out by pairwise comparison against
in situ reference observations using a common methodology defined and agreed within
CMEMS [74]. Since those distributed by OCTAC are all multisensor daily products, the
temporal collocation criteria are more relaxed than those of the L2 matchup analyses
(e.g., [75]) and allow the inclusion of any in situ observations up to 24 h. As for the
spatial matching, the median values are extracted from a n x n satellite data pixels (with n
varying according to the product spatial resolution), centered on the in situ measurement
location only in the presence of at least 50% valid values and a coefficient of variation
smaller than 20% [75]. The quality assessment is mainly based on an inter-comparison
with in situ data gathered from publicly available datasets (e.g., [76]) and/or collected
from the production units (e.g., MedBiOp, [6]). MY and NRT are considered together as
a homogeneous time series for the assessment. Many uncertainties are linked to these
in situ data (e.g., instruments quality, methodologies, water depth of sample compared
to surface satellite observation, and time of observations [74,75]). Hence, the estimated
accuracy numbers (EANs [74]) used to compare satellite and in situ observations (Table 3)
are based on a regression of type 2 (with a reasonable assumption of the same weight for
observation and in situ) to compute the determination coefficient (r?), slope, and intercept
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(S, I) and completed by the root mean square distance (RMSD), the center-pattern root
mean square distance (cCRMSD), and the bias.

The validation metrics for all datasets for the OCTAC products are reported in quality
information documents (QulDs) that are updated with every operational release. The
QuliDs for all products can be retrieved from the CMEMS portal following the links reported
in Table 2.

Table 3. Metrics used to compare the estimated (satellite-based) dataset Xfizl.N to a reference
(in situ) dataset Xf\le' N+ For log-normally distributed variables (such as Chl), both datasets are
log-transformed prior to computing the metrics.

Name Definition
Estimated dataset mean (YE) X = %Ef\; Xx‘E
Reference dataset mean (YM) YM = %ZiN:l X,'M

1
2

Type-2slope (9 o CeEn) B o [ (o) e o)} g, () (5 )]
B 2N, (XE-XF) (x1-xM)

Type-2 intercept (I) =% —sx"

Determination coefficient (r?) s [N (xF -xE ) (xM —YM)}Z

T

N (xE-XE)IEN, (xMoxM)?

Root mean square difference (RMSD) RMSD — N (xf-xM )2

2
. N E_(yN xE|_[xM_(yN xM
Center-pattern root mean square difference (c(RMSD) CRMSD = \/ Liq { {X,' (Z/:1 X; )J, (XM (i, X )]}

Uncertainty Associated to Chlorophyll Datasets

As an example of the OCTAC validation effort, Table 4 provides a summary of the
matchup metrics for all CHL datasets for the global and regional products across the three
spatial resolutions. For GLO and ATL, the EANs values show a good relationship between
in situ HPLC measurements (from 1997 to present) and CHL retrieved with the GlobColour
approach [7]). For daily, the statistics show a good correlation: 12 of 0.75 (0.74 at the Atlantic
level) associated to an optimal regression line 1:1 (0.94 on the Atlantic).

These statistics, based on several thousands of in situ observations covering both
coastal and clear ocean, demonstrate the quality of this product for many applications. The
interpolated product shows a slight degradation but r? still reaches 0.71, meaning that it
is also of applicative interest, for instance, for model assimilation purposes. The Atlantic
interpolated product at 1 km shows a similar r? of 0.72. The OLCI specific EANs suffer
from a very limited number of matchups and should improve over time. The 12 is good at
more than 0.7, but the slope is high because of a slight overestimation at higher values.

For the OC-CCI global product [8,9,19], the CHL results show a strong correlation
(r? = 0.88) with low error (RMSD = 0.23 and cRMSD = 0.23) and low bias (—0.022) for
more than 30,000 matched in situ observations. Based on the high quality of the product,
and in particular the very low bias, the OC-CCI CHL product is within the GCOS target
requirement of 5% accuracy, thus suggesting that the OC-CCI program is meeting the
GCOS target for the ECV climate quality criteria.

For MED, the CHL validation of the multisensor datasets show good relationships
between in situ measurements and CHL retrieval with the regional algorithm [6], although
for in situ values larger than 0.3 mg m 3 there is a slight dispersion increase. The EANs
show low biases (i.e., 0.0017 and —0.029 for daily and daily-interpolated, respectively,
Table 3) with 12 values of 0.79 and 0.78 for daily and daily-interpolated, respectively.
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Table 4. Summary of the OCTAC validation metrics for CHL datasets. All symbols are defined in
Table 3.

Region CHL Dataset N Slope Intercept r? RMSD cRMSD Bias
MULTI MY L3 daily 4 km 17,019 1.00 0.05 0.75 0.340 0.340 0.050
CLO MULTI MY L4 interpolated 4 km 36,438 0.99 0.00 0.71 0.370 0.370 0.010
(GO) OLCIMY L3 4 km 669 1.32 0.21 0.68 0.395 0.388 0.078
OLCIMY L3300 m 288 1.35 0.27 0.71 0.417 0.376 0.180
(og-LCOCI) MULTI MY L3 daily 4 km 34,221 0.925 —0.026 0.88 0.226 0.225 —0.022
MULTI MY L3 daily 4 km 4621 0.94 0.07 0.74 0.350 0.34 0.080
MULTI MY L4 interpolated 4 km 10,397 0.94 0.04 0.72 0.360 0.36 0.050
ATL OLCIMY L3 1 km 72 1.21 0.14 0.83 0.261 0.25 0.073
OLCIMY L3300 m 35 1.54 0.24 0.78 0.324 0.281 0.161
MULTI MY L3 4 km 323 0.67 —0.04 0.68 0.268 0.267 0.015
ARC OLCIMY L3300 m 21 0.64 0.06 0.75 0.215 0.193 0.641
MULTI MY L3 1 km 2070 1.09 —0.21 0.31 0.375 0.335 —0.168
BAL OLCIMY L3300 m 460 0.83 0.01 0.32 0.271 0.262 —0.071
BLK MULTI MY L3 1 km 1154 0.63 0.09 0.28 0.480 0.367 0.042
MULTI MY daily L3 1 km 742 0.97 —0.02 0.79 0.250 0.250 0.002
MED MULTI MY L4 interpolated 1 km 1819 0.91 —0.11 0.78 0.258 0.256 —0.029
MULTI MY L4 interpolated-only 1 km 1084 0.87 —0.16 0.78 0.263 0.259 —0.050
All zones MSI NRT daily 100 m 700 0.90 0.26 0.48 0.549 0.492 0.257
BAL MSI NRT daily100 m 188 0.86 0.15 0.22 0.478 0.471 0.085
NWS MSI NRT daily 100 m 289 1.03 0.22 0.12 0.557 0.508 0.245
IBI MSI NRT daily 100 m 120 0.94 0.40 0.03 0.582 0.432 0.374
MED MSI NRT daily 100 m 103 1.15 0.54 0.64 0.608 0.446 0.341

For BLK, the performances of the daily CHL retrieved with the regional merging
scheme [40] yield a r? = 0.39 and a bias = 0.17 due to the extremely complex waters of the
basin and the limited number of matchups. With interpolated data, the correlation is worse
(r> = 0.28), but the bias is better (0.042). Dispersion of the data is evident for the entire CHL
range [39].

For BAL, in view of its optical complexity, the matchup window is limited to 6 h [25,45].
The assessment of the CHL retrieved with the regional ensemble approach [25,45] shows
an 12 of 0.312 and RPD and APD of —2.8 and 66.1% for the MY multisensor datasets
and an r? of 0.324 and RPD and APD of 4 and 51.2% for the NRT ad MY OLCI 300 m
datasets. The EANs for the OLCI results are consistent with the MY multisensor datasets
even with a lower number of matchups available from 2016 to date (460 vs. 2070). These
matchup statistics may appear unsatisfactory, but represent an adequate performance for
the CDOM-dominated optically complex waters of the Baltic Sea and an improvement of
those reported in [25,45] based on a more limited in situ dataset.

The validation of CHL retrieval for ARC based on the new machine learning pan-Arctic
regional algorithm [35] shows an r? of 0.681 and a RMSD of 0.268 for the MY multisensor
datasets and an r? of 0.75 and RMSD of 0.215 for the NRT and MY OLCI 300 m datasets.
The OLClI results should be interpreted with caution as they may be influenced by the lower
number of matchups (21 vs. 323) and presented only to provide a preliminary indication of
performance.

For the validation of the CHL datasets in the HROC coastal products based on the
merging approach developed for European waters [47-50], the matchups between satel-
lite and in situ observations when assessed over four regions together (BAL, NWS, IBI,
MED), follow the 1:1 line (slope = 0.90) with a slight overestimation across the range <1 to
10 mg m~3. A wider dispersion of points is observed (r? = 0.48), which can be expected
because of the use of the broad spectral bands particularly in the blue region (443 nm and
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490 nm) for CHL estimation. Additionally, the median time difference of 70 min between
in situ and satellite measurements in dynamic coastal zones also contributes to the higher
dispersion. For each of the four single regions (i.e., BAL, NWS, IBI, MED) the matchup
statistics are based on a limited number of observations. Furthermore, it should be noted
that matchup results for CHL in the ARC and BLK region are not present in this matchup
analysis due to the scarcity of suitable in situ records available from 2020 onwards; hence
these datasets are released for community evaluation.

4. Contributions to Environmental Reporting

Within CMEMS, OCTAC also contributes to ocean monitoring through the distribution
of specific operational indicators delivering information on the state, variability, and
change of CHL for all regions. To ensure state-of-the-art ocean monitoring in real time,
the ocean monitoring indicator (OMI) framework requires that the indicator time series,
their visualization, a description, and additional documents such as product and quality
information are updated regularly in an operational mode [5]. As an illustration of the
contributions to operational ocean monitoring, Figure 4 presents the Mediterranean Sea
CHL trend analysis, derived from two operational OMIs (1997-2023) of satellite CHL based
on the CMEMS L4 product.

The trend analysis (Figure 4A) shows that the basin is undergoing a general biomass
decrease, in particular starting from 2011. Surface ocean warming [77,78] translates into
stronger thermal stratification of the water column for increasingly extended periods.
In turn, this implies a progressive nutrient decline into the upper mixed layer, which
likely forces the phytoplankton vertical distribution with a deep CHL maximum (DCM)
persisting in recent years for longer periods than ever before. From the remote sensing
point of view, this has the effect of reducing the phytoplankton biomass resident time in the
upper layer where the satellite sensors can effectively observe them. Therefore, the trend of
—0.73 £ 0.65% per year should be considered as an upper limit as part of this contribution
could have more simply been undetected by OC remote sensing.

Spatially, the CHL trend is not uniform, with only a few areas characterized by positive
values: in the Alboran Sea, Sicily Channel, and SE of Crete (Figure 4B). The rest of the basin
is characterized by a negative trend with higher magnitude in the western region. This is in
line with the hypothesis of decreasing nutrient availability in the upper mixed layer. In fact,
on one side, the eastern basin is already characterized by a DCM-dominated phytoplankton
vertical distribution structure [79] with less impact over the remote sensing observations.
Furthermore, Pisano et al. [77] reported that the area most affected by the general warming
trend in the Mediterranean Sea is the western sector, where the reduction in phytoplankton
biomass in spring was recently documented by combining autonomous observations from
BioGeoChemical-Argo floats, satellite-based, and marine ecosystem modeling [80].

As an example of the CMEMS contributions to Sustainable Development Goal (SDG)
reporting, Figure 5 presents the 1998-2023 time series of the potential eutrophication (PE) for
European waters based on the OC regional products. The SDG reporting for 14.1.1a Level 2
sub-indicator for European countries, which measures the index of coastal eutrophication,
is carried out operationally by CMEMS in a harmonized, consistent, and integrated manner
using satellite-derived CHL-a data to generate a single variable indicator [81,82]. The
methodology for reporting on indicator 14.1.1a builds on the UNEP (United Nations
Environment Programme) progressive monitoring approach based on both globally and
nationally derived data and supplemental data to report on SDG indicators [82]. For each
year, a satellite-based map of potential eutrophic areas in the European Seas is generated
by comparing the per-pixel CHL-a data from the MY regional products in the reporting
year with the corresponding CHL-a climatological 90th percentile (P90) established for a
20-year baseline (1998-2017) [81]. Then, the PE time series of PE potential eutrophication is
calculated by performing for each year a spatial average of the PE map, weighted by pixel
area over the exclusive economic zones (EEZs) of each European country [81].
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Chlorophyll-a time series and trend (1997-2023): Mediterranean Sea
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Figure 4. Mediterranean Sea satellite CHL trend over the period 1997-2023, based on the CMEMS
product OCEANCOLOUR_MED_BGC_L4_MY_009_144. (A) Time series and linear trend of monthly
regional average satellite CHL: the monthly regional average (weighted by pixel area) time series is
shown in gray, with the de-seasonalized time series in green and the linear trend in blue. (B) Map of
satellite CHL trend, expressed in % per year, with positive trends in red and negative trends in blue.

This SDG indicator has been published by Eurostat since 2021 and updated every
year [83-86]; the data presented in Figure 5 are publicly available on the Eurostat data
browser [87]. Due to the full reprocessing of the underlying satellite products, some of the
reported values differ from those reported in previous years (e.g., [81,83]), while the overall
picture remains consistent. The data computed in 2024 showed minor changes for the SDG
eutrophication indicator for the Mediterranean and Black Sea, while for the Baltic countries
some of the values changed significantly. The values for the Atlantic countries changed
for data for 2022 due to the consolidation of the MY time series. For several countries,
the SDG indicator at the EEZ level was often nil or never exceeded 1% of the EEZ area
(Figure 5). Some notable deviations from the CHL climatology are evident, e.g., the high PE
values observed for four Baltic countries (Lithuania, Latvia, Poland, and Sweden) in 2008
capturing the extended spring bloom reported for the central and southern Baltic Sea [45].
From 2012 onwards, all European countries yielded a eutrophication index lower than
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2%, consistent with the findings based on ensemble analyses of bio-geochemical models
for all European seas [45], in situ and satellite data for the Atlantic and Baltic regions
(e.g., [45,88-91]), and the CMEMS OMIs as shown for the Mediterranean sea (Figure 4).

SDG 14.1.1a L2 - CMEMS Regional algorithms

AL HEEENEEEEEEEEEEEEEEEEEEEEE
BE IIIII-III-:IIIIIIIIII-==

CY iNNEEENEEEEEEE NN 20.0
DE.  H NNEEEEEEEEE NEEEEEEEN 10.0
N{EEERE | B &
EE N DEEEEEEEEEENEEEEE N 7.0
EL ENEEEEEEEEEEEEEEEEEEEEE NN
ES| CTEENCE NN NEEN 5N & = 5.0
SR BN ([ [ B [ HEN
FO lllll-lll-llllllllll-ll 3.0
FRIZ | | H | o SEEEeEEEEEE S .
GENEN EENENNENENSNSEEENENEEN :
GL 1 I EEE N | EEN -
SR EE-EEEEEEEE EEEENEENEEEEE
IE ENEEEEEEEEEEEEEEE NN 15
S EENEEEEN i
1.

U A SEEEEEEE SN
LV ENNEEEEEEE NN 1.0
MCHE_CEEEENE N .
MENENEEEEEEEE NN 7
MT EEEEEEEEEEE NN 05
NS EEEE NSNS NSNS SN SN :
NOM ENEEE 0.3
PL N T EEEEEEEE
PTHEN N N EEEEEN NN SEEEES N 0.2
RO lllll-lll-llllllllll-ll
SE_| | | MEEEEEEEEE EEEEE 0.1
S m 5 EEEEEENEEEES EEEEEEENE 0.0
UKEE. | B SNEEEE NS SNEEEENEEE

2000 2010 2020 PE [%]

Figure 5. Time series (1998-2023) of SDG 14.1.1a Level 2 sub-indicator for European countries. The
potential eutrophication values for European waters are based on CMEMS OC regional products
aggregated over the EEZ for each country. AL: Albania, BE: Belgium, BG: Bulgaria, CY: Cyprus, DE:
Germany, DK: Denmark, EE: Estonia, EL: Greece, ES: Spain, FI: Finland, FO: Faroe Islands, FR: France,
GE: Georgia, GL: Greenland, HR: Croatia, IE: Ireland, IS: Iceland, IT: Italy, LT: Lithuania, LV: Lat- via,
MC: Monaco, ME: Montenegro, MT: Malta, NL: Netherlands, NO: Norway, PL: Poland, PT: Portugal,
RO: Romania, SE: Sweden, SI: Slovenia, UK: United Kingdom.

5. Future Evolutions

To ensure the state of the art of OC global and regional products, OCTAC will continue
to focus on increasing the number and the accuracy of the EOVs included in the CMEMS
catalogue, aiming to include most of, if not all, the EOVs that can be retrieved from
OC radiometry. This will entail the uptake within the operational processing chains of
algorithms and approaches developed within CMEMS and by the OC community.

In 2025-2028, the introduction of new products and/or resolution in the catalogue will
be based on the uptake of outcomes from Copernicus Marine Service Evolution projects [92]
and some recent internal development activities:

e Introduction of multi-resolution SPM/TUR/CHL products based on harmonized
S2 and S3 products generated using multi-resolution data interpolation techniques
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algorithms [93-95]. The same approach will also improve the daily L4 products for
the Sentinel-2 coastal high-resolution products.

e New datasets for particulate and dissolved organic carbon will be added to the cat-
alogue for open and coastal waters and managing the transitions between the two
domains [64,65,96]. Basically, POC (particulate organic carbon) estimates result in a
combination of different algorithms as a function of the optical water classes [64,96].
For the retrieval of DOC (dissolved organic carbon), the main contributor to organic
carbon over open ocean water, the algorithm proposes an innovative approach con-
sidering a temporal window to account for the fate of the organic matter with a
neural-net [65,96].

e  Update of the phytoplankton functional types (PFTs) retrieval algorithms in the cata-
logue to build a more consistent time series over the OC archive based on a recalibra-
tion of the OLCI product [54,55,97].

e  The generation of gap-filled R fields using the DINEOF technique from which all
subsequent biogeochemical parameters will be retrieved [98]. The introduction of
gap-filled Rys and IOPs datasets in L4 products will be carried out in the regional
multisensor datasets for BLK, MED and BAL.

Furthermore, to enhance the accuracy of the global and regional products, new efforts
will be dedicated to:

e Update ATL products based on the Copernicus-GlobColour processor [7] for the
coastal waters in the North Sea to support the OSPAR (OSlo PARis convention) re-
quirements for eutrophication assessment. This will also entail updating the OC5
algorithms for CHL and SPM retrieval [33] to be in line with the latest version of the
sensor reprocessing.

e Update of the strategies to merge data from sensors with different sets of central
wavelengths and spectral response functions in the processing chains. In particular,
the reference sensor will be changed to OLCI.

e Extend the applicability over water types of the blended approaches for CHL re-
trieval in the optically complex waters in ARC, BAL, BLK, and MED, also further
incorporating machine learning approaches.

o  Uptake of the new L2 operational reflectance product dedicated to water applications
for the Sentinel-2 MSI to be released by ESA, and regionalization of the CHL algorithms
at the basin level for the Sentinel-2 MSI products to be consistent with the OLCI and
multi-resolution products for each European sea.

e  Full reprocessing of the MY time series to incorporate major changes to the upstream
satellite data carried out by the space agencies, and the improvements listed above.

The continuous and sustained operational data stream of both observational classes
currently in use (i.e., OC sensors and high-resolution imagers) is foreseen to continue
beyond 2030. In 2025-2028, OCTAC will thus carry out dedicated assessments and studies
to prepare the introduction of future missions and data streams in the catalogue. The
assessment and uptake of the NASA PACE (Plankton, Aerosol, Cloud, Ocean Ecosystem)
science mission will serve to prepare for the future exploitation of the Copernicus Sentinel
10 CHIME (Copernicus Hyperspectral Imaging Mission for the Environment) hyperspectral
data currently planned for launch in 2028 and 2030 (CHIME-A and CHIME-B, Figure 3)
and the Sentinel-3 Next Generation AOLCI that will be launched in the 2032-2035 time
frame. After 2028, a further change in the resolutions will be the uptake of (sub-)hourly
datasets for the European basins based on geostationary data by incorporating EUMETSAT
MSG (Meteosat Second Generation) and MTG GEO-OC (Meteosat Second Generation
Geostationary Ocean Colour Product) data-streams as well as multiple OLCI and VIIRS
overpasses. This will enable to match the sub-daily time scales of the operational modelling
effort within CMEMS, thus strengthening the potential for data assimilation.
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Abstract: The National Oceanic and Atmospheric Administration’s (NOAA) Center for Satellite
Applications and Research (STAR) facilitates and enables societal benefits from satellite oceanography,
supporting operational and experimental satellite missions, developing new and improved ocean ob-
serving capabilities, engaging users by developing and distributing fit-for-purpose data, applications,
tools, and services, and curating, translating, and integrating diverse data products into information
that supports informed decision making. STAR research, development, and application efforts span
from passive visible, infrared, and microwave observations to active altimetry, scatterometry, and
synthetic aperture radar (SAR) observations. These efforts directly support NOAA’s operational
geostationary (GEO) and low Earth orbit (LEO) missions with calibration/validation and retrieval
algorithm development, implementation, maintenance, and anomaly resolution, as well as leverage
the broader international constellation of environmental satellites for NOAA's benefit. STAR's satel-
lite data products and services enable research, assessments, applications, and, ultimately, decision
making for understanding, predicting, managing, and protecting ocean and coastal resources, as well
as assessing impacts of change on the environment, ecosystems, and climate. STAR leads the NOAA
Coral Reef Watch and CoastWatch /OceanWatch /PolarWatch Programs, helping people access and
utilize global and regional satellite data for ocean, coastal, and ecosystem applications.

Keywords: satellite; oceanography; research; development; operational

1. Introduction

Satellite remote sensing observations of the ocean, including high-latitude regions and
trans-boundary coastal zones, provide significant value through synoptic measurements of
geophysical properties, with combined spatiotemporal resolution generally not available
from in situ observations. Exploiting satellite ocean observations serves both situational
awareness needs and prediction capabilities across short- and long-term time scales. De-
veloping and providing tools and services for data science and informatics increases the
utility of ocean satellite observations through enhanced discovery, access, visualization, and
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comprehension. User-driven ocean and coastal applications create and extract synergistic
value from these satellite observations through integrated (e.g., with in situ measurements
and/or modeling data) products and derived information, serving to inform decision mak-
ing for society’s benefit. This discussion highlights ongoing operational and experimental
satellite oceanography activities within the United States (US), specifically within the US
National Oceanic and Atmospheric Administration (NOAA).

The Center for Satellite Applications and Research (STAR), located within NOAA'’s Na-
tional Environmental Satellite, Data and Information Service (NESDIS), performs extensive
science-based satellite oceanography activities, spanning innovative research, algorithm
developmental and sustainment efforts, calibration/validation, application development,
transitions to routine and sustained use and operations, facilitating and enabling informed
decision making for societal benefit. STAR engages with diverse users and stakeholders to
understand and support their needs and missions, providing fit-for-purpose ocean data
and derived products that are co-designed, co-developed, and co-produced. In addition to
NOAA and other US domestic users, STAR actively supports the ongoing United Nations
(U.N.) Decade of Ocean Science for Sustainable Development (U.N. Ocean Decade) and the
broader global community of users, particularly within developing nations.

With NOAA being an operational agency, STAR’s contributions encompass the user-
driven value chain: supporting identification of user needs, developing new and improved
observing capabilities, exploiting observations (remote and in situ), disseminating obser-
vations and derived information for societal benefit, and soliciting feedback to enhance
existing and planned products and data streams. With the increasing volume and diver-
sity of satellite data, STAR provides valuable support through curating, translating, and
integrating multi-sensor, multi-platform, and multi-parameter data that enable improved
societal outcomes. Increasingly, this support means coupling environmental and social
science datasets across terrestrial, aquatic, atmospheric, and cryospheric domains.

Actively supporting and contributing to domestic and international missions and
global fora, STAR aims to develop and provide satellite ocean observations foundational
to addressing critical societal issues. These research and development (R&D) efforts
support NOAA'’s operational satellite programs, in both geostationary (GEO) and low
Earth orbit (LEO), as well as enable NOAA efforts to leverage the broader international
constellation of operational and experimental satellite missions. This support includes
extensive participation and engagement with the Committee on Earth Observation Satellites
(CEOS), and the Coordination Group for Meteorological Satellites (CGMS), amongst other
global entities and programs.

The R&D enterprise executed by STAR targets innovation, enhancement, and ex-
ploitation of satellite earth observations across the spectrum of sensing capabilities and
applications, spanning radiances, imagery, and derived parameters. These efforts enhance
understanding and representation of the ocean state, ocean dynamics, and surface condi-
tions (sea surface height (SSH), sea surface salinity (SSS), sea surface temperature (SST),
roughness, sea ice, ocean color, etc.), spanning near-real time to climate temporal scales.
Active (scatterometry and synthetic aperture radar (SAR)) and passive technologies and
techniques are used to measure and interpret ocean surface roughness, producing devel-
opmental and operational products that extract routine and extreme ocean surface vector
winds (OSVWs), e.g., tropical cyclones. Additionally, SAR is exploited to provide the
capability to assess inundation impact from storm surge, as well as ocean-atmosphere and
ocean—atmosphere—sea ice fluxes, factors critical to improving coupled Earth system (ocean,
atmosphere, cryosphere) predictions. Efforts also target satellite observations of cryospheric
parameters, such as altimetric observations of sea ice thickness and SAR observations char-
acterizing sea ice, aiming for new parameters and higher-resolution assessments to support
higher-resolution modeling and prediction. Beyond physical parameters, STAR’s develop-
ments in satellite ocean color radiometry (OCR) enable ocean biological and biogeochemical
measurements that support ecosystem assessments and predictions. These efforts actively
contribute to collaborative international scientific coordination groups, such as the Group
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for High-Resolution Sea Surface Temperature (GHRSST), the International Ocean Colour
Coordinating Group (IOCCG), and the Ocean Surface Topography Science Team (OSTST).

Collectively, STAR science teams support user and stakeholder needs for ocean data
and information across NOAA's diverse mission. Facilitating timely uptake and effective
utilization of these satellite oceanography products, extensive user engagement, training,
and support activities are provided by CoastWatch/OceanWatch/PolarWatch, a NOAA
Program led and managed by STAR, commonly referred to collectively as “CoastWatch”.
CoastWatch’s structural design facilitates collaboration across NOAA, with its program-
matic structure including “Regional Nodes”, comprising cross-NOAA teams dedicated
to addressing the specific data product and information needs of a particular geographic
region and/or specific thematic interests. The OceanWatch component provides global cov-
erage and services for diverse users, leveraging the value proposition of satellite ocean data
to address the common data and information needs shared by all nations and communities
relative to the ocean. STAR also operates Coral Reef Watch for NOAA, which similarly
bridges the gap between satellite data providers and users for these socio-economically
and ecologically important ecosystems. Timely, accurate, and sustained data products and
information are essential for these at-risk regions threatened by climate change and local
anthropogenic impacts.

The paper’s Abbreviations Section provides the definitions for the acronyms used.

2. Satellites, Sensors, and Calibration/Validation
2.1. Instruments and Sensors

Supporting satellite missions and sensors characterizes STAR's core role within NES-
DIS and NOAA. This role includes providing underpinning scientific R&D expertise for
implementing NOAA'’s operational satellite missions, as well as for leveraging comple-
mentary and gap-filling partner satellite observations. Associated science efforts address
the development and refinement of satellite ocean observations across the spectrum of
instruments and phenomenology, aiming to exploit passive (visible, infrared, microwave)
and active (altimetry, synthetic aperture radar (SAR), and scatterometry) capabilities to
span physical, biological, and biogeochemical parameters for ocean-related applications,
e.g., ecological forecasting.

Complementing development of satellite ocean observation retrieval algorithms, STAR
performs critical developmental and operational calibration and validation support for
NOAA'’s GEO and LEO missions. Current NOAA satellite missions with ocean-related
sensors include the GOES-R series (specifically the GOES-R series Advanced Baseline
Imager (ABI) [1]), the Joint Polar Satellite System (JPSS) series (Visual Infrared Imaging
Radiometer Suite (VIIRS) [2], and the Jason/Sentinel-6 series altimeters [3].

Beyond NOAA'’s own satellite ocean observations, STAR leverages non-NOAA partner
satellite observations for operational robustness, greater coverage and resolution, and for
providing observations not available from NOAA'’s satellites. An aim is to exploit both
operational and exploratory satellite missions of domestic and international partners,
from LEO and GEO platforms for more intensive coverage of non-US waters. Examples
include passive microwave observations from GCOM-W1 (AMSR?2) [4] and SMAP [5],
scatterometry from METOP (ASCAT) [6], and synthetic aperture radar (SAR) from the
RADARSAT Constellation Mission [7] and the Sentinel-1 mission series [8]. Leveraged
gap-filling capabilities include sea surface salinity, sea surface temperature, ocean surface
vector winds, sea ice detection and characteristics through non-optical methods, oil spill
detection and monitoring, and illegal, unreported, and unregulated (IUU) fishing detection
and monitoring.

2.2. Technical Developments

STAR's satellite oceanography portfolio exploits passive and active capabilities across
the electromagnetic spectrum. Representative examples follow, organized by the portion of
the spectrum exploited and by passive/active sensing, noting that these highlights are not

40



Remote Sens. 2024, 16, 2656

intended to be an exhaustive accounting of all related STAR ocean remote sensing activities,
products, and services.

2.2.1. Visible Capabilities

Within the visible portion of the electromagnetic spectrum, STAR maintains a strong
R&D program for retrievals and applications of ocean and freshwater parameters derived
from “ocean color”, which include chlorophyll-a (Chl-a) concentration, colored dissolved
organic matter (CDOM), suspended particulate matter (SPM), water diffuse attenuation
coefficient parameters, and various water classification products. These and other satellite
ocean color data products are crucial for ocean/inland water environmental monitoring
and biological, biogeochemical, and ecological research and applications (e.g., water quality
and habitat assessments, aquaculture, and fishery management). With multi-sensor merged
and global gap-free ocean color data, NOAA STAR continues to improve the surveillance
and forecast of harmful algal blooms (HABs), coastal eutrophication, and changes in
phytoplankton dynamics, food webs, and biological productivity due to climate change.
This section highlights recent progress in ocean color remote sensing for generating routine
global ocean color data, as well as new products for ocean, coastal, and inland water
research and applications.

Global Ocean Color Product Data

Satellite ocean color products include normalized water-leaving radiance spectra
(nLy(A), ie., ocean color) [9,10], Chl-a concentration [11], Chl-a anomaly products [12],
water diffuse attenuation coefficient at 490 nm (K;(490)) [13] and for photosynthetically
available radiation (PAR) (K;(PAR)), SPM concentration [14], and water class [15]. Satellite-
derived Chl-a and consequently Chl-a anomaly (from Chl-a) data provide continuous global
estimations of ocean phytoplankton concentration (biomass) and variations, which are used
for monitoring HABs, ocean/water biological productivity, and other ocean/inland water
environmental processes. Diffuse attenuation coefficient K;(490) data enable the monitoring
of ocean water quality and the study of ocean processes, such as thermal dynamics and
phytoplankton photosynthesis. SPM data contribute to quantifying water clarity across
the world ocean and inland lakes, facilitating sediment transportation modeling and ocean
circulation tracing, as well as land—ocean flux and global carbon cycle studies. These
ocean color products are being routinely produced from VIIRS [16] onboard the Suomi
National Polar-orbiting Partnership (SNPP), NOAA-20, and NOAA-21, the Ocean and Land
Colour Instrument (OLCI) [17] on the Sentinel-3A (S3A) and Sentinel-3B (S3B) satellites,
and the Second-Generation Global Imager (SGLI) on the Global Change Observation
Mission-Climate (GCOM-C) satellite. The discussion below reviews ocean biological and
biogeochemical products routinely produced in NOAA /STAR, highlighting some new
ocean color products.

Chlorophyll-a Data

Satellite Chl-a data, derived using the ocean color index (OCI) method [11,18], em-
ploys satellite-derived nLy (M) for the blue, green, and red bands. Satellite Chl-a accuracy
over oligotrophic oceans (i.e., low Chl-a) can be significantly improved using the OCI-based
approach, greatly reducing noise and bias errors [11], as STAR has shown, using in situ
optics measurements from NOAA’s Marine Optical Buoy (MOBY) [19]. Consequently,
the OCI Chl-a algorithm has been implemented in the NOAA MSL12 enterprise ocean
color data processing system to derive Chl-a data globally from all relevant satellite sen-
sors [20,21]. Due to sensor spectral band differences from various satellite sensors, an
algorithm makes appropriate adjustments for specific sensors to produce consistent Chl-a
data across the different satellite sensors [22]. Consequently, Chl-a data from VIIRS, OLCI,
and SGLI can be effectively merged, producing consistent multi-sensor global Chl-a data
products. Additionally, global Chl-a anomaly products have been implemented in the

41



Remote Sens. 2024, 16, 2656

NOAA MSL12 ocean color data processing system and are being routinely generated [23]
for various near-real-time applications, including global HAB monitoring.

Diffuse Attenuation Coefficient K;(490)

The water diffuse attenuation coefficient at 490 nm, K;(490), an important water quality
parameter, characterizes light penetration/dissipation with respect to depth in oceanic and
aquatic systems, which significantly impacts primary productivity [24]. STAR developed
satellite K;(490) observations using combined empirical (open oceans) and semi-analytical
(turbid waters) approaches for deriving consistent K;(490) data [25]. The K;(490) algorithm
uses 1Ly (A) at the blue and green bands for open oceans, while employing 1Ly (A) at the red
band to relate the particle backscattering coefficient at 490 nm to K;(490) [26]. With proper
accounting for sensor spectral band variations in the K;(490) algorithm, global K;(490) data
derived from various sensors can be accurately merged [27].

New Global Suspended Particulate Matter Product

Suspended particulate matter (SPM) quantity, comprising organic and inorganic, liv-
ing and nonliving particulates, is estimated as the total dry weight per unit volume of
water. SPM assessments for the global ocean have been difficult due to the high spatiotem-
poral variability that spans a dynamic range of approximately 0.01-2000 mg L~!. STAR’s
inversion model retrieves SPM from the remote sensing reflectance (R,s(A) or nLy,(A)) in
the near-infrared (NIR), red, green, and blue bands (NIR-RGB) [28,29], employing algo-
rithms separately developed for “turbid” and “clear” waters, demarcated by a threshold
pertinent to R,5(671). Validation with in situ water filtration data shows a median absolute
percentage difference of approximately 35-39% overall. NOAA employs original swath
projection sensor radiance (Level-1) data to routinely generate a swath projection SPM
(Level-2) data product (approximately 750 m resolution) from VIIRS observations, as well
as gridded (Level-3) products (2 and 9 km, daily, 8 days, and monthly). Figure 1a depicts
the VIIRS-derived SPM global climatology.

New Water Class Product

Satellite-based optical water classification can distinguish water bodies with different
bio-optical and biogeochemical properties. Recently, STAR devised and implemented a
new water classification model [15] based on a clustering analysis of hyperspectral R;s(A)
spectra. This model globally resolves oceanic, coastal, and inland waters into 23 contiguous
classes, varying from purple-blue waters to green waters and yellow waters. Distinct
bio-optical and biogeochemical properties separate these water classes, such as Chl-a,
SPM, K;(490), light absorption coefficient of phytoplankton (a,,(443)), light absorption
coefficient of detritus and colored dissolved organic matter (CDOM) (a4,(443)), and light
backscattering coefficient of particles (by,(443)). Figure 1b depicts the VIIRS-derived water
class climatology (2012-2023) for the global oceans and inland waters. For open oceans,
the water classes predominantly comprise Classes 1-6, while the optically more complex
coastal oceans and inland waters are characteristically dominated by Classes 7-23. This
water classification data, a new addition to the satellite ocean color product list, can be
exploited for many applications, such as water quality, ocean ecology, and ocean color
uncertainty estimation.

Global Gap-Free Ocean Color Data

Satellite-derived daily ocean color product images can often have a significant number
of missing pixels in a single-sensor daily image due to cloud cover, narrow swath width,
high satellite viewing angle, high solar zenith angle, contamination by high sun glint, etc.
Since these missing pixels often partially or completely obscure ocean features of interest,
such as oceanic mesoscale/submesoscale eddies and fronts, STAR merges daily ocean color
observations from multiple sensors to reduce the missing data, using a STAR-developed
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innovative method to completely fill data gaps, generating gap-free ocean color products.
Discussion of STAR's routinely generated global gap-free ocean color products follows.

Suspended Particulate Matter (SPI\ﬁ) [mgiL] - SNPP VIIRS climlogy
February 2012 - September 2023

= s SNPP VIIRS climatology
xzsnslwasmuuulsuuuuznz;zzzn F‘bwzou-s‘mmmrzm

Figure 1. Climatology maps for 2012-2023 (SNPP VIIRS) for (a) suspended particulate matter and
(b) water class product over global oceans and inland waters.

NOAA routinely produces global Level-3 (i.e., spatially and /or temporally aggregated
from Level-2) ocean color data from multiple satellite missions, including VIIRS-SNPP,
VIIRS-NOAA-20, OLCI-S3A, and OLCI-S3B. In general, a daily global image derived from
VIIRS on SNPP or NOAA-20 comprises approximately 70 percent missing pixels and a
daily global OLCI image from S3A or S3B comprises approximately 80 percent missing
pixels [25-27]. Merging daily ocean color images from different sensors can significantly
reduce the number of missing pixels. Currently, STAR routinely produces daily merged
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Chl-a, K;4(490), and SPM data, employing combinations of two, three, and four sensors
(VIIRS and OLCI). A two-sensor merged daily image has approximately 38% more valid
pixels than from a single VIIRS sensor for the same day, with three sensors adding about
12% more valid pixels and a four-sensor merged image adding approximately 8% more
valid pixels beyond the three-sensor amount [26,27].

To completely fill missing pixel gaps in multi-sensor merged images, STAR employs
the Data Interpolating Empirical Orthogonal Function (DINEOF) method [28,29] to re-
construct those missing pixels and generate a Level-4 product. The DINEOF method,
based on Empirical Orthogonal Functions (EOFs), extracts the dominant spatial patterns
(EOF modes) from a time series of satellite images to reconstruct the missing pixels. Cur-
rently, NOAA generates near-real-time daily global gap-free Chl-a, K;(490), and SPM
data based on multi-sensor merged ocean color images [30], freely distributed via NOAA
CoastWatch [31]. STAR provides global gap-free Chl-a, K;(490), and SPM data at 2 km
and 9 km spatial resolutions. These daily gap-free ocean color data reveal large-scale and
mesoscale ocean features, such as the equatorial current, the Gulf Stream, and mesoscale ed-
dies, permitting smooth reconstruction of the evolution of mesoscale eddies, such as Loop
Current rings, North Brazil Current rings, etc. [27]. Since enhanced (reduced) Chl-a values
are often associated with cyclonic (anticyclonic) eddies, gap-free Chl-a data, along with
satellite-observed sea level anomalies, facilitate tracking and globally studying mesoscale
eddies [32]. Adding data from additional satellite sensors to merged images not only
significantly increases the number of valid pixels, but also improves the quality of derived
global gap-free images [27]. Notably, three-sensor gap-free images significantly enhance
the definition of coastal features versus those assessed in two-sensor images [26].

To further resolve smaller-scale dynamic features, especially in coastal and inland lake
regions, higher-resolution gap-free ocean color images are needed. VIIRS has a wide swath
width of 3040 km, with spatial resolution gradually increasing from 0.75 km at nadir to
approximately 1.5 km on the edge of the swath. Although OLCI’s swath width (1270 km) is
much narrower than VIIRS, OLCI has higher spatial resolution (0.3 km at nadir). Enabled
by these sensor native spatial resolutions, four-sensor merged global and regional gap-free
ocean color products at 2 km, 1 km, and 0.5 km spatial resolutions have been developed
and tested [26]. These higher-resolution data capture more high-frequency variations in
coastal oceans [26], e.g., the 2 km gap-free data images are capable of resolving fine ocean
features, such as coastal eddies and filaments, with the 1 km and 0.5 km resolution images
further enhancing the definition of such features [26]. Figure 2 provides examples for the
ocean and inland waters of global daily 2 km gap-free Chl-a (Figure 2a), K;(490) (Figure 2b),
and SPM (Figure 2c) for 1 July 2023. STAR routinely generates these gap-free ocean color
products from three sensors (VIIRS-SNPP, VIIRS-NOAA-20, and OLCI-S3A). With ocean
color data becoming available from more satellite sensors, more satellite data sources can
be combined for higher-resolution daily global gap-free products. The community of users
desiring gap-free ocean color products is large, spanning scientists “upstream” to decision-
makers and “downstream” end-users across diverse research, application, management,
and policy activities.

2.2.2. Infrared Capabilities
SST Data and Products

STAR has ongoing R&D efforts to develop experimental products within the infrared
portion of the spectrum, with resulting significant refinement and exploitation of opera-
tional retrievals. These SST data enable NOAA and the broader community to assess ocean
state and dynamics, inform ocean and weather predictions, and assess ecosystem/habitat
conditions and associated implications on living marine resources.
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Figure 2. Three-sensor (VIIRS-SNPP, VIIRS-NOAA-20, and OLCI-S3A)-derived global daily gap-free
2 km ocean color products for (a) Chl-a, (b) K; (490), and (c) SPM on 1 July 2023.

In the early 1980s, NOAA pioneered a global satellite SST product from 4 km-resolution
data to produce Advanced Very High-Resolution Radiometer (AVHRR)/2 Global Area
Coverage (GAC) onboard polar-orbiting NOAA-7 [33]. Over the next 20 years, NOAA’s
heritage LEO SST retrieval system has undergone multiple improvements [33-35]. In the
1990s, complementary SST retrievals from GEO data commenced [35,36]. In the 2000s,
the scope of NOAA satellite SST capabilities significantly expanded, with changes largely
driven by ongoing preparations for the next-generation US satellite systems, the JPSS, and
GOES ‘R’ series, ultimately leading to the generation of a platform-agnostic, enterprise
retrieval system for consistent SST products, the Advanced Clear Sky Processor for Ocean
(ACSPO) [37-40] that supports the diverse fleet of SST sensors.

Currently, ACSPO processes data from eighteen LEO missions, including NOAA,
EUMETSAT, and NASA satellites, and five GEO missions, including NOAA and Japanese
Meteorological Agency (JMA) satellites (Table 1). Each of the satellites/sensors routinely
provide data in several formats: original swath projection geophysical products (Level 2)
and their gridded counterparts. All ACSPO products are currently provided at equal-grid
0.02° resolution. Following the GHRSST recommended standards, the Level 3 single-sensor
products are available in two types: uncollated (L3U) or collated in time (L3C). ACSPO
data can be accessed multiple ways, including via NOAA’s Product Distribution and
Access (PDA) system, NOAA CoastWatch, and NOAA’s Centers for Environmental Infor-
mation (NCEI), as well as EUMETSAT EUMETcast, and the NASA Physical Oceanography
Distributed Active Archive Center (PO.DAAC) [41-44].

NOAA, national, and international users extensively employ ACSPO products. Con-
sistent feedback from users notes the challenge of ingesting and processing data from
multiple platforms and sensors. Users commonly request that ACSPO L3U/C products be
aggregated into sensor-agnostic products, where the large number of sensors and platforms
offers greater potential for comprehensive SST consistency checks and quality assurance.
Achieving this goal requires ingesting SST data from various individual sensors, reconciling
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and merging data, thereby enabling gridded super-collated (L3S) products that employ
multiple sensors, with improved global coverage and improved spatiotemporal resolution.

Table 1. Sensor data sources processed by STAR’s Advanced Clear Sky Processor for Ocean (ACSPO).
Sources for data ingested into the current Level 3 Super-collated Daily LEO time series and data
fusion product (L3S) are in italics. Sources for the planned GEO super-collated product are noted in

the GEO section.
ACSPO. Enterprise Heritage Sensors Current Generation Sensors Next Generation Sensors to Be Added
Processing
. NOAA AVHRR GAC, NOAA-7,9,
11,12,14,15,16,17,18,and 19~ 4 1psg VIIRS, Suomi NPP, e EUMETSAT MetOp Second
LEO ° EUMETSAT MetOp First Generation NOAA-20 and NOAA-21 Generation MetImage
A, B and C AVHRR FRAC
. NASA MODIS, Terra and Aqua
. NOAA GOES-R: GOES-16,
° NOAA GOES Imager (list of several) 17, and 18 Advanced . EUMETSAT Meteosat-Third
[ EUMETSAT Meteosat Second Baseline Imager Generation Flexible
GEO Generation, Spinning Enhanced ° JMA Himawari-8 and .
.. h < Combined Imager
Visible and InfraRed Imager Himawari-9 Advanced

Himawari Imager

NOAA first pursued developing two L3S-LEO products, aggregating mid-morning
(AM) data from the MetOp-First Generation-A, B, and C satellites and aggregating af-
ternoon (PM) data from the JPSS Suomi NPP, NOAA-20, NOAA-21, and Aqua MODIS
satellites, with each product comprising one nighttime file and one daytime file. Many
NOAA users also want these four files aggregated into a single daily (DY) product. Global
LEO satellite coverage of any given satellite sensor depends on the observation capability
(orbit, swath, observation geometry, etc.) minus anything that is not ocean SST (clouds, ice,
etc.). A single satellite typically provides “good” SST values for approximately 22-26% of
the global ocean, with two satellites producing approximately 35-37% “good” coverage,
and three satellites giving up to approximately 40% “good” coverage. The DY product
(Figure 3), which aggregates data from up to five different satellites, provides “good” SST
values for approximately 65% of the global ocean. The L3S-LEO time-series begins in
February 2000.

Current work focuses on super-collating SSTs from six GEO satellites into a single
L3S-GEO product (Table 1), which will result in near-global coverage at hourly temporal
resolution, excluding the Indian Ocean, which is not presently covered by new-generation
GEO SST observations from NOAA and its partners. Ultimately, the L3S-LEO and L3S-GEO
will be combined into a single global L3S product having superior coverage, exploiting
LEO’s high spatial resolutions and GEO'’s high temporal resolutions.

All ACSPO SST products have three modes: (1) near-real time (2-3 h latency) for
operational users; (2) science quality delayed mode (up to 2 months’ latency) having
improved sensor data (Level 1b) and ancillary data input; and (3) full mission reanalysis
(RAN; several years latency) [41-44]. Before archiving at NOAA and NASA, all ACSPO
products undergo extensive consistency checks and quality control, as well as calibration
and validation against high-quality in situ data in multi-tier NOAA SST monitoring systems,
notably the SST Quality Monitor (SQUAM) [45]; Monitor of Infrared Clear-sky Radiances
over Ocean for SST (MICROS) [46]; and ACSPO Regional Monitor for SST (ARMS) [47].
STAR performs calibration and validation against high-quality in situ data captured in
NOAA'’s in situ SST Quality Monitor (iQuam) [48]. STAR monitors additional information
about sensors and platforms via the NOAA Sensor Stability for SST (3S) [49] system.
All anomalies identified during monitoring are promptly addressed. Comprehensive
monitoring of SST products, their source radiance data, and the health of contributing
sensors and platforms ensures that STAR delivers the highest-quality ACSPO SST products
to users.
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Figure 3. Global ocean LEO Level-3 super-collated (L3S-LEO) daily (DY) SST product for 1 April 2024
showing substantial global daily coverage of satellite observations (approximately 65% on average).
The L3S-LEO DY time series begins in the year 2000. Gray areas indicate no SST data due to probable
clouds or other quality flags and white areas represent no SST data due to probable ice.

SST Gap-Filled Analysis

Responding to user interest and need for a gap-free Level-4 (L4) product, a global
0.05° resolution (approximately 5 km) gap-free Level-4 NOAA Geo-Polar Blended (GPB)
daily analysis was created at STAR [50], separate from ACSPO heritage products [23], by
combining Level 2 SST data from various US, Japanese, and European LEO and GEO
instruments, including ACSPO data. A multi-scale optimum interpolation methodology,
approximating a Kalman filter, is employed with a data-adaptive correlation length scale to
ensure a good balance between spatial feature preservation and noise reduction. The time
series for this analysis product begins in 2002. Temporal extension to earlier time periods is
being researched. A key user of this analysis product is NOAA’s Coral Reef Watch (CRW).

Next-Generation SST at NOAA /NESDIS

NOAA scientists with expertise in SST recognize the opportunity to improve NOAA’s
SST data product collection, especially with regard to addressing growing user demand for
various decision-making applications; consequently, in an internal report (white paper),
NESDIS/STAR presented a proposal for a next-generation SST product suite [51]. Apply-
ing new computing technologies, such as Al and machine learning, to the many robust,
operational SST satellite sensor data openly shared amongst the international space agency
community holds the promise of creating next-generation super-high-resolution observa-
tions that exceed the native sensor resolution. Higher-spatial-resolution SST products, both
near-real-time data and reanalyzed longer-term time series, are highly desirable and in
demand from multiple user sectors. The outlook is optimistic that relevant institutions will
promote progress in this direction.

Infrared Ice Observations

Beyond SST, STAR develops infrared geophysical products for near-real-time mon-
itoring of sea ice conditions, lake ice conditions, and longer-term climate studies. STAR
provides ice information and services to aid marine navigation and security, weather and
climate prediction, and climate monitoring and change detection. Near-real-time sea ice
products, used or evaluated for sea-like ice operations in support of marine navigation
and assimilation in numerical environmental prediction models, include sea ice concen-
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tration, temperature, thickness, and motion. The primary instruments for infrared-based
ice surface temperature, ice thickness, and ice motion are VIIRS on S-NPP, NOAA-20, and
NOAA-21, and ABI on the GOES-R series satellites [52]. Ice concentration is derived from
the VIIRS and the ABI [53]. All except ice motion are generated operationally. These ice
products will also be generated for the MetOp-SG series of satellites with the METImage
instrument. While NOAA does have satellite products for land-based snow properties,
there are currently no satellite products for snow on sea ice; however, an approach us-
ing active altimetry is under investigation. Figure 4 provides some examples of STAR’s
infrared-based sea ice products. Current research products include blended VIIRS+AMSR2
sea ice concentration [54], sea ice leads [55,56], ice surface temperature from a single VIIRS
high-resolution band [57], blended ice motion, and sea ice dynamics and deformation.
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Figure 4. Near-real-time infrared-derived sea ice products. Clockwise from upper left: VIIRS sea ice
surface temperature, VIIRS sea ice thickness, VIIRS + AMSR2 ice concentration, and VIIRS + AMSR2
ice motion, with the AMSR2 providing passive microwave data.
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The scientific community uses sea ice climate data records (CDRs) for process studies
and to better understand interactions and feedback in the climate system. STAR develops
and enables robust climate data records that can be used for monitoring and assessing
changes in Arctic and Antarctic climate. One NOAA CDR developed by STAR, the Ex-
tended Advanced Very High-Resolution Radiometer (AVHRR) Polar Pathfinder (APP-x),
comprises a suite of 20 variables, including sea ice thickness, ice surface temperature, ice
concentration, cloud properties, and radiative fluxes. APP-x covers both polar regions
twice per day from 1982 to the present [58]. VIIRS data, added daily to APP-x, extends the
CDR into the future. Another recently developed long-term dataset estimates ice thickness
from ice age, where ice age is determined by tracking new ice parcels over a long period of
time [59], a unique approach to deriving sea ice thickness that is very different from more
direct altimetry-based observations.

2.2.3. Passive Microwave Capabilities

For passive microwave capabilities, STAR must leverage partner satellite observations.
NOAA'’s formal partnership agreement with the Japan Aerospace Exploration Agency
(JAXA) for timely access to data from the AMSR?2 instrument on the GCOM-W1 satellite
will extend to include continuity observations resulting from the launch of AMSR3 on
JAXA’s GOSAT-GW mission. The AMSR2 uniquely addresses several NOAA JPSS program
observational requirements not met by NOAA satellites, notably microwave SST and
microwave brightness temperature (MBT) imagery. STAR developed and validated several
operationally generated and distributed AMSR2 ocean products, in particular sea surface
wind speed (SSW), SST, total precipitable water (TPW), cloud liquid water (CLW), and
MBT imagery for tropical cyclones. Recently, STAR developed an all-weather AMSR2 wind
speed product, extending the utility of AMSR2 wind speed retrievals into the tropical and
extratropical storm environments [60].

STAR pursues passive microwave sea ice retrievals (sea ice concentration, thickness,
and motion) from AMSR?2 [53] to provide observations complementary to infrared-based
sea ice observations, targeting application in near-real-time monitoring of sea ice, and
lake ice conditions, and for longer-term climate studies (Figure 4). Passive microwave
sea ice concentration data, produced operationally from the AMSR2 and subsequent
instruments, also will be generated for the Microwave Imager (MWI) instrument on the
MetOp-SG series of satellites. Near-real-time passive microwave sea ice products directly
support ice operations, marine navigation, assimilation in numerical ocean and atmosphere
prediction models, as well as for climate data records used by the scientific community
for process studies and better understanding of climate system interactions and feedback.
Blended passive microwave (AMSR2) and infrared (VIIRS) products for sea ice motion and
concentration have been developed but have not yet transitioned to operational production.
The APP-x product suite includes a passive microwave ice concentration product. Sea ice
thickness is derived from the retrieved snow—ice interface temperature and an ice growth
model. Passive microwave satellite data (AMSR2) have been used to develop the first
long-term basin-wide arctic climatology of dynamically and thermodynamically driven
sea ice thickness effects at sub-seasonal temporal resolution [61]. Although over a decade
long, this time series is not yet considered to be a CDR.

Beyond AMSR?2 passive microwave observing capabilities, STAR also leverages the
passive L-band observations of ESA’s SMOS and NASA’s SMAP missions for sea surface
salinity (SSS) observations, a critical ocean state parameter. These SSS observations sup-
port NOAA operational efforts, including near-real-time global numerical modeling and
seasonal-to-interannual prediction efforts [62]. STAR L-band SSS development efforts
currently focus on enhancing exploitation of high-latitude SSS observations, where SSS
observations are critical, but colder water impedes the geophysical retrieval. Another effort
pursues exploiting satellite SSS observations as an artificial intelligence (Al) predictor for
precipitation prediction at subseasonal to seasonal time scales.
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2.2.4. Active Capabilities
Altimetry

STAR exploits satellite altimetry, notably for ocean surface topography efforts, which
benefits numerical modeling and prediction of ocean dynamics; hurricane intensity forecast-
ing through improved representation of ocean heat content; enhanced high wave warnings;
ENSO forecasting and subsequent global water cycle implications; ocean surface current
assessments that inform fishery management, fishing services, energy siting, habitat health,
search and rescue, offshore operations, and incident responses; and understanding and
mitigating global and regional sea level rise [63].

Routine calibration/validation activities of altimetry concentrate in two areas, near-
real-time operational oceanography and the sea level climate record. The Near-Real-Time
Altimeter Validation System (NRTAVS) produces comprehensive, running web-based
statistical summaries of wind, wave, and sea surface height, as well as individual correction
terms, which are used for rapid quality assurance. To ensure the integrity of STAR’s regional
and global sea level climate products, the previous tide gauge comparison system [64]
was updated to detect system drifts and shifts. Additionally, a comprehensive radiometer
comparison system looks for errors using atmospheric models, inter-satellite comparison,
and vicarious methods [65]. Annually, STAR uses complementary sea level measurements
from Argo array and the GRACE gravity missions to assess the altimetry-based sea level
budget [66,67].

Through the international OSTST and in conjunction with NASA and other programs,
the NOAA Jason/Sentinel-6 program supports research and development of altimetry
applications, producing several innovative altimeter processing algorithms for improved
sea level and sea state observations, altimetric bathymetry [68,69], inland water levels, and,
for the cryosphere, sea ice thickness (freeboard). The Fully Focused Synthetic Aperture
Radar (FF-SAR) algorithm [70] provides ultra-high-resolution altimetry at scales of up to
0.5 m, increasing the along-track resolution by 100 times over conventional processing
methods. Widely applied, FE-SAR use includes improved altimeter range calibrations
at dedicated transponders and new oceanographic observations, including swell [71].
Additionally, STAR has helped develop FF-SAR-based altimetry processors to monitor
water levels of small inland water bodies, particularly for ungauged rivers and lakes in
remote or undeveloped areas [72]. A more recent innovation, 2D retracking, introduces
additional parameters to the processing of radar waveforms from Delay-Doppler (SAR)
altimetry missions (e.g., Cryosat-2, Sentinel-3, Sentinel-6) [73,74]. This advanced algorithm
provides two new ocean observations related to vertical wave motion and surface velocity.
Including these parameters reconciles differences between conventional (i.e., TOPEX and
Jason series) and SAR-Altimetry processing of sea level and waves, ensuring continuity in
the ocean topography climate record from altimeters using these different technologies.

STAR, in conjunction with EUMETSAT and the Delft University of Technology, main-
tains the Radar Altimeter Database System (RADS), which provides multi-mission, con-
sistent sea level anomalies, waves, and ocean surface wind speed products that NOAA
operationally employs for ocean modeling and prediction [75]. Daily RADS gridded altime-
try, a derived product, comprises a homogenized, high-resolution, gridded, gap-free sea
level anomaly product, extending from 2017 to the present, with a major algorithm update
slated for release in 2025 and a concomitant extension of the product time series to encom-
pass 2000 onwards. In addition to sea level anomaly and absolute dynamic topography,
this product also includes geostrophic surface velocity and eddy kinetic energy (EKE).

The NOAA Ocean Heat Content (OHC) Product Suite provides real-time, daily tropical
cyclone heat potential (TCHP) and mixed-layer depth (MLD) estimates for hurricane
prediction, using the Navy’s ALtimeter Processing System-2 (ALPS2) and the Geopolar
Blended 5 km SST [76] as inputs. The Next-Gen Enterprise OHC (in development at STAR),
which employs RADS output, as well as Geopolar Blended 5 km SST, ocean surface salinity,
and ocean winds, uses a dynamically consistent formulation to reduce error and increase
the correlation of TCHP estimates for extremely warm waters [75,77], adding temperature

50



Remote Sens. 2024, 16, 2656

and salinity estimates with 2 m vertical resolution for the upper ocean. The Blended
Ocean Surface Currents (BOSC) product combines gridded altimetry with several other
data sources to provide a near-real-time blended 1/¢-degree gridded output, primarily
depending on the RADS to provide accurate global daily surface current estimates. STAR's
complementary new Multiparameter Eddy Significance Index (MESI) provides a blended-
input estimate of an eddy’s physical dynamics and biogeochemical impacts [32].

An innovative STAR algorithm for radar altimeter-based sea ice thickness, currently
completing validation and preparations for operational production, exploits the FF-SAR
Altimeter Processor [70] to dramatically increase (approximately 50 times) the spatial
resolution of along-track altimetry-based sea ice thickness (freeboard) measurements. For
more accurate estimates of surface elevation, a robust physical model helps account for ice
properties in radar returns from sea ice surfaces, potentially producing more reliable and
accurate estimates of sea ice thickness (freeboard), enabled by improved measurement of
small sea ice leads (Figure 5) and being unaffected by cloud cover.
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Figure 5. SAR altimeter processor lead detection: blue—floe, yellow—ambiguous, red—lead.
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This new product will provide enhanced information for sea ice forecasting, modeling,
and ice charting for navigation, maritime operations, and safety at sea. STAR is working
with NOAA’s National Weather Service (NWS) on implementing operational assimilation
of the SAR-Altimeter Processor Sea Ice Thickness product into NOAA'’s United Forecast
System Coupled Model (UFSCM). A new sea ice thickness product line under development
aims to produce a sustained long-term time series using CryoSat-2 data, with continuity
provided by data from the operational Sentinel-6/Jason-CS and Sentinel-3 missions, and
the pending Copernicus Polar Ice and Snow Topography Altimeter (CRISTAL) mission.

Crucial for accurately and reliably estimating sea ice thickness and building upon pre-
vious experiences with both airborne and satellite altimetry data, STAR pursues exploiting
dual-band satellite altimetry techniques to provide snow depth on arctic sea ice, subtracting
IceSat-2 laser-based altimetry observations from radar-based altimetry observations to
estimate snow thickness on sea ice. Quantifying and monitoring snow on sea ice provides
critical information, constraining precipitation over the Arctic Ocean, thereby improving
estimates of ocean—atmosphere heat flux, and enabling more accurate satellite-derived sea
ice thickness retrievals through improved knowledge of hydrostatic snow loading. These
innovations and associated infrastructure pave the way for exploiting future dual-band
altimeter missions, such as CRISTAL, for enhanced sea ice products and their continuity.

Scatterometry

NOAA support for ocean surface wind vector (OSVW) product development and
satellite scatterometer calibration/validation activities began in the early 1990s with the
ERS-1 scatterometer. Lessons learned from the ERS scatterometer missions, combined
with the large areal coverage (broad measurement swath) and consistent quality OSVW
retrievals provided by NASA’s QuikSCAT mission (launched in 1999), made routine use
of scatterometer OSVW data by NWS possible, with the largest impact being direct use
of OSVW observations by marine forecasters in their day-to-day jobs, notably for marine
wind and wave analysis, warning, and prediction. STAR scientists, working closely with
their peers in the NASA QuikSCAT science team and forecasters at the NWS Ocean Pre-
diction Center (OPC) and National Hurricane Center (NHC), improved the near-real-time
QuikSCAT OSVW products, thereby supporting NOAA’s weather mission. This effort
included improving and validating high-wind-speed retrievals in extratropical cyclones
through the Ocean Winds flight experiment program described later.

Designed for a 3-year mission life, QuikSCAT lasted 10 years, during which its OSVW
products drastically improved marine wind analyses, forecasts, and warnings by signifi-
cantly extending the available observations beyond sparse buoy and ship reports and NWP
model output. Actual observations now provide 12.5 km spatial resolution for an 1800 km
wide swath for each QuikSCAT pass. The observed extent of gale, storm, and, sometimes,
hurricane-force winds in tropical cyclones notably improved, allowing improved NWS
wind warnings and resulting concomitant positive consequences for maritime commerce.
In 2006, realizing the significant benefits of satellite scatterometer OSVW products and
that NASA and NOAA had no follow-on mission planned for QuikSCAT, NOAA made a
concerted effort to document the benefits and requirements for scatterometer OSVW data
for operational weather forecasting and warnings [78-82], as well as the economic impact
of satellite OSVW data [83,84]. To better address the impacts of satellite ocean observations,
further studies of this type are crucially required, capturing not just the straightforward cost-
benefit perspective, but also, more broadly, enabling improved societal outcomes. With no
US follow-on scatterometer to QuikSCAT, STAR’s focus shifted to exploiting observations
from the Advanced Scatterometer (ASCAT) on EUMETSAT’s Meteorological Operational
satellites (MetOp-B/C). STAR, building upon previous experience with QuikSCAT and
its flight experiment program, determined that ASCAT measurements had sensitivity to
higher winds than currently being exploited [85]. Resulting updates to STAR’s ASCAT
processing improved detection of hurricane-force winds in extratropical cyclones, helping
mitigate the loss of QuikSCAT for the NOAA forecasters. STAR continues extending the
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information extracted from ASCAT by notably employing different processing techniques
to achieve a high-resolution ASCAT coastal wind and ice product [81]. This new technique
enables ASCAT measurements within a few kilometers of the coast while also improving
ASCAT’s ability to measure winds in tropical cyclones (Figure 6). Efforts also focus on
developing a near-real-time ice coverage product from this enhanced-resolution ASCAT
product, with validation and refinement of this product being a component of STAR's
winter flight experiments.
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Figure 6. High-resolution ASCAT product utilizing the coastal and tropical cyclone wind speed
retrieval improvements for Hurricane Ida on 28 August 2021.

Working closely with the Indian Space Research Organization (ISRO) on calibrating
and validating the OSCAT instrument on the Oceansat-2 mission, a scatterometer similar
to QuikSCAT in frequency and measurement geometry, STAR developed and produced
its own OSCAT OSVW products in near-real time using NOAA’s SCATSAT processing
system. With both EUMETSAT and ISRO committed to follow-on scatterometer OSVW
missions, STAR actively works with both agencies in support of satellite OSVW data for
NOAA'’s weather mission. Currently, STAR OSVW efforts focus on calibrating, validating,
and developing products for ISRO’s Oceansat-3, as well as working with EUMETSAT
in preparing for the launch of ASCAT’s successor, the EPS-SG Scatterometer (SCA), in
late 2025.

Satellite scatterometer-based products derived from ASCAT measurements help char-
acterize sea ice properties, with spatial resolution enhanced through processing that exploits
frequent swath overlap in the polar regions [86], including daily products for ice type, nor-
malized radar cross-section (NRCS), and 10-day NRCS standard deviation. The frequency
and resolution of these products provide metrics suitable for sea ice forecasting, input for
sea ice thickness estimation, model input, and geophysical process studies.

Synthetic Aperture Radar (SAR)

Exploiting satellite Synthetic Aperture Radar (SAR) observations, STAR provides
estimates of boundary layer conditions for the surface of oceans, lakes, rivers, and wetlands.
The primary measurements, determined from spaceborne SAR imagery, map the surface
microwave radar reflectivity at resolutions from the sub-meter scale to 100 m, depending
on the particular SAR satellite and mode. At typical radar frequencies, SAR can image
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through clouds; consequently, SAR serves as an “all-weather” instrument, independent
of time of day because the radar provides its own illumination. STAR currently derives
several SAR-based geophysical parameters, enabling high-resolution monitoring of sea
surface wind speed, tropical cyclones, sea and lake ice characteristics, flooding, marine oils
and surfactants, and waves.

All STAR SAR products transform original SAR source data to NRCS imagery, with
the associated backscatter of these NRCS data being proportional to surface roughness on
the scale of the radar wavelength (from 3 to 30 cm). NOAA'’s principal sources for SAR
data, C-Band imagery, come through partnerships with ESA (Sentinel 1) and the Canadian
Space Agency (RadarSat Constellation Mission (RCM)), as well as commercial procurement
for RadarSat-2 data.

For wind speed and direction estimates, STAR employs empirically determined geo-
physical model functions based on backscatter intensity from SAR NRCS imagery [87],
with the same SAR polarization employed for transmission and reception: vertical (V), hor-
izontal (H), co-polarization (VH or HV), or compact polarization (C). SAR fine-resolution
estimates for cyclone winds, surface eye locations, and other cyclone characteristics provide
tropical forecasters with a new tool [88]. When estimating tropical cyclone force wind
speeds, SAR retrievals apply transmission backscatter cross-polarization (VH or HV) [89].
These SAR-derived tropical cyclone products (500 m, 3 km, and 12 km resolution) now
routinely contribute to forecast products from the Joint Typhoon Warning Center (JTWC),
National Hurricane Center (NHC), and the Central Pacific Hurricane Center (CPHC).
Figure 7 depicts the SAR 500 m wind speed estimates for Cyclone Freddy on 16 Feb 2023.
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Figure 7. Synthetic Aperture Radar (SAR, Radarsat-2) data for Tropical Cyclone Freddy 11 September

2023 at 10:05 UTC: (left) 0.5 km resolution wind speed and (right) full storm radial profile, depicting
that the 0.5 km processing extracts a maximum velocity (VMax) of 136.3 kts.
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For most operational ice monitoring agencies, e.g., the US National Ice Center (USNIC)
and the Alaskan Sea Ice Program (ASIP), SAR data serve as a primary source, recognizing
that SAR data provide an ideal tool for ice observation, particularly due to persistent cloudy
conditions, low solar illumination, SAR’s high spatial resolution, and SAR’s ability to track
ice types. STAR provides NRCS, normalized mosaic imagery, ice motion, and ice extent
products to USNIC and ASIP for ice charting. The ice motion products, using a customized
algorithm, are generated on tailored resolutions and time intervals.

2.3. Suborbital and In Situ Data Collections Supporting Satellite Observations
2.3.1. Sea Ice

Validating satellite-based sea ice products with in situ observations presents notori-
ously difficult challenges due to the remote and harsh polar ocean environments. STAR
pursues increased capacity for collecting airborne sea ice coverage measurements by lever-
aging NOAA’s extensive expertise and resources in airborne operations. Using long-range
NOAA aircraft, STAR observes remote regions of the arctic, collecting measurements over
long transects (approximately 500-1500 km), thereby providing extensive data for vali-
dating satellite-based sea ice products over a variety of ice types, effectively bridging the
gap between in situ point measurements and large-scale satellite measurements. STAR
partnered with the European Space Agency (ESA) and NASA Goddard Space Flight Center
(GSFC) during Operation IceBridge to perform long-transect, near-coincident under-flights
of Envisat, ICESat, CryoSat-2, Sentinel 3A /B, and ICESat-2 for satellite sea ice product
validation [90].

During the winters of 2021, 2022, and 2023, STAR conducted interdisciplinary airborne
campaigns over the Beaufort Sea and Bering Sea regions using a WP-3D aircraft equipped
with several advanced radar systems, collecting both wind and sea ice surface measure-
ments (e.g., Figure 8), targeting near-coincident and coincident under-flights of multiple
satellite altimeters, along with low-altitude surveys of the Sea Ice Dynamic Experiment
(SIDEX) ice camp. STAR plans to add additional sea ice measurement instrumentation
(e.g., lidar) for future field efforts and pursue using additional NOAA aircraft for product
validation and sea ice monitoring, aiming to leverage emerging UAS platforms.

Through coordination with NOAA CoastWatch/PolarWatch and using NOAA'’s
OceanView geophysical data visualization application, STAR has established a system
designed to enhance and distribute scientific and monitoring information for the arctic
and antarctic regions, aiming to provide access to data collected over a spectrum of spa-
tial and temporal scales, along with active tools for analyzing and comparing multiple
datasets. System capabilities include data mapping and visualization, on-the-fly statistical
and time series analysis tools, and multivariable comparison tools. The system targets
providing reliable polar in situ, airborne, and satellite-based measurements for satellite cal-
ibration/validation activities, as well as analysis capabilities for examining regional earth
system processes; serving national and international cryospheric operational and science
communities; and enabling downstream stakeholders through more useable satellite-based
products serving fisheries, commercial efforts, security, navigation, arctic communities, etc.

2.3.2. Extreme Winds

STAR airborne field experiments employ several advanced radar systems, installed
on the NOAA P-3 aircraft and routinely operated during flights into tropical cyclones and
winter storms, to obtain measurements of extreme conditions. Over the past several years,
STAR implemented inflight real-time processing for wind and wave products, enabling
collected data to simultaneously inform critical National Hurricane Center (NHC) decision
making. Targeting improvements to existing products and future mission instrumentation,
these flight experiments, coordinated with satellite passes when possible, have multiple ob-
jectives: improve understanding of what microwave remote sensing instruments are really
measuring at the extremes; advance the knowledge of processes at the air—sea interface in
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these extreme environments; test new remote sensing measurement instrumentation and
techniques; and validate satellite products.
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Figure 8. NOAA Ocean Winds and Sea Ice Winter field experiment—2 March 2021. Flight track

included near-coincident under-flights of CryoSat-2 and Sentinel-3A satellites and a survey of the
SIDEx ice camp.

While the extreme wind /wave conditions found in extratropical and tropical cyclones
occupy a small fraction of the ocean surface at any moment, accurate knowledge and
monitoring of these conditions are crucial for short-term and longer-term weather and
climate applications. NOAA’s unique heavy aircraft capability provides the platform with
support for current remote sensing products while also enabling investigations targeting
improvements in knowledge and future instrumentation. A current STAR priority targets
using STAR airborne measurements to understand and address the issues being seen in the
airborne Stepped Frequency Microwave Radiometer (SFMR) retrievals in high-wind /rain
gradient areas. Hurricane specialists at the NHC question the accuracy of SFMR data in
these regions; however, with STAR'’s suite of measurements, STAR aims to untangle what
is happening at the surface and with the retrievals.
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3. Models and Assimilation
3.1. General

The assimilation of satellite ocean observations into predictive modeling, namely NOAA's
Unified Forecasting System, is the principal use, by volume and parameter type, of STAR’s
satellite ocean observations, supporting both NWS and NOS operational modeling. Op-
erational assimilation of satellite ocean observation data requires careful calibration and
validation to minimize the insertion of excess uncertainty into NOAA’s operational forecasts.

Passive retrieval algorithm developments and improvements support the ongoing
evolution of NOAA'’s Unified Forecast System to radiance-based assimilation, where feasi-
ble. The STAR-managed Community Surface Emissivity Model (CSEM) and Community
Radiative Transfer Model (CRTM) implement STAR'’s passive retrieval algorithms for oper-
ationally translating between observed radiances and modeled geophysical parameters
within the NOAA Unified Forecasting System. These passive retrieval algorithms enable
the focus on radiance-based observation assimilation supporting the Joint Effort for Data
assimilation Integration (JEDI), comprising US agencies and the United Kingdom (UK)
Met Office.

3.2. Assimilation of Ocean Data into Models

For near-real-time and subseasonal-seasonal applications, NOAA employs satellite ob-
servations to assess the ocean state and its dynamics, as well as coupled ocean, atmosphere,
and sea ice processes and fluxes of heat, moisture, and momentum for improved forecasts
and outlooks. NOAA'’s operational global ocean model, the Real-Time Ocean Forecast Sys-
tem, currently assimilates SST, SSS, Absolute Dynamic Topography (ADT, similar to SSH),
and sea ice concentration (passive microwave). Satellite ocean color observations inform
predictive modeling on the absorption of solar radiance in the near-surface ocean, which
has a biophysical feedback to ocean atmosphere heat and moisture fluxes. Developmental
work is being carried out to assimilate satellite ocean color (chlorophyll) observations
for initiating representation of the biological carbon cycle’s photosynthetic base. Satellite
sea surface roughness observations inform and constrain modeling of the surface wave
state and sea ice extent, informing weather forecasting and subseasonal-seasonal outlooks.
STAR recently brought satellite ocean data assimilation to the US NOS for operational
regional/coastal ocean modeling, leading development of the US West Coast Operational
Forecast System, which currently assimilates SST, ADT, and coastal high-frequency radar
observations. Satellite SSS spatial resolution is an assimilation challenge due to finer scales
of eastern boundary ocean dynamical features, notably eddies and filaments. STAR cur-
rently pursues better assimilation of high-latitude satellite SSS observations through an
artificial intelligence approach to counter the impact of colder high-latitude waters on
accurate satellite SSS retrievals.

4. Applications and User Support

Through leadership and satellite ocean observations, STAR works to address soci-
etal issues and develop relevant policies. Examples include co-leading the UN Ocean
Decade Action titled “The Committee on Earth Observation Satellites—Coastal Observa-
tions, Applications, Services, and Tools (CEOS COAST)” [91], as well as the Group on
Earth Observations’ Blue Planet Initiative, which focuses on ocean and coastal observa-
tions for policy and decision making, aiming to bridge the gap between ocean and coastal
observational data and societal needs for actionable information.

The STAR-led NOAA CoastWatch/OceanWatch [31], PolarWatch [92], and Coral Reef
Watch [93] provide broad access to satellite-based ocean products, analyses, tools, and situ-
ational awareness applications that address the global oceans, focused regional and coastal
ocean domains, and ocean cryosphere regions. The CoastWatch program, organized in four
pillars (Regional or Thematic Nodes; Central Operations; Training, Communications and
Outreach; and Innovation, Research and Applications), encompasses seven CoastWatch
Nodes, each managed by a user-focused NOAA service, notably the National Ocean Service
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(NOS), the National Weather Service (NWS), the National Marine Fisheries Service (NMFS),
and NOAA Research. All CoastWatch Nodes share the same mission—connect people
and applications to global and regional satellite data products for use in understanding,
managing, and protecting ocean and coastal resources, and for assessing impacts of change
in ecosystems, the environment, and climate. CoastWatch scientists lead research and
co-design, co-develop new or enhanced exploitation of satellite ocean data for applica-
tions, and disseminate knowledge needed for informed decision making. For training,
communications, and outreach, CoastWatch provides training courses, develops learning
modules, and leads user engagement workshops. The CoastWatch Learning Portal [94], a
collaboration with University of Maryland, hosts training modules for free and provides
open access. The CoastWatch Data Portal [95] encompasses a browser-based one-stop-shop
for finding, visualizing, and downloading oceanographic data, with over 150 near-real-time
and science quality (delayed) products available for mapping. Through the integration
of ArcGIS and CoastWatch Utilities Software (v 4.0.0), only a web browser is needed to
access, visualize, and obtain the data available in the portal. CoastWatch performed over
35.8 million data transfers in 2022 alone. The OceanWatch Monitor [96] and OceanView [97]
provide user-selected current and past analyses and visualizations of global and regional
satellite ocean observations, spanning the available parameters.

4.1. Applications

A significant part of the ocean observation value chain entails extracting information
from the data to provide actionable knowledge; consequently, the CoastWatch/OceanWatch
Program develops and provides user-driven applications. Examples of successfully devel-
oped applications that have transitioned to use include fisheries and aquaculture, water
quality assessment, ecosystem monitoring, ocean and coastal dynamics, transportation and
safety, and climate and weather. Fisheries and aquaculture applications (SST, ocean color,
currents, SSH) include nutrient assessments, bycatch minimization, favorable conditions
for commercial fisheries, and ocean acidification. Water quality and habitat applications
exploit SST, ocean color, optical imagery, and SAR data to assess estuary conditions, harm-
ful algal blooms, ocean acidification, oil spills, etc. Ecosystem monitoring applications
employ SST, SSH, ocean color, and SSS data for assessing habitats of temperature-sensitive
species, as well as marine heat waves, currents, upwelling, distributions of ecologically
important ecosystems, sediment plumes, freshwater influences in estuaries, and sea level
rise impacts. Satellite SST, SSH, SSS, currents, and ocean color observations provide a basis
for assessing ocean and coastal dynamics, including upwelling and mesoscale dynamic fea-
tures, contributing to optimizing marine transportation and fishing efforts. Satellite ocean
surface winds, sea surface roughness, and SSH data provide the marine transportation and
safety sector information on dangerous conditions, surf and swell conditions, ice type and
thickness, as well as improve tide and wave height forecasting for greater efficiency and
safety. Optical imagery (e.g., from VIIRS) and SAR observations provide coastal inundation
assessments for public safety and recovery. Additionally, STAR creates extended consistent
satellite ocean observation datasets to address climate-scale questions and issues.

4.2. Polar Regions

Analysis tools and geophysical products developed by STAR enhance the under-
standing, monitoring, and situational awareness of Earth system environments and pro-
cesses in the polar regions, notably remote sensing techniques and fit-for-purpose sea ice
products supporting sea ice monitoring, numerical modeling, and prediction, advancing
knowledge of the changing arctic sea ice cover across time scales. On the broader scale,
to consolidate observing requirements and identify observing system gaps for proper-
ties of the cryosphere [98], STAR participates in the World Meteorological Organization
(WMO) Rolling Review of Requirements (RRR) and Global Climate Observing System
(GCOS) efforts.
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Climate data records can enable better understanding of the relationships between
various components of the climate system. For example, NOAA'’s satellite climate data
records produced new information and insights on multi-decadal changes in arctic sea
ice area, thickness, and volume. A recent STAR study [99] introduces a new perspective,
based on ice longevity, for determining where ice is persistent and where it is disappearing
(Figure 9). That research highlights the presence and persistence of sea ice in an area
that directly influences arctic weather and climate, marine transportation, and ecosystems.
These findings highlight that the arctic has become less ice-covered in all seasons, with
summer and autumn having the most changes, with areal loss of perennial sea ice being
the major factor in total sea ice loss in all seasons. Different mechanisms of the changing
climate affect the thermodynamic and dynamic sea ice thickness processes.

1982 2020

Figure 9. Spatial distribution of Arctic sea ice in 1982 (left) and 2020 (right) for perennial and seasonal
sea ice and snow on land.

Results from passive microwave satellite data (AMSR2) show that Lagrangian dynam-
ics account for almost half of ice thickness growth, depending on the region, providing
critical new information for assessing ice processes in coupled models [61,100].

Recent work with satellite-derived cloud and sea ice products highlighted a somewhat
surprising relationship between wintertime cloud anomalies and sea ice anomalies the
following summer [101,102], with those summertime sea ice anomalies, in turn, driving
an apparent positive feedback loop impacting cloud cover anomalies the subsequent
winter [103]. The APP-x CDR enabled an assessment of the importance of arctic ice albedo
feedback relative to snow albedo feedback [104]. Interestingly, in the arctic, the positive
(increasing) trend of solar radiation absorption at the ocean surface due to sea ice decline is
more than double the trend resulting from reductions in snow cover over land. Furthermore,
in summer, the magnitude of the ice albedo feedback is four times larger than that of the
snow albedo feedback; therefore, the dominant radiative feedback for the last few decades
appears due to decreasing sea ice cover, not changes in terrestrial snow cover.

4.3. Ecosystem and Biogeochemical Applications

Actively targeting satellite remote sensing approaches for addressing marine ecosys-
tem and biogeochemical data and information needs and challenges, STAR pursues en-
hancing and applying satellite ocean color measurements of chlorophyll, detritus, colored
dissolved organic material (CDOM), and sediment to water quality applications, such as
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harmful algal bloom assessments and forecasting. The STAR-led CRW, employing SST
observations to assess global SST anomalies, trends, hotspots, degree heating weeks, and
coral bleaching alert areas, provides free, automated email alerts and critical decision
support for coral reef ecosystem management and protection efforts. Additional relevant
satellite-derived products address marine heatwaves, coral disease outbreak risk, light
stress damage, and monitoring land-based sources of pollution, among other threats to the
coral reef environment. Research efforts target projections of bleaching for coral reef areas.

4.3.1. Coral Reefs

The STAR-led NOAA CRW provides satellite and modeled products supporting
conservation, restoration, and resilience-based research and management projects that aim
to protect and/or restore coral reefs in a rapidly warming world. In times of low or no
heat stress, users also apply CRW products to identify appropriate locations to implement
conservation and restoration initiatives, for instance, to give transplanted corals or corals
grown in situ the best chance at survival.

CRW satellite products, primarily based on SST measurements and updated in near-
real time, aim to answer the question, “Is this coral reef currently at risk for bleaching?”
These products (Figure 10) include operational daily global 5 km satellite coral bleaching
heat stress products (including composites and animations), and daily 5 km satellite
Virtual Stations (Regional Virtual Stations currently serving 214 coral reef regions and
newly created single-pixel Virtual Stations for multiple US coral reefs). A free, automated
Satellite Bleaching Alert email system alerts subscribers, twice per week, when heat stress
conditions change on their reefs of interest. CRW also offers, among other tools, a daily
global 5 km Marine Heatwave Watch (MHW) product (including new, regional MHW
products); historical 5 km satellite Thermal History products; Coral Disease Outbreak Risk
products (for Hawaii and the Great Barrier Reef, Australia); and Satellite Ocean Color
Monitoring products (for Puerto Rico and Hawaii coral reefs). Additionally, CRW produces
a modeled Four-Month Coral Bleaching Heat Stress Outlook (Figure 9) based on NOAA’s
Climate Forecast System version 2. The Outlook, updated weekly, provides information
about potential future heat stress on reefs around the world, answering the question, “Will
this reef be at risk for bleaching soon?”.

In July 2023, responding to an exigent need, CRW developed single-pixel Virtual
Stations [105] for key Florida reefs, consolidating critical CRW heat stress metrics for the
individual 5 km x 5 km satellite pixels that overlay the reef sites. Stakeholders can now
compare current heat stress levels across sites to assist with prioritization of current efforts
by location; communication among stakeholders; subsequent relocation of coral colonies
back into the water when the heat stress subsides; and monitoring and restoration activities.
Working with local management partners, CRW also developed single-pixel Virtual Stations
for key restoration and nursery reef sites in Puerto Rico and the US Virgin Islands. Going
forward, CRW will develop additional single-pixel Virtual Stations for all remaining US
coral reef areas and for selected key international coral reef sites.

4.3.2. Coastal Zones

Exploiting satellite ocean color observations, NOAA CoastWatch supports risk assess-
ments in coastal zones, including the California-Harmful Algae Risk Mapping (C-HARM)
system [106], developed in partnership with the Southern California Coastal Ocean Observ-
ing System (SCCOOS). C-HARM HAB products provide probability predictions of high
levels of Pseudo nitzschia and their harmful neurotoxin, domoic acid. Human and wildlife
consumers of shellfish contaminated with domoic acid are at risk of contracting Amnesic
Shellfish Poisoning, which can be fatal, if not treated properly. Fisheries, aquaculture,
and marine mammal rescue groups, including the West Coast Marine Mammal Stranding
Network, need accurate information on a daily basis for making public health decisions
and aiding preparations; consequently, C-HARM products serve a vital role in this regard.
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NOAA Coral Reef Watch 5km Bleaching Alert Area Year-tc-date Maximum (v3.1) 29 Aug 2023
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Figure 10. (Top) NOAA Coral Reef Watch composite 5 km Satellite Bleaching Alert Area 2023
Year-to-Date Maximum map, depicting the highest bleaching alert levels experienced by tropical
coral reefs as of 29 August 2023. In 2023, severe marine heat stress (Bleaching Alert Levels 1 and 2)
associated with mass coral bleaching and mortality occurred along Florida, in the Caribbean and
Gulf of Mexico, throughout the eastern Tropical Pacific, and in swaths extending from the Sea of
Japan to the South China Sea, and from eastern Papua New Guinea to the Cook Islands. (Bottom)
NOAA Coral Reef Watch modeled Four-Month Coral Bleaching Heat Stress Outlook for 29 August
2023, showing predicted ocean heat stress (and corresponding bleaching alert levels) from September
to December 2023.

Timely, accurate, and sustained observations for global coastal zones are essential
for addressing existing and emerging societal issues, needs, and concerns, from coastal
resiliency, flood forecasting, and disaster recovery to habitat monitoring, eutrophication,
water quality, challenges of continued growth in coastal regions, and assessment of cli-
mate change impacts. The NOAA co-led CEOS COAST provides new and improved
scientific/technical capabilities and continues to build global capacity for a more robust,
end-to-end value chain supporting coastal stakeholders and global sustainable develop-
ment [107,108].

COAST’s user-driven efforts encourage broader utilization of Earth observations and
other CEOS capabilities for societal benefits within coastal zones (e.g., Blue Economy;
Sustainable Development Goals) [109]. User co-design and co-development are key to
implementing COAST solutions [109]. High-impact regional pilot projects implemented
by CEOS-COAST leverage the CEOS Analysis Ready Data (ARD) framework, employing
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higher-resolution datasets for the development of shoreline change assessments within
Chesapeake Bay [110]. The CEOS-COAST team has additional products and applications
in development.

Many global and regional partners seek such scientific and technical (e.g., geospatial
and computational) support, affording specific opportunities for CEOS engagement, par-
ticularly through the Group on Earth Observations (GEO) Blue Planet and AquaWatch
Initiatives, which are actively led and supported by NOAA /STAR and external stakehold-
ers, including the Intergovernmental Oceanographic Commission (IOC)/Global Ocean
Observing System (GOOS), United Nations (UN) Environment, the World Meteorological
Organization, and the UN Decade of Ocean Science for Sustainable Development (2021-
2030). In June 2021, the IOC endorsed CEOS COAST as an official UN Ocean Decade
Contribution [91].

4.4. User Engagement and Decision-Making Support

In addition to employing regional nodes for user engagement, NOAA CoastWatch
provides training on exploiting satellite ocean observations. Navigating vast amounts of
satellite data can be overwhelming; consequently, CoastWatch offers structured courses to
introduce users to oceanographic satellite products, the software and tools commonly used
to analyze them, and ways to effectively use the data. CoastWatch/OceanWatch resources
are free and accessible to all, regardless of class enrollment. An online Learning Portal,
launched in 2023 in partnership with the University of Maryland, provides organization
for the CoastWatch lectures, guides, and tutorials, receiving positive feedback.

An extensive and diverse user community worldwide regularly employs NOAA
CRW’s online global decision support system, employing its satellite and modeled products
for coral reef management, monitoring, research, and protection of coral reef ecosystems in
a rapidly warming world. CRW’s broad engagement in research, development, and opera-
tions, and its extensive communication and outreach with its users and partners, addresses
a critical global need for coral health remote prediction, monitoring, and assessment and
allows NOAA to meet user needs and established NOAA missions, goals, and objectives.

Marine resource managers, scientists, decision makers (including political officials),
in-water coral reef monitoring networks, and other worldwide coral reef ecosystem stake-
holders rely on NOAA'’s coral reef satellite and modeled products and alerts to predict and
monitor in near-real time changes in thermal stress in the coral reef environment; prepare
and prioritize resources for events (e.g., mass coral bleaching or disease) that have long-
term, ecologically significant impacts on coral and reef health and function; communicate,
quickly and broadly, among agencies, the press, and the public, changes in the status of
local reefs; implement timely, protective responses and adaptation actions; analyze climate
change impacts (e.g., bleaching, disease, and mortality) on coral reefs; and assess when
specific reefs are vulnerable or resilient to anthropogenic climate change and its impacts.
Using information that the CRW team and its products provide, users have activated local
coral bleaching and disease response plans, incident action plans, and associated in-water
monitoring networks; rescued native and rare corals; and shaded/cooled key nursery
reefs. Stakeholders have also worked to reduce local stressors, such as by closing scuba
diving and fishing areas during times of high-bleaching-level heat stress. For example, in
May 2016, following CRW's alerts and communications, Thailand’s Government closed
multiple key reef sites to scuba diving and other activities. In June 2022, the Nha Trang
Bay Management Authority closed popular scuba diving areas off of Hon Mun Island,
Vietnam. Critical product and data updates are quickly and broadly communicated to the
user community and partners worldwide, along with significant contributions to quarterly
and monthly climate reports and “Current Conditions Reports” issued by major partners
to their in-water monitoring networks, including the Southeast Florida Action Network
BleachWatch Program, Mote Marine Laboratory/Florida Keys National Marine Sanctuary
BleachWatch Program, Hawaii Eyes of the Reef, the Caribbean Regional Climate Cen-
tre/Caribbean Institute for Meteorology and Hydrology, and the Coastal Oceans Research
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and Development Indian Ocean—East Africa (CORDIO) network, among others. CRW
efforts inform many national and international assessments of coral reef conditions, with
staff regularly publishing in the scientific literature. User engagement efforts include re-
sponding to frequent requests for information about the coral reef products and datasets;
consequently, CRW maintains an online tutorial and detailed methodology page about its
daily global 5 km satellite products and conducts other outreach and educational activities
to enhance understanding and ensure appropriate application of the decision support
products and data.

With the developing El Nifio of 2023-2024, NOAA CRW directly supports in-water
monitoring, conservation, rescue, restoration, and communication efforts, working closely
with partners and decision makers in areas impacted by coral reef heat stress. In Florida,
where a severe marine heatwave and mass bleaching event continues (as of this writing),
CRW continues its extensive communication with in-water partners, guiding the appli-
cation of CRW products (including newly developed [105] single-pixel satellite Virtual
Stations) to guide monitoring, mitigation, and triage efforts, including relocating and
protecting thousands of corals in onshore or deeper-water nurseries. Such efforts extend
to communicating with global partners that are experiencing heat stress events and doc-
umented mass coral bleaching, as well as providing guidance on the strong El Nifio as
it relates to current/projected heat stress on their reefs. In direct collaboration with the
Australian Government and other local stakeholders coordinating information sharing
and messaging to global media outlets, as in 2016, 2017, 2020, and 2021, CRW provided
advance warning and near-real-time satellite monitoring for the 20222023 heat stress and
subsequent mass coral bleaching event on the Great Barrier Reef. Leading up to and during
severe heat stress and mass bleaching events around the world, CRW frequently provides
interviews for US and international press articles, with its products featured across press
and social media, notably the daily global 5 km satellite coral bleaching heat stress products
and modeled Four-Month Coral Bleaching Heat Stress Outlook.

Through leadership and satellite ocean observations, STAR works to address societal
issues and support relevant policies. Examples include co-leading the UN Ocean Decade
Action CEOS-COAST, as well as the Group on Earth Observations” Blue Planet Initiative,
focusing on ocean and coastal observations for policy and decision making, aiming to bridge
the gap between ocean and coastal observations and delivering actionable information for
societal needs.

5. Discussion

Fulfilling its crucial role in NOAA, STAR continues to support and advance satellite
oceanography from the R&D and operational perspectives, with these inherently coupled
domains furthered through extensive internal and external collaborations and partnerships.
From the R&D perspective, key foci and activity areas by STAR and the broader Earth
observing community over the next decade and beyond follow.

STAR will actively facilitate development and exploitation of new missions in the
domains of ocean, coastal, and inland waters. The implementation of geostationary ocean
color, as part of the forthcoming GEO-XO satellite system, represents an extremely exciting
development that will significantly advance ecosystem monitoring and forecasting for
US waters, significantly expanding capabilities for research, applications, and operations.
NOAA will also continue to rely on leveraging non-NOAA satellite data streams for its
ocean and aquatic observations. Recent and upcoming agency launches, including those
of SWOT, PACE, and NISAR, will provide important new experimental and operational
data streams for NESDIS to develop and exploit in support of NOAA and non-NOAA
stakeholders. Greater utilization of data from commercial platforms likewise will be
essential as complementary to the observations from agency platforms.

Developing new and improved products for ocean basins, coastal zones, and inland
waters continues to be a high-priority need, particularly for the rapidly changing polar
regions (Arctic and Antarctic). In particular, pursuing and exploiting hyperspectral (e.g.,
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PACE), higher spatial, temporal, and spectral resolution capabilities of existing and planned
satellite sensors is a crucial need and priority; notably, in this regard, new PACE hyper-
spectral data for ocean color research and applications, as well as commercial data, will be
invaluable, especially high-resolution optical and SAR imagery, notably enabling efforts in
critical coastal regimes. Required efforts include continued development of fully focused
SAR altimetry approaches for various aquatic applications. Identifying, tracking, and
extracting dynamic processes, events, and features from multi-sensor and multi-parameter
satellite imagery (e.g., MESI [32]) present compelling capabilities supporting diverse users
and applications, e.g., plumes, blooms, habitat assessments for fisheries and aquacul-
ture management, marine carbon dioxide removal (MCDR), and coastal blue carbon for
climate assessments.

Users need further development of gap-reduced or gap-filled products, including
multi-mission merged/fused Level-3 products, as well as gap-filled blended Level-4 analy-
ses, with spatial and temporal feature resolution maximally preserved. Many users indicate
a strong preference for these types of products to facilitate exploiting increasing information
content while reducing data volumes, number of files, cloud impacts, etc. Additionally,
long-identified requirements across diverse NOAA users exist for developing consistent,
long-term, multi-mission times series for complementary physical, biological, and bio-
geochemical ocean parameters and their anomalies. Within NOAA, addressing the wide
range of relevant climate research and other longer-term applications requires using STAR
enterprise algorithm systems. Ocean color radiometry, ocean surface vector winds, sea
surface height, and sea surface temperature time series currently are high priorities within
NESDIS that will leverage and integrate both NOAA and non-NOAA data streams.

Significant advances in data science and informatics for ocean research and applica-
tions need to complement developments in new and improved data and derived products.
The broader community progresses with exciting ongoing transitions into cloud-based
solutions, as well as broader exploitation of Artificial Intelligence (Al) and Machine Learn-
ing (ML) approaches for data processing, product development, forecasting, etc. STAR
research and development activities support and advance these trends, which are expected
to provide more equitable access to data and derived information. Emerging ecosystem
applications include using Al approaches for identifying and forecasting eutrophication
and hypoxia in coastal waters, which will be particularly important for developing na-
tions and transitioning economies as they strive for sustainable development in a rapidly
changing environment.

Curation and translation of ocean, coastal, and inland water data products to provide
better information and greater knowledge for users proves to be increasingly important.
Given petabytes of data and hundreds of products, STAR scientists, as part of broader
global community efforts, increasingly play the role of trusted advisor and curator to users,
identifying fit-for-purpose products for their particular needs and applications within their
domain. Immediate priorities include advancing the use of satellite products in ocean and
ecological forecasting, aiming to address underutilization of observation data in marine
modeling. This underutilization can be attributed to challenges in modeling complex
interrelationships between observed parameters; data latency, accuracy, and uncertainties
in what is measured and inferred; and spatial resolution. With respect to spatial resolu-
tion challenges, data thinning may be required to align with model resolution, as well
as the data may be non-representative when pixel resolution exceeds the resolution of
targeted modeled features and processes. Numerical ocean forecasting and prediction have
predominantly focused on representing physical states and processes, for which STAR
has recently brought new data streams into operational assimilation, notably sea surface
salinity and absolute dynamic topography derived from satellite altimetry. Developmental
efforts include exploiting satellite chlorophyll-a observations for both biophysical feedback
processes and ecosystem modeling, as well as new satellite sea ice observations, notably
sea ice thickness from satellite infrared observations. New sea ice observation capabilities
from altimetry, synthetic aperture radar, and passive microwave are currently in progress.
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A significant focus on exploiting satellite observations of sea ice aims to enable and sup-
port NOAA'’s pending new operational coupled (ocean, atmosphere, and sea ice) model.
Integration of data across missions (NOAA and non-NOAA), parameters (e.g., physical,
optical, biological, and biogeochemical), domains (e.g., land-sea, ocean-atmosphere), and
disciplines (e.g., natural sciences and social sciences) needs to provide a foundation for
augmenting the development of new and improved satellite-based indicators that measure
both outputs and outcomes, as well as enhanced scientific support and service delivery.

6. Conclusions

The NOAA Center for Satellite Applications and Research (STAR) broadly engages
in research, development, and operational support to improve formulation, availability,
and utilization of ocean and coastal observations from space; keep NOAA on the leading
edge of monitoring and predicting the global environment; and provide, for the benefit
of society, critical, timely, and fit-for-purpose information for global stakeholders about
changing ocean conditions and associated impacts.

The complexity and criticality of these scientific and technical challenges and efforts
and, more so, desired societal impacts, require a global partnership. In advancing the
routine and sustained use of satellite oceanography data, NOAA actively coordinates with
EUMETSAT and other global and regional partners to develop and implement the collabo-
rative international operational satellite oceanography (OSO) initiative. The OSO initiative,
started in 2018, has, to date, held three related international community symposia. The
most recent symposium (2023), held in Busan, South Korea, was recognized as an official
event of the U.N. Decade of Ocean Science for Sustainable Development. Further details
of these events are available in the respective OSO Symposia (OSOS) Reports [111,112].
Working together as a community of EO data providers, the collective ability to positively
impact the future is very promising.
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Abbreviations

Acronyms (alphabetical order)

ABI Advanced Baseline Imager

ACSPO Advanced Clear Sky Processor for Ocean

a,44(443) absorption coefficient of detritus and colored dissolved organic matter at
443 nm

ADT Absolute Dynamic Topography

AHI Advanced Himawari Imager

Al artificial intelligence

AM aggregated mid-morning data from the MetOp-FG-A /B/C satellites

AMSR2 Advanced Microwave Scanning Radiometer 2
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AMSR3
a,;,(443)
APP-x

ArcGIS

ARMS

ASIP

AVHR

by, (443)

BOSC
Cal/Val
CDOM

CDR

CEOS
CEOS-COAST

CGMS
C-HARM
Chl-a
CLW
CORDIO
CPHC
CRISTAL
CRTM
CRW
CryoSat-2

CSEM

CW Utilities
DINEOF
DM

DY

EKE

ENSO

EOF
EPS-SG
ERS-1

ESA
EUMETCast

EUMETSAT
FEMA
FRAC

GAC
GCOM-C
GCOM-W1
GEO
GHRSST
GOES-R
GOSAT-GW
GPB

GSFC

HAB
ICESat-2
I0CCG
iQuam
ISRO

gu

JAXA

JEDI

Advanced Microwave Scanning Radiometer 3

light absorption coefficient of phytoplankton at 443 nm

Polar Pathfinder

a family of client, server and online geographic information system software
developed and maintained by Esri.

ACSPO Regional Monitor for SST

Alaskan Sea Ice Program

Advanced Very High-Resolution Radiometer

light backscattering coefficient of particles at 443 nm

Blended Ocean Surface Currents

calibration/validation

colored dissolved organic matter

climate data records

Committee on Earth Observation Satellites

Committee on Earth Observation Satellite’s Coastal Observations, Applications,
Services and Tools team

Coordination Group for Meteorological Satellites
California-Harmful Algae Risk Mapping

chlorophyll-a

cloud liquid water

Coastal Oceans Research and Development Indian Ocean-East Africa
Central Pacific Hurricane Center

Copernicus Polar Ice and Snow Topography Altimeter

Community Radiative Transfer Model

Coral Reef Watch

a European Space Agency Earth Explorer Mission dedicated to measuring polar
sea ice thickness and monitoring changes in ice sheets

Community Surface Emissivity Model

NOAA CoastWatch Utilities data acquisition tool

Data Interpolating Empirical Orthogonal Function

delayed mode

a single daily product

eddy kinetic Energy

El Nino Southern Oscillation

Empirical Orthogonal Functions

EUMETSAT Polar System—Second Generation

European Remote-Sensing Satellite-1

European Space Agency

a method of disseminating various (mainly satellite based) meteorological
data operated by the European Organisation for the Exploitation of
Meteorological Satellites

European Organisation for the Exploitation of Meteorological Satellites
Federal Emergency Management Agency

Full Resolution Area Coverage

Global Area Coverage

Global Change Observation Mission-Climate

Global Change Observation Mission-Water 1

geostationary

Group for High Resolution Sea Surface Temperature

Geostationary Operational Environmental Satellites R-series
Global Observing SATellite for Greenhouse gases and Water cycle
Geo-Polar Blended

Goddard Space Flight Center

harmful algal bloom

Ice, Cloud and land Elevation Satellite 2

International Ocean Colour Coordinating Group

NOAAs in situ SST Quality Monitor

Indian Space Research Organization

illegal, unreported, and unregulated fishing

Japan Aerospace Exploration Agency

Joint Effort for Data assimilation Integration
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JPSS
JTWC

Ky

L3C

L3S

L3U

L4

LEO
Lidar
MBT
MDA
MESI

FCI
METImage
METOP
MetOp SG
MICROS
MLD
MOBY
MODIS
MSG SEVIRI
MSL12
MWI
NASA
NESDIS
NHC
NIR

NIR

1Ly (A)
NMFS
NOAA
NOAA-20
NOAA-21
NOS
NRCS
NRT
NRTAVS
NWS
ocCI

OCR
OHC
OLCI
orc
OSCAT
OSTST
OSVW
P-3

PADI
PAR

PM

PO.DAAC
QuikSCAT
R&D

RADARSAT RCM

RADS
RAN
RTS

Joint Polar Satellite System

Joint Typhoon Warning Center

diffuse attenuation coefficient

Level three collated

Level three super-collated

level three uncollated

Level-4

low Earth orbit

Light Detection and Ranging

microwave brightness temperature

an international space mission partner based in Canada
Multiparameter Eddy Significance Index

Flexible Combined Imager on the Meteosat Third Generation Satellite
Meteorological Imager

(ASCAT) Meteorological Operational satellites advanced scatterometer
MetOp Second Generation

Monitor of IR Clear-sky Radiances over Ocean for SST

Mixed Layer Depth

Marine Optical BuoY

Moderate Resolution Imaging Spectroradiometer

Meteosat Second Generation Spinning Enhanced Visible Infra-Red Imager
Multi-Sensor Level-1 to Level-2

Microwave Imager

National Aviation and Space Administration

National Environmental Satellite, Data and Information Service
National Hurricane Center

near-infrared

RBG-red, green, and blue bands

Normalized water-leaving radiance

National Marine Fisheries Service

National Oceanic and Atmospheric Administration

the first of NOAA’s latest generation of US JPSS polar-orbiting satellites
the second of NOAA's latest generation of US JPSS polar-orbiting satellites
National Ocean Service

normalized radar cross section

near-real-time

Near Real-Time Altimeter Validation System

National Weather Service

ocean color index

ocean color radiometry

operational ocean heat content

Ocean and Land Colour Instrument

Ocean Prediction Center

OceanSat 2 Scatterometer

Ocean Surface Topography Science Team

ocean surface vector winds

a type of military aircraft

Professional Association of Diving Instructors

photosynthetically available radiation

aggregated afternoon data from the JPSS NPP/N20/N21 and Aqua
MODIS satellites

NASA Physical Oceanography Distributed Active Archive Center
Quick Scatterometer

research and development

Canadian Space agency’s RadarSat Constellation Mission

Radar Altimeter Database System

reanalysis

Remote sensing reflectance
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RTOFS Real-Time Ocean Forecast System
S3A Sentinel-3A
S3B Sentinel-3B
SAR synthetic aperture radar
SCA Scatterometer
SCCOOS Southern California Coastal Ocean Observing System
SFMR Stepped Frequency Microwave Radiometer
SGLI Second-Generation Global Imager
SIDEx Sea Ice Dynamic Experiment
SIR Sargassum Inundation Reports
SMAP Soil Moisture Active Passive
SMOS Soil Moisture and Ocean Salinity
SNPP Suomi National Polar-orbiting Partnership
SPM suspended particulate matter
SQUAM SST Quality Monitor
SSH sea-surface height
SSS sea-surface salinity
SST sea-surface temperature
SSW sea surface wind speed
STAR Center for Satellite Applications and Research
TC Tropical cyclone
TCHP tropical cyclone heat potential
TPW total precipitable water
UAS unmanned aircraft system
UFSCM NOAA'’s United Forecast System Coupled Model
UK United Kingdom
UN United Nations
UN Ocean Decade  United Nations Decade of Ocean Science for Sustainable Development
us United States
USNIC US National Ice Center
VIIRS Visual Infrared Imaging Radiometer Suite
VMax Vertical Maximum
WP-3D a type of Lockheed Orion plane used to take measurements in storms
WSC water surface conditions
References
1.  Schmit, T.J.; Griffith, P.; Gunshor, M.M.; Daniels, ].M.; Goodman, S.J.; Lebair, W.J. A Closer Look at the ABI on the GOES-R Series.

Bull. Am. Meteorol. Soc. 2017, 98, 681-698. [CrossRef]

2. Chen, H,; Xiong, X,; Link, D.O.; Sun, C.; Chiang, K. V NOAA-20 Visible Infrared Imaging Radiometer Suite Day-Night Band
on-Orbit Calibration and Performance. J. Appl. Remote Sens. 2020, 14, 34516. [CrossRef]

3.  Eldardiry, H.; Hossain, E; Srinivasan, M.; Tsontos, V.M. Success Stories of Satellite Radar Altimeter Applications. Bull. Am.
Meteorol. Soc. 2022, 103, E33-E53. [CrossRef]

4. AMSRs Advanced Microwave Scanning Radiometer Series. Available online: https:/ /www.eorc.jaxa.jp/ AMSR/index_en.html
(accessed on 12 April 2024).

5. Entekhabi, D.; Yueh, S.H.; Bindlish, R.; Entin, ].K.; Garcia, M. SMAP Science and Application Results. In Proceedings of the
IGARSS 2022-2022 IEEE International Geoscience and Remote Sensing Symposium, Kuala Lumpur, Malaysia, 17-22 July 2022;
pp. 4224-4227.

6. Ricciardulli, L.; Manaster, A. Intercalibration of ASCAT Scatterometer Winds from MetOp-A,-B, and-C, for a Stable Climate Data
Record. Remote Sens. 2021, 13, 3678. [CrossRef]

7. Dabboor, M.; Olthof, I.; Mahdianpari, M.; Mohammadimanesh, F.; Shokr, M.; Brisco, B.; Homayouni, S. The RADARSAT
Constellation Mission Core Applications: First Results. Remote Sens. 2022, 14, 301. [CrossRef]

8.  Potin, P; Rosich, B.; Miranda, N.; Grimont, P. Sentinel-1 Mission Status. Procedia Comput. Sci. 2016, 100, 1297-1304. [CrossRef]

9.  Gordon, H.R.; Wang, M. Retrieval of Water-Leaving Radiance and Aerosol Optical Thickness over the Oceans with SeaWiFS: A
Preliminary Algorithm. Appl. Opt. 1994, 33, 443-452. [CrossRef] [PubMed]

10. Wang, M. Remote Sensing of the Ocean Contributions from Ultraviolet to Near-Infrared Using the Shortwave Infrared Bands:
Simulations. Appl. Opt. 2007, 46, 1535-1547. [CrossRef]

11.  Wang, M.; Son, S.H. VIIRS-Derived Chlorophyll-a Using the Ocean Color Index Method. Remote Sens. Environ. 2016, 182, 141-149.

[CrossRef]

68



Remote Sens. 2024, 16, 2656

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

Wang, M.; Jiang, L.; Mikelsons, K.; Liu, X. Satellite-Derived Global Chlorophyll-a Anomaly Products. Int. |. Appl. Earth Obs.
Geoinf. 2021, 97, 102288. [CrossRef]

Wang, M.; Son, S.H.; Harding, L.W. Retrieval of Diffuse Attenuation Coefficient in the Chesapeake Bay and Turbid Ocean Regions
for Satellite Ocean Color Applications. J. Geophys. Res. Ocean. 2009, 114, C10011. [CrossRef]

Wei, J.; Wang, M.; Jiang, L.; Yu, X.; Mikelsons, K.; Shen, F. Global Estimation of Suspended Particulate Matter from Satellite Ocean
Color Imagery. J. Geophys. Res. Ocean. 2021, 126, e2021JC017303. [CrossRef] [PubMed]

Wei, ].; Wang, M.; Mikelsons, K,; Jiang, L.; Kratzer, S.; Lee, Z.; Moore, T.; Sosik, H.M.; Van der Zande, D. Global Satellite Water
Classification Data Products over Oceanic, Coastal, and Inland Waters. Remote Sens. Environ. 2022, 282, 113233. [CrossRef]
Goldberg, M.D.; Kilcoyne, H.; Cikanek, H.; Mehta, A. Joint Polar Satellite System: The United States next Generation Civilian
Polar-Orbiting Environmental Satellite System. ]. Geophys. Res. Atmos. 2013, 118, 13463-13475. [CrossRef]

Donlon, C.; Berruti, B.; Buongiorno, A.; Ferreira, M.H.; Féménias, P.; Frerick, J.; Goryl, P,; Klein, U.; Laur, H.; Mavrocordatos, C.;
et al. The Global Monitoring for Environment and Security (GMES) Sentinel-3 Mission. Remote Sens. Environ. 2012, 120, 37-57.
[CrossRef]

Hu, C.; Lee, Z.; Franz, B. Chlorophyll a Algorithms for Oligotrophic Oceans: A Novel Approach Based on Three-Band Reflectance
Difference. J. Geophys. Res. Ocean. 2012, 117, C01011. [CrossRef]

Clark, D.K,; Gordon, H.R.; Voss, K.J.; Ge, Y.; Broenkow, W.; Treess, C. Validation of Atmospheric Correction over the Oceans.
J. Geophys. Res. Atmos. 1997, 102, 17209-17217. [CrossRef]

Wang, M; Liu, X,; Tan, L.; Jiang, L.; Son, S.; Shi, W.; Rausch, K.; Voss, K. Impacts of VIIRS SDR Performance on Ocean Color
Products. J. Geophys. Res. Atmos. 2013, 118, 10347-10360. [CrossRef]

Wang, M.; Liu, X,; Jiang, L.; Son, S. Visible Infrared Imaging Radiometer Suite Ocean Color Products. VIIRS Ocean Color Algorithm
Theoretical Basis Document (ATBD), 68 pp., NOAA/NESDIS/STAR, On-Line Version 1.0 NOAA, June 2017. Available online:
https:/ /www.star.nesdis.noaa.gov /jpss/documents/ ATBD /ATBD_OceanColor_v1.0.pdf (accessed on 26 June 2024).

Wang, M.; Jiang, L.; Son, S.; Liu, X.; Voss, K.J. Deriving Consistent Ocean Biological and Biogeochemical Products from Multiple
Satellite Ocean Color Sensors. Opt. Express 2020, 28, 2661. [CrossRef]

Platt, T.; Sathyendranath, S.; Caverhill, C.M.; Lewis, M.R. Ocean Primary Production and Available Light: Further Algorithms for
Remote Sensing. Deep Sea Res. Part A Oceanogr. Res. Pap. 1988, 35, 855-879. [CrossRef]

Yu, X.; Lee, Z.; Shen, E; Wang, M.; Wei, |.; Jiang, L.; Shang, Z. An Empirical Algorithm to Seamlessly Retrieve the Concentration
of Suspended Particulate Matter from Water Color across Ocean to Turbid River Mouths. Remote Sens. Environ. 2019, 235, 111491.
[CrossRef]

Liu, X.; Wang, M. Gap Filling of Missing Data for VIIRS Global Ocean Color Products Using the DINEOF Method. IEEE Trans.
Geosci. Remote Sens. 2018, 56, 4464—4476. [CrossRef]

Liu, X.; Wang, M. High Spatial Resolution Gap-Free Global and Regional Ocean Color Products. IEEE Trans. Geosci. Remote Sens.
2023, 61, 3271465. [CrossRef]

Liu, X.; Wang, M. Global Daily Gap-Free Ocean Color Products from Multi-Satellite Measurements. Int. ]. Appl. Earth Obs. Geoinf.
2022, 108, 102714. [CrossRef]

Alvera-Azcérate, A.; Barth, A.; Rixen, M.; Beckers, ].M. Reconstruction of Incomplete Oceanographic Data Sets Using Empirical
Orthogonal Functions: Application to the Adriatic Sea Surface Temperature. Ocean Model. 2005, 9, 325-346. [CrossRef]

Beckers, ].M.; Rixen, M. EOF Calculations and Data Filling from Incomplete Oceanographic Datasets. J. Atmos. Ocean. Technol.
2003, 20, 1839-1856. [CrossRef]

NOAA STAR NOAA STAR Ocean Color Science Team. Available online: https:/ /www.star.nesdis.noaa.gov/socd /mecb/color/
index.php (accessed on 19 February 2024).

NOAA CoastWatch. Available online: https://coastwatch.noaa.gov/cwn/index.html (accessed on 19 February 2024).
Roman-Stork, H.L.; Byrne, D.A.; Leuliette, E-W. MESI: A Multiparameter Eddy Significance Index. Earth Sp. Sci. 2023, 10,
€2022EA002583. [CrossRef]

Walton, C.C.; Pichel, W.G,; Sapper, ].F.; May, D.A. The Development and Operational Application of Nonlinear Algorithms for
the Measurement of Sea Surface Temperatures with the NOAA Polar-Orbiting Environmental Satellites. ]. Geophys. Res. Oceans
1998, 103, 27999-28012. [CrossRef]

McClain, E.P; Pichel, W.G.; Walton, C.C. Comparative Performance of AVHRR-Based Multichannel Sea Surface Temperatures.
J. Geophys. Res. Ocean. 1985, 90, 11587-11601. [CrossRef]

Wu, X.; Menzel, W.P.; Wade, G.S. Estimation of Sea Surface Temperatures Using GOES-8/9 Radiance Measurements. Bull. Am.
Meteorol. Soc. 1999, 80, 1127-1138. [CrossRef]

Maturi, E.; Harris, A.; Merchant, C.; Mittaz, J.; Potash, B.; Meng, W.; Sapper, ]. NOAA’s Sea Surface Temperature Products from
Operational Geostationary Satellites. Bull. Am. Meteorol. Soc. 2008, 89, 1877-1888. [CrossRef]

Petrenko, B.; Ignatov, A.; Kihai, Y.; Heidinger, A. Clear-Sky Mask for the Advanced Clear-Sky Processor for Oceans. ]. Atmos.
Ocean. Technol. 2010, 27, 1609-1623. [CrossRef]

Petrenko, B.; Ignatov, A.; Kihai, Y.; Stroup, J.; Dash, P. Evaluation and Selection of SST Regression Algorithms for JPSS VIIRS.
J. Geophys. Res. 2014, 119, 4580-4599. [CrossRef]

Petrenko, B.; Ignatov, A.; Kihai, Y.; Dash, P. Full Access Sensor-Specific Error Statistics for SST in the Advanced Clear-Sky
Processor for Oceans. J. Atmos. Ocean. Technol. 2016, 33, 345-359. [CrossRef]

69



Remote Sens. 2024, 16, 2656

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Ignatov, A.; Gladkova, I; Ding, Y.; Shahriar, F,; Kihai, Y.; Zhou, X. JPSS VIIRS Level 3 Uncollated Sea Surface Temperature Product
at NOAA. J. Appl. Remote Sens. 2017, 11, 32405. [CrossRef]

Petrenko, B.; Pryamitsyn, V.; Ignatov, A.; Jonasson, O.; Kihai, Y. AVHRR GAC Sea Surface Temperature Reanalysis Version 2.
Remote Sens. 2022, 14, 3165. [CrossRef]

Jonasson, O.; Ignatov, A.; Pryamitsyn, V.; Petrenko, B.; Kihai, Y. JPSS VIIRS SST Reanalysis Version 3. Remote Sens. 2022, 14, 3476.
[CrossRef]

Pryamitsyn, V.; Petrenko, B.; Ignatov, A.; Kihai, Y. Metop First Generation AVHRR FRAC SST Reanalysis Version 1. Remote. Sens.
2021, 13, 4046. [CrossRef]

Jonasson, O.; Ignatov, A.; Petrenko, B.; Pryamitsyn, V.; Kihai, Y. NOAA MODIS SST Reanalysis Version 1. Remote Sens. 2023,
15, 5589. [CrossRef]

Dash, P,; Ignatov, A.; Kihai, Y.; Sapper, J. The SST Quality Monitor (SQUAM). J. Atmos. Ocean. Technol. 2010, 27, 1899-1917.
[CrossRef]

Liang, X.; Ignatov, A. Monitoring of IR Clear-Sky Radiances over Oceans for SST (MICROS). J. Atmos. Ocean. Technol. 2011, 28,
1228-1242. [CrossRef]

Ding, Y,; Ignatov, A.; He, K.; Gladkova, I. ACSPO Regional Monitor for SST (ARMS). In Proceedings of the GHRSTT XIX: Science
Team Meeting, Darmstadt, Germany, 4-8 June 2018.

Xu, E; Ignatov, A. In Situ SST Quality Monitor (IQuam). J. Atmos. Ocean. Technol. 2014, 31, 164-180. [CrossRef]

He, K,; Ignatov, A.; Kihai, Y.; Cao, C.; Stroup, J. Sensor Stability for SST (3s): Toward Improved Long-Term Characterization of
AVHRR Thermal Bands. Remote Sens. 2016, 8, 346. [CrossRef]

Maturi, E.; Harris, A.; Mittaz, ].; Sapper, J.; Wick, G.; Zhu, X; Dash, P.; Koner, P. A New High-Resolution Sea Surface Temperature
Blended Analysis. Bull. Am. Meteorol. Soc. 2017, 98, 1015-1026. [CrossRef]

Lance, V.P. (NOAA) First Report of the NESDIS SST Working Group August 2021 Advancing NESDIS Sea Surface Temperature to
Fulfill NOAA Requirements and; 2021.

Key, J.R.; Mahoney, R.; Liu, Y.; Romanov, P; Tschudi, M.; Appel, I.; Maslanik, J.; Baldwin, D.; Wang, X.; Meade, P. Snow and Ice
Products from Suomi NPP VIIRS. |. Geophys. Res. Atmos. 2013, 118, 12816-12830. [CrossRef]

Meier, W.N.; Stewart, J.S.; Liu, Y.; Key, J.; Miller, ].A. Operational Implementation of Sea Ice Concentration Estimates from the
AMSR?2 Sensor. IEEE |. Sel. Top. Appl. Earth Obs. Remote Sens. 2017, 10, 3904-3911. [CrossRef]

Dworak, R.; Liu, Y.; Key, ].; Meier, W.N. A Blended Sea Ice Concentration Product from Amsr2 and Viirs. Remote Sens. 2021,
13,2982. [CrossRef]

Hoffman, J.P.; Ackerman, S.A; Liu, Y.; Key, ].R. A 20-Year Climatology of Sea Ice Leads Detected in Infrared Satellite Imagery
Using a Convolutional Neural Network. Remote Sens. 2022, 14, 5763. [CrossRef]

Hoffman, J.P; Ackerman, S.A.; Liu, Y.; Key, ].R.; McConnell, I.L. Application of a Convolutional Neural Network for the Detection
of Sea Ice Leads. Remote Sens. 2021, 13, 4571. [CrossRef]

Liu, Y.; Dworak, R.; Key, ]J. Ice Surface Temperature Retrieval from a Single Satellite Imager Band. Remote Sens. 2018, 10, 1909.
[CrossRef]

Key, J.; Wang, X,; Liu, Y.; Dworak, R.; Letterly, A. The AVHRR Polar Pathfinder Climate Data Records. Remote Sens. 2016, 8, 167.
[CrossRef]

Liu, Y,; Key, ].R.; Wang, X.; Tschudi, M. Multidecadal Arctic Sea Ice Thickness and Volume Derived from Ice Age. Cryosphere 2020,
14, 1325-1345. [CrossRef]

Alsweiss, S.; Jelenak, Z.; Chang, P.S. Extending the Usability of Radiometer Ocean Surface Wind Measurements to All-Weather
Conditions for NOAA Operations: Application to AMSR2. IEEE Trans. Geosci. Remote Sens. 2023, 61, 5301112. [CrossRef]
Anbheuser, J.; Liu, Y.; Key, ].R. A Climatology of Thermodynamic vs. Dynamic Arctic Wintertime Sea Ice Thickness Effects during
the CryoSat-2 Era. Cryosphere 2023, 17, 2871-2889. [CrossRef]

Xie, P; Boyer, T.; Bayler, E.; Xue, Y.; Byrne, D.; Reagan, J.; Locarnini, R.; Sun, F; Joyce, R.; Kumar, A. An in Situ-Satellite Blended
Analysis of Global Sea Surface Salinity. ]. Geophys. Res. Ocean. 2014, 119, 6140-6160. [CrossRef]

Abdalla, S.; Abdeh Kolahchi, A.; Ablain, M.; Adusumilli, S.; Aich Bhowmick, S.; Alou-Font, E.; Amarouche, L.; Andersen, O.B.;
Antich, H.; Aouf, L.; et al. Altimetry for the Future: Building on 25 Years of Progress. Adv. Sp. Res. 2021, 68, 319-363. [CrossRef]
Mitchum, G.T. An Improved Calibration of Satellite Altimetric Heights Using Tide Gauge Sea Levels with Adjustment for Land
Motion. Mar. Geod. 2000, 23, 145-166. [CrossRef]

Zhang, B.; Cao, C.; Lillibridge, J.L.; Miller, L. Assessing the Measurement Consistency Between the Jason-2/AMR and
SARAL/AltiKa/DFMR Microwave Radiometers Using Simultaneous Nadir Observations. Mar. Geod. 2015, 38, 143-155.
[CrossRef]

Leuliette, E.W.; Willis, ].K. Balancing the Sea Level Budget. Oceanography 2011, 24, 122-129. [CrossRef]

Merrifield, M.A.; Thompson, PR.; Chambers, D.P.; Mitchum, G.T.; Menéndez, M.; Nerem, R.S.; Leuliette, EW.; Miller, L.;
Holgate, S.J.; Marra, ].].; et al. Sea Level Variability and Change. Bull. Am. Meteorol. Soc. 2017, 93, S81-584.

Sandwell, D.T.; Goff, ].A.; Gevorgian, J.; Harper, H.; Kim, S.; Yu, Y.; Tozer, B.; Wessel, P.; Smith, W.H.F. Improved Bathymetric
Prediction Using Geological Information: SYNBATH. Earth Sp. Sci. 2022, 9, e2021EA002069. [CrossRef]

Marks, K.M.; Smith, WH.F. Comparison of Stacked Sentinel-3 A&B and AltiKa Repeat Cycle Data. Earth Sp. Sci. 2022,
9, €2021EA001892. [CrossRef]

70



Remote Sens. 2024, 16, 2656

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92.
93.
94.

Egido, A.; Smith, W.H.E. Fully Focused SAR Altimetry: Theory and Applications. IEEE Trans. Geosci. Remote Sens. 2017, 55,
392-406. [CrossRef]

Altiparmaki, O.; Kleinherenbrink, M.; Naeije, M.; Slobbe, C.; Visser, P. SAR Altimetry Data as a New Source for Swell Monitoring.
Geophys. Res. Lett. 2022, 49, €2021GL096224. [CrossRef]

Kleinherenbrink, M.; Naeije, M.; Slobbe, C.; Egido, A.; Smith, WH.F. The Performance of CryoSat-2 Fully-Focussed SAR for
Inland Water-Level Estimation. Remote Sens. Environ. 2020, 237, 111589. [CrossRef]

Buchhaupt, C.K.; Egido, A.; Smith, W.H.E; Fenoglio, L. Conditional Sea Surface Statistics and Their Impact on Geophysical Sea
Surface Parameters Retrieved from SAR Altimetry Signals. Adv. Sp. Res. 2023, 71, 2332-2347. [CrossRef]

Buchhaupt, C.K,; Egido, A.; Vandemark, D.; Smith, W.H.F.; Fenoglio, L.; Leuliette, E. Towards the Mitigation of Discrepancies in
Sea Surface Parameters Estimated from Low- and High-Resolution Satellite Altimetry. Remote Sens. 2023, 15, 4206. [CrossRef]
Scharroo, R.; Lillibridge, J.; Byrne, D.; Naeije, M. RADS: Consistent Multi-Mission Products RADS: CONSISTENT MULTI-
MISSION PRODUCTS. In Proceedings of the Symposium on 20 Years of Progress in Radar Altimetry, Venice, Italy, 20-28
September 2012; European Space Agency European Space Agency Special Publication: Paris, France, 2013; p. 4.

Maturi, E.; Shay, L.; Donahue, D.; Byrne, D. NOAA’s Operational Satellite Ocean Heat Content Products. . Oper. Oceanogr. 2022,
17,93-102. [CrossRef]

Byrne, D.A.; Maturi, EM.; Burns, J.; Leuliette, EW. New Developments for NOAA’s Operational Upper Ocean Heat Content
Product Suite. In Proceedings of the Ocean Surface Topography Science Team (OSTST) Meeting, Chicago, IL, USA, 21-25
October 2019. Available online: https:/ /ostst.aviso.altimetry.fr/fileadmin /user_upload /Poster- APOP2019-Byrne.pdf (accessed
on 26 June 2024).

Chang, P; Jelenak, Z. NOAA Operational Satellite Ocean Surface Vector Winds Requirements Workshop Report; 2006. Available
online: https://manati.star.nesdis.noaa.gov/SVW_nextgen/SVW_workshop_report_final.pdf (accessed on 26 June 2024).
Chang, PS.; Jelenak, Z.; Sienkiewicz, ].M.; Knabb, R.; Brennan, M.].; Long, D.G.; Freeberg, M. Operational Use and Impact of
Satellite Remotely Sensed Ocean Surface Vector Winds in the Marine Warning and Forecasting Environment. Oceanography 2009,
22,194-207. [CrossRef]

Jelenak, Z.; Chang, P.S.; Sienkiewicz, J.; Brennan, M.; Knabb, R.; Ward, B.; Edson, R.; Hufford, G.; Scott, C.; Lorens, J.; et al.
Dual Frequency Scatterometer (DFS) on GCOM-W?2 Satellite: Instrument Design, Expected Performance and User Impact Addendum to
QuikSCAT Follow-On User Impact Study; NESDIS: Silver Spring, MD, USA, 2009. Available online: https://manati.star.nesdis.
noaa.gov/SVW_nextgen/DFS_design_performance_and_user_impact_rev3.pdf (accessed on 26 June 2024).

Soisuvarn, S.; Jelenak, Z.; Chang, P.S.; Zhu, Q.; Shoup, C.G. High-Resolution Coastal Winds from the NOAA Near Real-Time
ASCAT Processor. IEEE Trans. Geosci. Remote Sens. 2023, 61, 5500212. [CrossRef]

Jelenak, Z.; Chang, P.S.; Sienkiewicz, J.; Knabb, R.; Ward, B.; Edson, R.; Hufford, G.; Lorens, J.; Murphy, V.; Johnson, K,;
et al. QuikSCAT Follow —On Mission: User Impact Study Report NOAA Operational Satellite Ocean Surface Vector Winds;
2008. Available online: https://manati.star.nesdis.noaa.gov/SVW_nextgen/QFO_user_impact_study_final.pdf (accessed on
26 June 2024).

Kite-Powell, H. The Value of Ocean Surface Wind Information for Maritime Commerce. Mar. Technol. Soc. . 2011, 45, 75-84.
[CrossRef]

Powell, H.K. Economic Benefits from Ocean Surface Vector Wind Observations and Forecasts Cumulative Activity by Distance
from Shore. 2009, 1-5. Available online: https://manati.star.nesdis.noaa.gov/SVW_nextgen/ocean_surface_wind_obs_benefits_
study_09SEPT2009.pdf (accessed on 26 June 2024).

Soisuvarn, S.; Jelenak, Z.; Chang, P.S.; Alsweiss, 5.0.; Zhu, Q. CMODS5.H-A High Wind Geophysical Model Function for C-Band
Vertically Polarized Satellite Scatterometer Measurements. IEEE Trans. Geosci. Remote Sens. 2013, 51, 3744-3760. [CrossRef]
Long, D.G.; Hardin, PJ.; Whiting, P.T. Resolution Enhancement of Spaceborne Scatterometer Data. IEEE Trans. Geosci. Remote
Sens. 1993, 31, 700-715. [CrossRef]

Monaldo, F; Jackson, C.; Pichel, W. Seasat to Radarsat-2: Research to Operations. Oceanography 2013, 26, 34—45. [CrossRef]
Jackson, C.R.; Ruff, TW.; Knaff, ].A.; Mouche, A.; Sampson, C.R. Chasing Cyclones from Space. EOS Earth Space Sci. News
2021, 102. [CrossRef]

Mouche, A.; Chapron, B.; Knaff, J.; Zhao, Y.; Zhang, B.; Combot, C. Copolarized and Cross-Polarized SAR Measurements for
High-Resolution Description of Major Hurricane Wind Structures: Application to Irma Category 5 Hurricane. J. Geophys. Res.
Ocean. 2019, 124, 3905-3922. [CrossRef]

Duncan, K,; Farrell, S.L.; Richter-Menge, ].; Casal, T.; Connor, L.; Forsberg, R.; Haas, C.; Hendricks, S.; Leuliette, E.; McAdoo, D.C.;
et al. Dedicated Airborne Experiments to Validate Satellite Altimetry over Arctic Sea Ice: A Review. In Proceedings of the Poster,
CryoSat 10th Anniversary Science Conference, Virtual Event, 14-17 June 2021.

CEOS COAST UN Ocean Decade Contribution. Available online: https://oceandecade.org/actions/committee-on-earth-
observation-satellites-coastal-observations-applications-services-and-tools-ceos-coast/ (accessed on 19 February 2024).
NOAA PolarWatch. Available online: https://polarwatch.noaa.gov/ (accessed on 19 February 2024).

NOAA Coral Reef Watch. Available online: https:/ /coralreefwatch.noaa.gov/ (accessed on 19 February 2024).

NOAA CoastWatch Learning Portal. Available online: https://umd.instructure.com/courses/1336575 (accessed on
19 February 2024).

71



Remote Sens. 2024, 16, 2656

95.
96.

97.
98.

99.

100.

101.

102.

103.
104.

105.

106.

107.
108.

109.

110.

111.

112.

NOAA CoastWatch Data Portal. Available online: https://coastwatch.noaa.gov/cw_html/cwViewerhtml (accessed on
19 February 2024).

NOAA OceanWatch Monitor. Available online: https://www.star.nesdis.noaa.gov/socd/om/ (accessed on 19 February 2024).
NOAA Ocean Viewer. Available online: https:/ /www.star.nesdis.noaa.gov/socd/ov/ (accessed on 19 February 2024).
Lavergne, T.; Kern, S.; Aaboe, S.; Derby, L.; Dybkjaer, G.; Garric, G.; Heil, P.; Hendricks, S.; Holfort, J.; Howell, S.; et al. A New
Structure for the Sea Ice Essential Climate Variables of the Global Climate Observing System. Bull. Am. Meteorol. Soc. 2022, 103,
E1502-E1521. [CrossRef]

Wang, X.; Liu, Y.; Key, J.R.; Dworak, R. A New Perspective on Four Decades of Changes in Arctic Sea Ice from Satellite
Observations. Remote Sens. 2022, 14, 1846. [CrossRef]

Anheuser, J.; Liu, Y.; Key, J.R. A Simple Model for Daily Basin-Wide Thermodynamic Sea Ice Thickness Growth Retrieval.
Cryosphere 2022, 16, 4403—4421. [CrossRef]

Letterly, A.; Key, J.; Liu, Y. The Influence of Winter Cloud on Summer Sea Ice in the Arctic, 1983-2013. ]. Geophys. Res. 2016, 121,
2178-2187. [CrossRef]

Liu, Y;; Key, ]J.R. Less Winter Cloud Aids Summer 2013 Arctic Sea Ice Return from 2012 Minimum. Environ. Res. Lett. 2014,
9, 44002. [CrossRef]

Liu, Y.; Key, J. Cold Season Cloud Response to Sea Ice Loss in the Arctic. |. Climate 2024. submitted.

Letterly, A.; Key, J.; Liu, Y. Arctic Climate: Changes in Sea Ice Extent Outweigh Changes in Snow Cover. Cryosphere 2018, 12,
3373-3382. [CrossRef]

NOAA Coral Reef Watch Virtual Stations. Available online: https:/ /coralreefwatch.noaa.gov/product/vs_single_pixel_exp/
florida_keys.php (accessed on 19 February 2024).

Anderson, C.R.; Kudela, RM.; Kahru, M.; Chao, Y.; Rosenfeld, L.K.; Bahr, FL.; Anderson, D.M.; Norris, T.A. Initial Skill
Assessment of the California Harmful Algae Risk Mapping (C-HARM) System. Harmful Algae 2016, 59, 1-18. [CrossRef]
Introduction to CEOS COAST. Available online: https://www.star.nesdis.noaa.gov/socd/coast/ (accessed on 19 February 2024).
CEOS COAST Ad Hoc Team Implementation Plan. Available online: https://ceos.org/document_management/Ad_Hoc_Teams/
COAST /Documents/CEOS-COAST%20Implementation%20Plan%20Final%20Vers_1.2.pdf (accessed on 19 February 2024).
Neely, M.B.; Nezlin, N.; Lazzaro, R.; Bishop-Taylor, R.; Saga, S.; DiGiacomo, P.M.; Sharma, R. CEOS COAST: Progress on
the Chesapeake Bay Pilot and Future Work. In Proceedings of the OCEANS 2022 Hampton Roads, Virginia Beach, VA, USA,
17-20 October 2022; pp. 1-5.

Nezlin, N.P; Herman, ].D.; Hodge, J.; Sagar, S.; Bishop-Taylor, R.; Zheng, G.; DiGiacomo, PM. Assessment of Changes of Complex
Shoreline from Medium-Resolution Satellite Imagery. Estuaries Coasts 2023, 46, 1723-1739. [CrossRef]

Davies, G.; Digiacomo, P.; Lance, V.; Obligis, E.; Carroll, A.O. Report of the Second International Operational Satellite Oceanography
Symposium, Virtual Meeting Held 25-27 May 2021, 2022; EUMETSAT, Darmstadt, Germany. Available online: https://cdn.
eventsforce.net/files/ef-xnn67yq56ylu/website /18 /0sos-2_final_report_released_31_march_2022.pdf (accessed on 26 June 2024).
Brown, C.; Digiacomo, P.; Foli, B.; Lance, V.; Levy, G.; Montagner, F.; Neely, M.B.; Rayner, R.; Reppucci, A.; Wilson, C.
Report of the First International Operational Satellite Oceanography; 2019; NOAA, College Park, MD, USA. Available online:
https:/ /www.geoaquawatch.org/wp-content/uploads/2020/06 /Final-2019-OSOS-Summary_Final_vers2.1.pdf (accessed on
26 June 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

72



‘1 remote sensing

Review

The Bright Decade of Ocean Salinity from Space

Roberto Sabia 1'%, Jacqueline Boutin 2 Nicolas Reul 3, Tong Lee 4 and Simon H. Yueh ¢

1 ESA ESRIN, Climate Action, Sustainability and Science Department, 00044 Frascati, Italy

2 LOCEAN IPSL Laboratory, 75252 Paris, France

3 Laboratoire d’Océanographie Physique et Spatiale (LOPS), CNRS, IRD, IUEM, Ifremer, University Brest,
29280 Plouzané, France

4 NASA JPL, California Institute of Technology, Pasadena, CA 91125, USA

Correspondence: roberto.sabia@esa.int

Abstract: Sea Surface Salinity is a crucial climatic variable due to its twofold role as both a
passive and an active tracer of oceanic processes. Despite its relevance, however, it could not
be measured from space, mainly because of technological limitations, until 2009. Since then,
the generation and assessment of satellite salinity has become a game-changer in physical
and biogeochemical oceanography, as well as in climate science. Three satellite sensors
with salinity-measuring capabilities (SMOS-Soil Moisture and Ocean Salinity, Aquarius,
and SMAP-Soil Moisture Active Passive) have been launched in the previous decade,
each characterized by specific measurement concepts and features and ad hoc validation
approaches. The increasing usage of spaceborne salinity products has produced a variety
of results and applications, which are here summarized under three specific domains:
climate, scientific, and operational. Finally, short-to-mid-term perspectives, indicating
both the expected improvements in terms of algorithms and also looking at novel mission
concepts (that will provide continuation of these measurements in the decade to come)
have been described.

Keywords: Sea Surface Salinity; Earth Observation; SMOS; Aquarius; SMAP; radiometry;
oceanography; climate

1. Sea Surface Salinity: Background and Ongoing Efforts

Sea Surface Salinity (SSS) is a crucial environmental and climatic variable due to
its twofold role as both a passive and an active tracer of oceanic processes. Despite its
relevance, however, it has not been measurable from space, mainly because of technological
limitations, up to the advent of the first satellite with this capability, in 2009.

The “Oceans from Space” conference series, which reviews progress and challenges in
the satellite oceanography field with a decadal pace [1], tracked the development of SSS
remote sensing since its inception. At the conference held in 2000, a friendly wager on the
future of spaceborne satellites was made among the conference participants [2], foreseeing
a bright future for technologies aiming at addressing SSS from space. At the subsequent
2010 edition, reflections on that wager were elaborated by the Principal Investigators of
the recently launched Soil Moisture and Ocean Salinity (SMOS) mission and the soon-to-
be-launched Aquarius mission, focusing on the challenges and excitement of the first-ever
salinity measurements from space [3]. At the 2020 conference (deferred to October 2022 due
to the COVID-19 pandemic restrictions), a compendium of a full decade of achievements in
the broad oceanographic and climate perspective was presented [4], stressing how decisive

Remote Sens. 2025, 17, 2261 73 https://doi.org/10.3390/rs17132261



Remote Sens. 2025, 17, 2261

the impact of SSS remote sensing actually was and currently is. Feedback was also gathered
on residual concerns and limitations, as well as on future developments.

In this paper, we take stock of the broad scientific advancements and related discus-
sions, assessing to what extent salinity from satellites has been a game-changer in physical
and biogeochemical oceanography, and in climate science at large. After describing the
three satellite sensors with salinity-measuring capabilities deployed so far—SMOS; Aquar-
ius; and Soil Moisture Active Passive (SMAP)—along with their measurement concepts and
features; the related validation approaches; and the inventory of products generated; we
shall concentrate on the portfolio of scientific results that have been obtained by exploiting
these data sources. The results will be opportunely divided into climate, scientific, and
operational applications. Lastly, we will focus on the short-to-mid-term perspectives, indi-
cating the expected improvements in terms of algorithms, but also looking at novel mission
concepts that will provide continuity and enhancement to these measurements in the next
decade. The focus of the present review is intentionally broad but necessarily succinct to
cover the ample variety of studies on oceanic processes that were initiated, enhanced, or
better characterized by the increasingly accurate and de-biased continuous stream of SSS
data from the available variety of platforms and sensors.

1.1. Ocean Salinity Relevance in Oceanography and Water Cycle

The salinity of marine waters has long been recognized as a crucial parameter in
the monitoring, diagnosis, and understanding of oceanic processes. In recognition of
its relevance, it has been labeled as an Essential Climate Variable (ECV) and Essential
Ocean Variable (EOV) by the Global Climate Observing System (GCOS) and Global Ocean
Observing System (GOOS) committees [5]. SSS has a prominent role as a passive tracer,
being the resulting diagnostic of the interplay between evaporation and precipitation and,
in specific areas, of the additional influence of formation/melting of ice and freshwater
runoff, together with horizontal /vertical advection. As such, salinity relevance within the
water cycle is critical. Besides, salinity also plays an active tracer role, whereas horizontal
and vertical variations of salinity might imply a change in seawater density and therefore
indicate a possible trigger of the thermohaline circulation.

The advent of salinity-measuring satellites since the end of the 2000s (Figure 1) has
dramatically reduced the observing-system capability gaps, given that the existing Argo
floats, although essential, were insufficient to resolve salinity features with spatial scales
smaller than hundreds of km and time scales of less than a month [6].

Aquarius

Figure 1. Artistic view of the three L-band satellite radiometers measuring sea surface salinity. From
left to right: SMOS, Aquarius, and SMAP.

Before the launch of current satellite SSS sensors, and as repeatedly discussed at the
early Oceans from Space conferences recalled above, it was anticipated that the synoptic
and frequent monitoring of this parameter from space, in spite of the limitations of a
coarse spatial resolution and the inherent noise and biases, might prove essential in giving

74



Remote Sens. 2025, 17, 2261

insights into various aspects of oceanography and climate, such as (and not limited to) air-
sea interactions, river discharge monitoring, ocean dynamics, mesoscale characterization,
ocean modeling, and so forth.

1.2. Satellite SSS Sensors and Measurement Principles/Challenges (SMOS, Aquarius, SMAP)
1.2.1. SMOS

The Soil Moisture and Ocean Salinity (SMOS) is a European Space Agency (ESA) Earth
Explorer opportunity mission [7]. It was launched in November 2009, with a nominal
lifetime of 3-5 years, currently extended until the end of 2025, with a recent request for
continuation up until 2028. It was a proof of concept of a novel Earth Observation (EO)
technique demonstration: microwave radiometry by aperture synthesis.

SMOS is the first L-band radiometer in space, achieving global and continuous cover-
age. It was also the first satellite to infer SSS, as well as Soil Moisture (a land hydrology
variable not covered in the present paper), directly and in an absolute fashion. The 2D
interferometer was conceived to provide fully polarized multi-angular measurements of
the surface, with a native spatial resolution of about 30 km at 3 dB below the satellite and
43 km on average over the whole field of view, sampled over the ISEA 4H9 Discrete Global
Grid (DGG) at 15 km resolution [8]. The L-band channel was selected as the best compro-
mise among minimum atmospheric effect, reasonable spatial resolution, and maximum
sensitivity to the target variable of ocean salinity. However, being the first L-band mission
to be deployed in space, it experienced an unexpectedly high level of Radio Frequency
Interference (RFI) in the supposedly protected 1400-1427 MHz band [9], which called for
sustained efforts over the years in devising mitigation and filtering techniques, and that
was also instrumental in the design of the forthcoming L-band sensors.

The mission design allows global coverage of the Earth in less than 3 days at the equator,
with a dusk/dawn orbit to minimize temperature gradients at the ocean-atmosphere interface.
The rationale of SSS retrieval exploits the variation of the seawater conductivity properties
with salinity, which in turn affects the emissivity and ultimately the Brightness Temperature
(TB) measured with microwave radiometers. Specifically, the multangular acquisition of TBs
over the so-called dwell-line is translated into a single SSS estimate in each pixel once the
contribution of additional auxiliary data that also affect the TB value—namely; Sea Surface
Temperature (SST); and Wind Speed (WS) as prime descriptors of sea roughness—are also
accounted for [10-12]. Regarding the latter, colocation/uncertainty of the needed auxiliary
data of SST and WS are also crucial. Parametrizations of the dielectric constant model [13]
and of the emissivity of the sea surface due to roughness and foam have been constantly
improving [14], alongside a debiasing module known as Ocean Target Transformation
(OTT) [15]. In recent years, an empirical correction to handle the land signal leakage into
the sea scenes that was jeopardizing measurements in the coastal ocean has been devised
and implemented: The so-called Land-Sea Contamination (LSC) correction [16]. As such,
both uncorrected and corrected salinity fields are served. Moreover, additional perturbation
sources such as Galactic noise and Sun glint have been addressed with a set of algorithms
that are still evolving. To date, three overall reprocessing campaigns have been carried out,
and a fourth one is imminent.

ESA delivers both SMOS L1 and L2 products. Level 1 is multi-angular fully polarized
TB, and Level 2 products over the ocean are organized by ascending and descending
half-orbits SSS. Level 3 SSS global maps are produced operationally in various research and
operational centers, as described afterwards. The prescribed mission accuracy is defined at
L3, with SSS aimed to be 0.1 pss STDD (Standard Deviation of the Difference) over a 200 x
200 km spatial scale and over a month window [17].
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1.2.2. Aquarius

The joint National Aeronautics and Space Administration (NASA) and Comision
Nacional de Actividades Espaciales (CONAE) Aquarius mission [18] was launched on the
Satélite de Aplicaciones Cientificas (SAC)-D spacecraft, provided by Argentina’s space
agency, in June 2011. It carried a real aperture L-band radiometer and a scatterometer as the
primary sensors. The main scientific objectives were to measure SSS over the global ice-free
oceans with a 150 km spatial resolution for a 7-day revisit and to achieve a measurement
accuracy of less than 0.2 pss on a 30-day time scale, taking into account all sensor and
geophysical random errors and biases. Due to an electronic failure on the platform, the
Aquarius mission ended prematurely in June 2015. Aquarius Level 3 from NASA (version 5)
is the reference end-of-mission data release of the Aquarius/SAC-D mission.

The Aquarius instrument had an onboard Radio Frequency Interference (RFI) filtering
system, which took stock of the RFI pollution contaminating SMOS measurements [19].
The unique capability of Aquarius was the availability of an L-band scatterometer onboard,
which could be used to provide coincident estimates of the ocean’s surface roughness,
overcoming one of the hurdles of both SMOS and later SMAP, that is, the spatio-temporal
collocation of parameters suitable to correct for the roughness effect on the ocean emissivity.

1.2.3. SMAP

The SMAP mission [20], jointly developed by NASA and the Jet Propulsion Laboratory
(JPL), was launched in January 2015. SMAP included originally an L-band radar and an L-
band radiometer for concomitant active/passive measurements. The radiometer and radar
instruments became operational in April 2015. The radar transmitter regrettably ceased
operating only a few months after (in July 2015) due to a hardware glitch, and therefore the
radiometer remained the only operational instrument collecting science observations [21].

SMAP employs a 6 m rotating mesh antenna, which provides a wide swath cov-
erage (of about 1000 km), obtaining TB observations at an effective resolution close to
43 km [21]. Benefiting from lessons learned by the SMOS and Aquarius missions, the
SMAP receivers have the ability to record time-frequency sub-band data in order to detect
emission contamination caused by manmade sources of RFI [22].

The SMAP science data products are provided with different granularity. Opera-
tionally, the Level 1 products are TB observations from the radiometer arranged in ascend-
ing and descending half-orbits. Specifically, these are the Level 1B geolocated TBs and the
Level 1C TBs resampled on the Equal-Area Scalable Earth (EASE)-Grid map projections
at 9 km and 36 km grid resolutions. The Level 2 products over the ocean are swath-based
salinity produced in two institutions, i.e., Remote Sensing Systems (RSS) and JPL.

1.3. Features of the Current Version of the Satellite Salinity Mission Processors

Over the last decade, space agencies issued different releases of their salinity products
to reflect the continuous research and development on both the algorithmic side and on the
correction of the numerous signal perturbations.

Regarding SMOS, several data product versions have been deployed in the official
ESA baseline (Figure 2), associated with three overall archive reprocessing campaigns
performed to ensure consistency of the whole dataset. These versions aimed at refining
the geophysical forward models, at providing improved versions for dielectric constant
models, at devising specific corrections to tackle the perturbing effects of sky, sun, and
galactic glints, at addressing instrument biases propagating at L2, and at mitigating the
effect of RFL
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Figure 2. Composite of the two water-cycle-related parameters—soil moisture and ocean salinity—for
a sample date in 2017. Over the ocean, visible patterns of high salinity are reflecting the evaporative
gyres in the Atlantic and tropical Pacific, while low salinity is associated with the ITCZ (Inter-Tropical
Convergence Zone) or high latitudes.

The latest SMOS version that is operational is v700, featuring a novel dielectric constant
model [13], an improved computation of a de-biased salinity anomaly (with respect to a self-
consistent SMOS climatology), an improved estimation of the auxiliary data errors, and an
improved characterization of the L2 SSS uncertainty. Upcoming versions, which will soon
undergo a 4th SMOS mission reprocessing, are now dealing with an improved correction
to mitigate the influence of ice contamination and ad hoc corrections for latitudinal and
seasonal biases experienced in the measurements. An alternative retrieval scheme based on
a novel algorithm, the so-called Debiased non-Bayesian-DnB [23], has been implemented
and is subject to a dedicated round-robin comparison exercise to assess its merits and
limitations as compared to the nominal inversion scheme.

1.4. Mission Supporting Field Campaigns

A variety of experimental field campaigns supporting pre-launch simulations, mod-
elling advancements, and error characterization took place in the decade preceding the
satellite’s launch, such as WISE, FROG, CAROL, and COSMOS (to name just a few), whose
major outcomes are summarized in [24]. In the last decade, two major comprehensive
field experiments funded by NASA took place, the so-called Salinity Processes in the
Upper-ocean Regional Study (SPURS). Namely, SPURS-1 [25] and SPURS-2 [26] were two
process studies aiming at characterizing dynamics in two different regimes, one dominated
by evaporation and the other one dominated by precipitation. The results were compiled
in [27,28] and helped shed light on various processes dominated or mediated by SSS.

More recently, an intense field campaign activity, funded by NASA, the Salinity and
Stratification at the Sea Ice Edge (SASSIE) experiment, was performed in 2022 to enhance
the understanding of polar-ocean and sea-ice dynamics. SASSIE has been a comprehensive
experiment with consistent deployment of instrumentation and collection of a wealth of
in-situ data. A strong emphasis was given to instrumentations able to capture the skin
surface salinity, being therefore comparable to satellite measurements and advancing in
the characterization of the vertical mismatch problem (Figure 3). Most notably, SASSIE
was aiming at investigating how the salinity patterns could be helpful in the prediction of
the extent and timing of subsequent sea-ice formation in the Arctic region. A campaign
dataset [29] and a dedicated website are currently available, while a specific experiment
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was recently carried out to build a machine-learning algorithm aimed at inferring sea-ice
formation timing out of salinity inputs. Preliminary results indicate that, when including
L4 merged salinity products, the estimation of sea-ice formation/retreat is remarkably
improving, paving the way to new applications of salinity as a prognostic variable.
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Figure 3. Three-dimensional plot showing salinity evolution over latitude, longitude, and depth for a
transect in the SASSIE campaign (credits: J. Schanze, Earth and Space Research—ESR).

1.5. Pi-MEP Salinity—Validation Strategies and Metrics

Addressing a growing demand for coordinated validation and performance assessment,
the Pilot Mission Exploitation Platform (Pi-MEP) for salinity was established in 2017 [30].
It includes a vast collection of in situ data coming from moorings, drifters, profilers, ther-
mosalinographs (TSG), etc., as well as models, climatologies, and additional auxiliary data
to properly verify, validate, and quantify performance metrics regarding satellite salinity
products. It provides related visualization tools and sizeable match-up database reports for
both the global ocean and a variety of ocean basins with associated plots and metrics (Figure 4).
Specifically, in the Platform, a Match-up DataBases (MDB) Validation Report is provided for
any single triplet consisting of one of the 20+ considered regions, per each satellite SSS product
and each in-situ SSS considered database. A set of user-selectable criteria for the collocation of
ground-based and satellite data are also available.
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Figure 4. Pictorial chart assembling some of the various metrics reported in the PI-MEP platform,
ranging from temporal mean and dispersion of the salinity fields to scatter plots vs. in-situ data.
Variation of salinity data are portrayed with respect to a variety of geophysical parameters (e.g., SST
and WS), along with the numerous in-situ data considered in the dedicated match-up reports.
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Numerous validation efforts estimated performance metrics for satellite salinity, such
as, for instance, ref. [28]. The PI-MEP platform allows us to explore a wide range of
geophysical and geographical conditions for an ample set of satellite and in-situ data,
obtaining therefore a wide range of validation metrics. As a reference, multi-mission L4
product metrics are described in [31], where it is stated that over the global ocean, when
considering all monthly matchups with Argo SSS, a robust STDD of 0.16 pss is obtained.

As of 2019, PI-MEP became an interagency ESA-NASA effort addressing validation
and coordinated research and development on specific topics such as enhanced match-up
criteria, triple-collocation analyses, and representation error characterization [32].

Over the last years, the Pi-MEP platform was not only serving the scope of versioning
the various releases of SMOS L20S processors and of ESA Climate Change Initiative (CCI)
salinity (described afterwards), but also became the benchmark for assessing the entity
of representation errors in satellite salinity measurements. Representation errors are the
intrinsic sampling differences that emerge when comparing box-average satellite data
with punctual in-space and in-time in-situ measurements. It may appear as sub-footprint
variability or vertical stratification [33] for the spatial component and temporal aliasing for
the time component. Within the Platform, these errors are being assessed through a variety
of techniques, including high-resolution model sampling and Triple-Collocation analyses.
These errors need to be properly quantified to distinguish the actual satellite inaccuracies
from the inherent differences due to the sampling strategies and criteria.

Lastly, very recently, efforts for performing spectral analyses along TSG lines to
estimate the effective resolution of all satellite products have been undertaken.

1.6. Additional Operational Production Chains

Only regarding the ocean products—since similar efforts are devoted to Soil Moisture,
the hydrology counterpart measured by these L-band sensors—there is ample variety of
products being generated globally. In Europe, besides the official ESA processing chain
generating Level-2 (L2) Ocean Salinity products, two other distribution centers have been
in charge of releasing Level-3 (L3) and Level-4 (L4) enhanced salinity products.

The Centre Aval de Traitement des Données SMOS (CATDS), out of France, is currently
distributing a wealth of L2, L3, and L4 products, both operational and experimental, taking
into account different algorithmic strategies. More specifically, the current CATDS portfolio
embodies L2 (daily) and L3 (weekly-to-monthly) products, with a specific set of corrections
on land-sea contamination and seasonal latitudinal biases, rain freshening correction, with
different grid sampling and optimal interpolation techniques. More details can be found
in [34], while the schematic in Figure 5 illustrates the typology and features of the various
clusters of products served at CATDS.

The Barcelona Expert Centre (BEC), out of Spain, has also been distributing for a long
time an L.2-to-L4 data stream by using a different inversion scheme, the so-called Debiased
non-Bayesian (DnB) technique, which uses a different selection, statistical treatment, and
filtering approach of the TBs and resulting SSS [35]. On top of these algorithmic strate-
gies, the BEC processing chain also embodies different methodologies at L1, such as the
Nodal Sampling technique to obtain a reliable set of TBs before the salinity retrieval proce-
dure. Besides producing a global L3 and L4 product, BEC is also focusing on dedicated
quasi-operational datasets on various basins (Arctic, Southern Ocean, Baltic, Black Sea,
Mediterranean) with tailored processing adapted to the regional features and constraints
(e.g., customized debiasing, temporal correction, land and ice contamination correction,
etc.). More details can be found in Section 2.3.3 and in [36].
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Figure 5. Schematic flowchart of the various CATDS processing lines.

1.7. Climate Data Records

Within the umbrella of the ESA Climate Change Initiative—CCI, the Salinity_cci
project started in 2015 with the aim of merging SMOS, SMAP, and Aquarius datasets and
generating a consistent, coherent, long-term Climate Data Record (CDR), paving the way
for climatic studies using salinity data from space. A specific approach adopted in merging
the various satellite salinity sources is to retain the high variability sampled by the satellites,
and specifically a temporal Optimal Interpolation (OI) approach is chosen to avoid any
spatial smoothing of satellite SSS.

The v3 of the data record embedded a novel dielectric constant model and the usage
of a more stable source of auxiliary data, coming from the ECMWF Reanalysis v5 (ERA-
5), for SST and wind speed. The current version, v4 (shown as a sample for July 2022
in Figure 6), was extending further the dataset duration and improving performance
in challenging ocean basins/regimes. CCI salinity fields are well-suited for monitoring
weekly to interannual signals at spatial scales ranging from 50 km to the basin scale. A full
summary of the algorithms adopted, the inherent validation (also using Pi-MEP salinity),
and the derived scientific studies can be found in [31]. A dedicated effort for the production
of a better high-latitude product is underway, and for the imminent v5, a stricter assessment
of RFI is foreseen along with a better characterization of latitudinal correction.
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Figure 6. CCI Salinity v4.0 L4 product corresponding to July 2022, out of the merging of
SMOS/Aquarius/SMAP data.
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Moreover, recent efforts are aimed at extending backward the Salinity CDR by using
the ratio between C-band and X-band data from AMSR-E (and Windsat, in the near future)
in specific conditions of warm waters and high salinity gradient, i.e., in major tropical river
plumes. This is expected to be served as a research product in the CCI salinity CDR.

On the US side, a composite product referred to as OI-SSS is currently produced by
Earth and Space Research (ESR), which currently embodies all three satellites in a specific
Optimal Interpolation scheme. Namely, the two-month overlap (April-June 2015) between
Aquarius and SMAP was used to ensure consistency in the data record. In-situ salinity
from Argo floats and moored buoys is used to derive a large-scale bias correction for the
entire OI-SSS dataset [37].

2. Research Advances in the Last Decade

The overwhelming collection of results gathered in the last decade, from the launch of
the first salinity satellite to date, can be listed and summarized through several angles and
clustered in different and even arbitrary ways. Unavoidably, some of the studies could be
classified differently or would be overlapping two or more of these domain clusters. Here
below, a non-exhaustive mapping of the various efforts is conveniently divided into three
main categories, also following the areas identified in the latest SMOS extension review by
an independent scientific panel, as

e Climate Applications,
e  Science Applications, and
e  Operational Applications.

The ocean salinity community is gathering on a fairly regular basis (about every 2
years) in a dedicated “Ocean Salinity Conference” to discuss and take stock of the various
scientific, technological, and policy advancements in this domain. Besides, the fifth edition
of the decadal “Oceans from Space” conference was also a crucial benchmark to gather
the various achievements in several domains, ranging from ocean water cycle linkages to
climate prediction. In this paper, the angle chosen is a different splitting of the activities
with some updated results, the emphasis on specific efforts such as Pi-MEP Salinity, and
updated discussions/feedback gathered at these thematic conferences.

For more in-depth discussion, a number of review papers [38—40] have already been
published to give a detailed view of the various results obtained. An original schematic of
the various applications addressed from space is given in the word cloud below (Figure 7).
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Figure 7. Schematic of the various applications addressed from space. The bigger the size of the
word, the more prominent is the attention dedicated to that specific topic. This chart is conceived by
the authors and is obtained by using an online word-cloud generator.
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2.1. Climate Applications

Over the last decade, SSS fingerprints have been progressively used in climate-related
studies. An important aspect that has been elucidated is the relevance of satellite SSS in
describing El Nifio Southern Oscillations (ENSO) phases, such as the case of extension
and contraction of the Pacific freshwater pool in accordance with El Nifio and La Nifa
phases by using SMOS [41] or the ENSO-related displacement of salinity fronts by using
Aquarius [42].

Salinity fingerprints related to other climate indices have been studied in the Indian
Ocean Dipole (IOD) [43,44] and in relation to the North Atlantic Oscillation (NAO) [45].
Another phenomenon that has been monitored also through the use of spaceborne salinity is
the evolution of Tropical Instability Waves (TIW), their speed, and their phasing with ENSO
events, with both Aquarius [46] and CCI-Salinity data [47]. SMAP and SMOS SSS have also
elucidated that monsoonal rain and runoff in the Indonesian Seas can substantially weaken
the upper-layer transport of the Indonesian Throughflow, with significant impact on the
transport of heat and other oceanic properties between the Pacific and Indian Oceans [48].

Additionally, the production of a salinity CDR, such as CCI-SSS, is also favoring
updated studies on performance metrics. For instance, in [49] it is underlined how, using
a high-resolution model reanalysis, most of the largest spatial variability of the satellite-
minus-Argo salinity is observed in regions with large sampling mismatches. The authors
underline how in dynamic areas (e.g., the Gulf Stream), the sampling mismatch between
CCI-SSS and Argo can account for up to about 30% of the Root Mean Square Differ-
ence (RMSD).

Regarding climate trends, in [50] it was assessed how salinity trend estimates are
influenced by decadal and longer-term salinity variability, while others [51] assessed multi-
sensor satellite products in the Mediterranean Sea. Even if the time series is relatively
short, a clear interannual trend is found on the Eastern side of the basin, leading to a
marked salinification.

2.2. Science Applications
2.2.1. The Freshwater Domain

Major emphasis in the last decade has been devoted to the role of salinity as a tracer for
freshwater fluxes. A plethora of studies and applications emerged thanks to the provision
of consistent and accurate datasets of salinity from space, as partially described afterwards.
A first aspect that has been studied has been the monitoring of major river basins and the
assessment of the evolution of their freshwater plumes [52]. This is also one of the process
studies consistently monitored in the Pi-MEP platform, which portrays the seasonal/inter-
annual variability in the discharge and advection of freshwater plumes into the ocean.
Through salinity, the freshwater plumes—and their direct effect on ocean circulation and
gas exchanges—have been better characterized; thanks to the more frequent sampling
induced by satellites [53].

Another set of studies [54-56] aimed at elucidating the occurrence of freshwater lenses
on the ocean surface by combining salinity datasets and rain rate information (Figure 8).
This had a twofold goal: On the one hand, to remove the impact of rain-induced freshening
on the validation, and on the other hand, to use salinity as a proxy for studying the fate and
dissipation of rain events. Modeling studies also helped in disentangling the rain-induced
freshening from, e.g., advection of freshwater from other sources or locations [57].
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Figure 8. Excerpt of a salinity map elucidating various regimes in specific regions. Here, the meander-
ing low-salinity signal associated with precipitation in the ITCZ is clearly depicted. Relevant regions
are: (1) Amazon river plume; (2) Evaporation gyre; (3) Gulf Stream; (4) ITCZ; (5) Upwelling region.

Low surface salinity due to sea ice melting has been investigated by [58]; they found
that meltwater lenses may persist more than a month and reach a surface salinity 5 pss
fresher than surrounding waters. These studies were also benefiting from dedicated
in-situ measurements collected in the uppermost skin layer by instrumentations such
as the Salinity Snake, the Sea Surface Scanner (S3), and several drifters [59-61]. SSS as
measured from satellites has also been merged with in situ data from profilers to obtain a
3D representation of the spatial and temporal evolution of freshwater pools, as described
by [62]. Within the same framework of freshwater fluxes, but with emphasis on the
evaporation regimes (which was also the focus of the SPURS-1 field experiment), the
location and displacements of the salinity maxima in the various evaporation-dominated
ocean gyres have been studied [63].

More generally, the balance of Evaporation—Precipitation (E-P) and its resemblance
to salinity patterns has been widely studied by incorporating remotely sensed SSS [64],
with special emphasis also on the areas that do not comply with the rain gauge approx-
imation [65] and for which salinity represents the aggregate interplay of a wider set of
phenomena (e.g., advection). In an even broader sense, salinity has been used to gather in-
formation on water cycle rates, gathering information on Pattern Amplification (PA) under
the “rich gets richer” paradigm (causing, for instance, an enhancement of the inter-basin
salinity difference) [66].

Additionally, both the pre-conditioning of and the a posteriori impacts of salinity on
the passage of Tropical Cyclones (TC) and Extratropical Cyclones (ETC) have been widely
assessed in the last ten years. Firstly, it was noted [67] that brightness temperatures, as
measured by the available L-band satellite sensors, were sensitive to wind speed even in
its severe regimes, unlike other sensors that experienced saturation and perturbation of
additional noise sources (e.g., rain). This allowed the derivation of specific Geophysical
Model Functions (GMF) that enabled retrieval of very high wind speed in hurricane
conditions—recently complemented by Synthetic Aperture Radar (SAR) measurements to
gain spatial resolution. Severe winds and Wind Radii products have been available since
August 2021 in Near Real Time (within 4-6 h from acquisition) from the Institut Francais
de Recherche pour I'Exploitation de la Mer IFREMER) and ESA. In relation to this, low
salinity fields denoting stratified barrier layers were shown to be related to the so-called
Rapid Intensification of a number of hurricanes in certain geophysical and geographical
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conditions. This has been shown to be due to the blocking effect of the barrier layer that
hampered mixing with colder waters, which conventionally decreases the hurricane’s
intensity. Lastly, satellite SSS also revealed haline hurricane wakes [68].

2.2.2. The Buoyancy Domain

In this Section, the various studies that relate to the implications of density changes
due to salinity variability are described. Several studies looked at the phenomenon of
stratification. Importantly, it has been pointed out [69] that, thanks to satellite estimations
that are sensing the uppermost layer of the ocean, it is possible to describe an increased
stratification of the surface layer if compared to the sub-surface layer conventionally sensed
by the in situ measurements (Figure 9). As such, satellite-derived SSS measurements
evidence an intensification of the water cycle (the freshest waters become even fresher and
vice versa). A related set of studies paid attention to the barrier/slippery layers through
investigation of the salinity surface patterns, for instance [70].
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Figure 9. Salinity maps and computed trends for the surface and near-surface layers, evidencing
an increased stratification of the uppermost layer sensed from space. Reprinted/adapted with
permission from Ref. [69]. Copyright year 2022, copyright owner is Olmedo, E.

The role of salinity in the context of seawater density has been inspected as well [71],
paying attention specifically to density-compensation regimes and density ratio. This is
especially relevant in the high latitudes, where density is almost completely controlled by
salinity. Furthermore, and still within the buoyancy domain, surface Temperature/Salinity
(T/S) diagrams have been estimated from space [72], and these have then been used as
a diagnostic means to identify density fluxes and water mass formation areas and their
geographic extent [73]. This latter approach has then been enhanced to include only
satellite-based inputs in the derivation of Water Masses (WM) features of Transformation
and Formation [74] and infer estimates of their variability and evolution.

Lastly, another fundamental oceanic process that benefited from the availability of
satellite SSS is the characterization of upwelling. For instance, exchanges of salt between the
deep ocean and the surface provided additional constraints in the description of upwelling
events [75,76].
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2.2.3. The Bio-Geo-Chemistry Domain

A relatively novel application framework has been the biogeochemical domain. While
applications and usage of satellite salinity in the physical oceanography context were
natural, its perusal with the wider biogeochemistry realm was not to be taken for granted.
First studies, a few years after the launch of satellite sensors, aimed at estimating pCO,
also through salinity parameterizations [77]. In parallel, and for the following years, the
relationship between salinity and Coloured Dissolved Organic Matter (CDOM) at major
river mouths has been used to estimate salinity in the proximity of the coasts that are subject
to freshwater runoff dispersal [78]. Later on, the strong relationship between salinity and
alkalinity (the buffer capacity of the ocean to neutralize acids) has been exploited [79],
eventually estimating the full marine carbonate system, including the surface ocean pH [80].
Eventually, these estimates have also been used for the monitoring of CO; fluxes and their
current crucial implications as per carbon sequestration and inventory, widening even
more the range of applications that emerged by the consistent use of satellite SSS.

2.3. Operational Applications
2.3.1. Data Assimilation

Although in the first years remotely sensed salinity estimates from space suffered from
some inertia in their applications within the wider operational community, the increasingly
accurate and debiased fields produced from SMOS, Aquarius, and SMAP fostered their
use in several Data Assimilation (DA) experiments to constrain ocean state estimation
and to initialize ocean and climate predictions. Most notably, regarding SMOS, a first
experiment was undertaken by Mercator Ocean in the late 2010s, which showed how the
introduction of SSS in their ocean model would be neutral-to-beneficial in the description of
the various ocean state variables [81]. This was followed by a similar exercise at the UK Met
Office [82]. Both efforts are now being repeated with a more updated merged version of
salinity fields coming from CCI. The University of Hamburg, Germany, was also involved
in DA and comparison exercises focusing on the seasonal to interannual variability of
salinity as underlined by satellites and model intercomparison [83]. On the US side, a
set of experiments have been carried out at both NASA and the National Oceanic and
Atmospheric Administration (NOAA) with the aim of assessing the potential of satellite
SSS to improve El Nifio Southern Oscillations (ENSO) predictions [84,85].

In terms of operational data provision, the Copernicus Marine Service, or in full
the Copernicus Marine Environment Monitoring Service (CMEMS), delivers a multi-
observation global gap-free L4 analysis of Sea Surface Salinity (SSS) that has been obtained
through a multivariate optimal interpolation algorithm that combines SMOS satellite es-
timates and in situ salinity measurements with satellite SST information [86]. Recently, a
purely satellite-based product derived from CATDS is also being served.

As mentioned in the previous Section, the R&D efforts in estimating WS parameters
in gale-force regimes became operational (Figure 10), and the output products (especially
wind radii) are in turn ingested by a variety of Tropical Cyclone Forecast Centers (e.g.,
US Naval Research Laboratory, NOAA, Meteo-France) to generate warnings and issue
evacuation alerts over hazardous areas.

2.3.2. Prognostic

A very interesting focus was portrayed by colleagues at Woods Hole Oceanographic
Institution (WHOI) that studied the potential role of salinity as a prognostic variable
to identify potential landfall over continental areas. Specifically, a study [87] assessed
characteristics of the salinity fields and temporal lags with an atmospheric model to
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elucidate the transport of evaporated moisture and subsequent intense precipitation over
the US Midwest. This has also been studied in the context of Neural Network (NN) schemes
with additional ocean variables to forecast rain events [88].

DORA (bep052023) - 2023-Aug-08 04:17 - Wind Speed (kts)

Dora Cyclone as sensed by SMOS
08 Aug 2023

Figure 10. Trajectory, intensity and the evolution of the Cyclone Dora, as sensed operationally by
SMOS in August 2023 (Credits: N. Reul, IFREMER).

2.3.3. Dedicated Regional Datasets

Estimations of SSS in regional and/or semi-enclosed basins, or at high latitudes, have
always been challenging due to an interplay of their geophysical and geographical conno-
tations and constraints. Specifically, salinity retrieval at high latitudes characterized by low
SST and usually high winds has always been difficult due to the decreased sensitivity of TB
to SSS in cold waters, enhanced by the difficulty of characterizing the roughness effect at
high winds. Additionally, both the relatively coarse spatial resolution that limits the vicinity
to coasts and also the presence of land that introduces a disturbance signal leakage hamper
reliable retrievals in semi-enclosed basins. Recently, novel retrieval methodologies and
data filtering ensured promising results and the generation of quasi-operational bespoke
datasets at high latitudes (Arctic, Southern Ocean) [89,90] and also in the Mediterranean
regions [91], as well as the Baltic Sea and Black Sea [92,93]. The dedicated Arctic Salinity
product has also been ingested in the Copernicus Arctic Ice-Ocean reanalysis TOPAZ4 sys-
tem [94]. Recently, CATDS also produced a dedicated set of regional products in 8 different
regions [95].

3. Missions in the Upcoming Decade
3.1. Short-Term Developments of Ongoing Missions

Although Aquarius was lost in 2015, as of 2024, both SMOS and SMAP are still opera-
tional, exceeding by far their nominal expected lifetime. As such, both missions are still
subject to ongoing improvements on several aspects, ranging from the algorithm develop-
ments to error characterization and from auxiliary data handling to the minimization of
related perturbation sources. A large variety of L3 and L4 products stemming from addi-
tional processing of these satellite data streams, including merging among these sources
and also with in-situ data, are available and collated in the Pi-MEP salinity platform as
described above.
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In spite of the remarkable advancements described above on a broad variety of oceano-
graphic and climatic topics, discussions on limitations, shortcomings, current concerns,
and possible ways forward are still debated and brainstormed in general meetings such
as “Oceans from Space”. Satellite SSS continuity in itself remains the major objective and
desire, given that the generated CDRs necessarily build on long and stable datasets in order
to produce relevant climate analyses. For instance, in the near future, attempts will be
made to merge the various satellite TBs at L1, homogenizing thus the usage of dielectric
constant models and auxiliary data. This is even more relevant, since upcoming missions
focused on or including L-band will be available some time in the future (see below), and
therefore, ensuring no gaps will be crucial.

Another aspect of the quest for continuity is the preservation of the set-aside passive
L-band that is severely threatened by competing interests in the area of mobile telecom-
munications; under the motto “use it or lose it”, the community is advocating for the
maintenance of this band and indeed for enforcing regulations to diminish and switch off
harmful RFI sources. On the geophysical aspects, conventional concerns in the community
are still the improvement of accuracy and spatial resolution, especially for polar oceans
and coastal regions, which are evidently paramount areas of interest per their relevance to
climate and human activities.

Aiming at addressing scientific gaps and further improving the current estimates,
several technological developments and satellite designs have been proposed over the
years, with various feasibility studies funded by several space Agencies. At the recent
ESA call for Earth Explorer-12 (EE-12), three proposals included L-band sensors with
very different designs to estimate salinity from space at various spatial and temporal
resolutions. One of them has been retained for further assessment in the initial Phase-0
(CryoRad) [96], which will use an innovative low-frequency wideband radiometer that
includes SSS estimations among its primary objectives (Figure 11). The two other proposals,
namely the Fine Resolution Explorer for Salinity, Carbon, and Hydrology (FReSCH) and
the Sea-Air-Ice-Land Interactions (SAILIN), are under discussion in the community to
further explore the innovative technological and development elements that were proposed
(although not selected), both aiming at using innovative interferometric concepts to reach a
desirable 10 km spatial resolution.

Figure 11. Preliminary field experiments to assess the capability of the wideband radiometer proposed
for the EE-12 candidate CryoRad mission.
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3.2. The CIMR Mission: Rationale and Multifrequency Capabilities

Aside from the R&D line of the ESA Earth Explorers, in the framework of Copernicus
Expansion and within the context of the High Priority Candidate Missions (HPCM), the
Copernicus Imaging Microwave Radiometer (CIMR) has been selected for Phase B/C/D
after successfully passing a Preliminary Design Review and towards a full Critical Design
Review to be held in 2026.

The Copernicus Imaging Microwave Radiometer (CIMR) aims at addressing user
requirements as specified by the EC Polar Expert Group (PEG) in its related set of reports.
CIMR is a wide-swath imager with multi-frequency and multi-spectral capability geared
towards operational monitoring. Major technical features are a conical scanning (Forward
scan and Aft scan) with a Sun-synchronous dawn-dusk orbit, with a sub-daily revisit
and full Arctic coverage (Figure 12). The multi-frequency capability is represented by
the selection of 6 channels at L-, C-, X-, K-, and Ka-band, with L-band intended to give
continuity to SMOS and SMAP measurements. All channels have an onboard RFI processor
to identify interference and remove it from the measurement.

Figure 12. Artistic view of the CIMR satellite.

As noted, CIMR will include an L-band channel, which will allow estimates of ocean
salinity with high revisit time and with collocated measurements of SST and WS, which will
aid accurate salinity retrieval in the challenging ocean regions at high latitudes. Primary
geophysical variables over the ocean are Sea-Ice Concentration (SIC), thin Sea-Ice Thickness
(SIT), SST, SSS, ice sheet, Sea Level change, and Wind Speed [97]. Two satellites are meant to
be flown sequentially with an overlap. The expected launch of the first satellite is for 2029.

4. Conclusions

After a couple of decades of technology development and applications for funding,
the panorama of salinity-enabled oceanographic and climatic studies radically changed
with the advent of SMOS in 2009, which provided the first-ever satellite measurement of
SSS. SMOS was followed by Aquarius in 2011 and SMAP in 2015 to create a stream of
continuous and increasingly accurate estimates of SSS from space.
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SMOS, being the first-ever measurement with a disruptive novel technology (synthetic
aperture radiometry), was inherently prone to technical and scientific challenges. With the
experience acquired over a decade and via the cross-fertilization of competences among
the various sensor communities, many of these shortcomings have been addressed or
drastically reduced (RFI, Land-Sea Contamination, and external noise source handling).

Both the current versions of the still-operational sensors (SMOS v700 and SMAP v5)
represent a solid and stable dataset to enable science and applications. Novel consolidated
platforms (Pi-MEP Salinity) ensure enhanced validation and stimulate oceanographic
process studies by embedding a broad set of salinity products from space, altogether with
model outputs and a remarkable variety of in-situ ground data, with corresponding match-
up reports. Sustained focus over the last years was on the generation of merged salinity
products, which establish specific Climate Data Records, most notably CCI-Salinity.

By progressively tackling all the processing issues and improving satellite accuracies, a
wide range of oceanographic applications using spaceborne SSS developed (air-sea interac-
tions, ocean circulation and modeling, climate indexes monitoring, marine biogeochemistry,
Numerical Weather Prediction, etc.), and they are further enlarging with the release of
the latest salinity reprocessing. The planned CIMR mission will perpetuate community
expertise in L-band radiometry science, development, and operations, with a distinct focus
on high latitudes.
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Abstract: The oceanic waters of the Southwest Tropical Pacific occupy a vast region including multiple
Pacific Island Countries. The state of these waters is determinant for fisheries and the blue economy.
Ocean color remote sensing is the main tool to survey the variability and long-term evolution of
these large areas that are important for economic development but are affected by climate change.
Unlike vast oligotrophic gyres, tropical waters are characterized by numerous archipelagos and
islands, with deep and shallow lagoons subjected to the large impacts of the land. Strikingly large
dendritic phytoplankton (Trichodesmium) blooms with high levels of chlorophyll, developing within
archipelagos, as well as coastal enrichments from various origins may be observed. Algorithms
to detect the presence of Trichodesmium have been developed or adapted, as well as algorithms to
estimate the chlorophyll concentration ([Chl-a)]. Adapting existing [Chl-a] algorithms does not
always yield high, i.e., sufficient, accuracy. A review of published regional bio-optical algorithms
developed taking into account the specific phytoplankton composition and minimizing the adverse
impacts of particles and the seabed bottom on [Chl-a] determination is presented, as well the bio-
optical database that allowed their development. The interest of such algorithms for a variety of
applications and scientific accomplishments is highlighted, with a view to further addressing the
main biology and biogeochemistry questions, e.g., to determine the true impact of diazotrophs and
assess lagoon [Chl-a] variability with the highest confidence. This work anticipates the use of future
coarse and high-spatial-resolution and multi- and hyper-spectral satellite imagery in the Pacific.

Keywords: chlorophyll-a concentration; ocean color; Trichodesmium blooms; bathymetry; water
column attenuation correction; MODIS; MERIS; Sentinel 2; remote sensing; reflectance; algorithms;
inversion method; seabed mapping; clustering; support vector machine; New Caledonia; Fiji Islands;
Southwestern Tropical Pacific

1. Introduction

The ecological status of the seas of the archipelagos of the Southwest Tropical Pacific
(SWTP) is vital for the economy of Pacific Island Countries [1,2]. The Pacific waters at 15°S
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in the tropical band are dominated by oligotrophic conditions with a generalized deep
chlorophyll-a concentration [Chl-a] maximum, nitrate (NO3~)-depleted surface waters,
and surface [Chl-a] < 0.1 mg.m’3 ([3,4]). It is an N-limited, oligotrophic area characterized
by a permanent deep thermocline and nutricline (up to 130 m) [5-7]. This defines the
tropical waters as Case 1, whose inherent optical properties (IOPs) are dominated by
phytoplankton (e.g., most open ocean waters). However, summer dentritic blooms develop
around the archipelagos (Figure 1) with higher [Chl-a] values (Solomon Islands, New
Caledonia, Vanuatu, and Fiji-Tonga), while never appearing in winter. A hypothesis in [8]
is that Trichodesmium, a major colonial cyanobacterial nitrogen fixer, can form large blooms
in NO;~-depleted tropical oceans, as often observed from satellites [9-13], supported by
cruise observations [14-19]. Empirical algorithms have been developed for these blooms
based on the specific water reflectance of Trichodesmium [20,21]. Applications have been
successful with SeaWiFS [22], though the resulting distribution of Trichodesmium in the
SWTP differed from what had been expected [23]. The first attempt to discriminate surface
slicks at a large scale in the open ocean of the SWTP was made using SeaWiFS reflectance
at 30 km resolution, based on anomalies in the visible spectrum [24]. Another successful
application in the SWTP was using MERIS and the maximum chlorophyll index (MCI) [25].
This last application succeeded in discriminating Trichodesmium in summer, where it was
expected (around New Caledonia and Vanuatu: Figure 1 left and right). As reviewed
by [26], in the SWTP open ocean, the condition that the near-infrared (NIR) signal is above
the threshold required for discrimination is rarely observed. Inside the Great Barrier Reef,
application of the MCI was successful due to the high concentration of Trichodesmium and
the associated strong signal [27].

150°E 155°E 160°E 165°E 170°E 175°E 180°E 175°W  150°E 155°E 160°E 165°E 170°E 175°E 180°E 175°W
Chl-a, mg m-3

0 0.01 0.12 0.20 0.30

Figure 1. Seasonal variability of phytoplankton in Southwestern Tropical Pacific, shown for winter
(left) and summer (right), as 5-year averages from SeaWiFS data. Extracted as in [13].

In enclosed lagoon ecosystems (e.g., coral reefs, seagrasses), like the one of New
Caledonia or Fiji, optical complexity is linked to the influence of colored dissolved organic
matter (CDOM) and particulate inorganic material, which implies the use of specific
bio-optical algorithms [28,29]. In such Case 2 environments, the ocean color is not only
influenced by other light-absorbing and light-scattering components than phytoplankton,
but also by bathymetry or the “bottom effect”. In the Great Barrier Reef, the bottom effect
can be huge and preponderant, and developing algorithms to reduce its impact on the
retrieval of water properties from satellite imagery has been the main objective in many
studies [30-34]. Similar to the Great Barrier Reef are the lagoons of New Caledonia, the
second-longest continuous coral reefs in the world, and the Fijian lagoons that surround
the two main islands. They both show large summer chlorophyll-a enrichments, possibly
caused by Trichodesmium and/or large runoffs (Figure 2a,b). There, brown surface areas
correspond to shallow waters, where algorithms have to be adapted (New Caledonia lagoon
and south of Fiji) before applying regional algorithms for [Chl-a] or turbidity (Figure 2a,b).
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Figure 2. (a) A Second-Generation Global Imager (SGLI), JAXA image of 6 March 2022 mapping a
large dendritic bloom east of the Loyalty Islands (New Caledonia archipelago). (b) An SGLI image of
17 February 2022 showing high chlorophyll concentrations around the main islands of Fiji.

Discriminating Trichodesmium as well as mapping bio-optical components from space
in such shallow settings as the New Caledonia or Fiji lagoons remains challenging. In order
to adapt or develop regional or local algorithms, it appears necessary for us to complete
international databases with regional and local data in Case 1 and Case 2 waters, sufficiently
representative of the variability of the optical environments encountered in the SWTP.

The objective of this paper is to review the work accomplished in order to answer
these questions. The first part will present the in situ data set of inherent optical properties
(IOPs) and remote sensing reflectance (Rys) that was used to develop [Chl-a] algorithms for
Case 1 and Case 2 waters and the satellite data selected for applications. The second part
will summarize ocean color methods and algorithms in the SWTP region to assess lagoon
[Chl-a], turbidity, or seabed color. The third part will highlight their effectiveness and
limitations and will give an overview of the interest of such results for the understanding
of the biogeochemistry of waters in the tropics and to open perspectives.

2. Data and Methods
2.1. Data
2.1.1. In Situ Reflectance and IOPs Collected in the SWTP

In order to validate our algorithms, we collected a comprehensive data set of in situ
bio-optical data representative of optical variability in Case 1 and Case 2 waters in various
regions and over more than 20 years. This data basis had also the advantage of being the
result of validated methodologies and obtained by the same operators and instruments
during that period. This set was gathered from 2000 to 2023 from New Caledonia to Fiji
during oceanic and lagoon cruises and at the MOISE OSU PYTHEAS observing station.
Remote sensing reflectance, Ry, and IOPs were measured during different cruises in the
SWTP and are listed in Table 1. Note that the 2000-2010 data set was already presented
in [35,36].

Hyperspectral R;s was measured by a TriOS radiometer system consisting of radiance
and irradiance sensors with a spectral range of 320 nm to 950 nm, a spectral resolution
of about 10 nm (sampled by every 3.3 nm), and a 7-degree field-of-view for the radiance
sensor. The method developed by [37] was used to determine Ry, i.e., the radiance sensor
was mounted on a small raft to measure water-leaving radiance just below the surface, and
Rys was calculated by normalizing the water-leaving radiance with the downward solar
irradiance measured on the ship [38]. [Chl-a] was measured by fluorimetry and only at
a few cruises by HPLC (NASA laboratory). Turbidity was estimated from CTD Seabird
profiles or from dry weights. All IOP measurements followed NASA protocols described
in [35,36,39-42].
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2.1.2. Satellite Data Used for Our Studies

Ocean color sensors have been used for Trichodesmium algorithms (SeaWiFS: 2000-2004,
MODIS on Aqua and OLCI on Sentinel 3). For coastal lagoon waters, algorithms were
developed from in situ reflectance and then tested on Level 1b imagery at a 500 m resolution
issued from standard MODIS processing [55]. We had the opportunity to use AVNIR-2
images with a 30 m spatial resolution and four bands in the southwest tropical lagoon of
New Caledonia [56]. For these data, atmospheric and water reflectance were corrected
iteratively through the retrieval of IOPs and after additional correction of the sea floor
reflectance. The seabed color inversion was obtained from one of the clearest images of
the MERIS sensor acquired over New Caledonia. The development of the support vector
machine (SVM) algorithm for turbidity was achieved from the clearest images of MODIS
providing the maximum number of match-ups. The development of the seabed color
inversion in the small shallow lagoon of Voh-Kone-Pouembout, north of New Caledonia,
was achieved from the clearest image of Sentinel 2 (THEIA). The application of C2RCC was
performed on the Laucala Bay lagoon with Sentinel 2 data (Copernicus).

2.2. Algorithms
2.2.1. Trichodesmium Detection

To address the limitation whereby the Trichodesmium concentrations in the open ocean
of the SWTP are never high and the NIR signal as measured in [22,35] is rarely above the
threshold required, existing algorithms had to be refined. The algorithms all failed to detect
only Trichodesmium slicks as they also captured all pixels around unmasked clouds. An
adaptation of the McKinna algorithm allowed us to eliminate such ring pixels [26].

2.2.2. Estimation of [Chl-a] and Turbidity

In the deeper waters of the east coast of New Caledonia (CALIOPE cruises, Table 1),
IOPs, i.e., the absorption coefficients of phytoplankton and dissolved substances + detri-
tus (aph and aqg, respectively), and the particulate backscattering coefficient (byp) were
estimated from hyperspectral R;s data by applying linear matrix inversion [57]. Local
characteristics of the IOP spectra at 45 stations were used for the candidate spectra. The
[Chl-a] and IOP inversion algorithm was adapted to MODIS data and applied to Level
1b imagery at a 500 m resolution [57]. The use of a constant bottom reflectance helped
in retrieving IOPs after minimizing the influence of the bathymetry. For the estimation
of [Chl-a] and turbidity, we used quasi-analytical (GSM, QAA, GIOP, LMI) algorithms
from satellite reflectance [49]. The retrieval of IOPs and [Chl-a] was also investigated for
AVNIR-2 images with a 30 m spatial resolution and four bands [56].

Algorithms based on statistical analysis (of the support vector regression (SVR) (or
support vector machine (SVM) type) were proposed to estimate [Chl-a] in the optically com-
plex waters of the New Caledonian lagoon from MODIS-derived Ry [58]. The algorithm
was developed via supervised learning on match-ups of [Chl-a] measurements crossed
with MODIS reflectance available from cruises conducted between 2002 and 2010. The best
performance was obtained by combining two models, selected according to the ratio of Ry
in spectral bands centered at 488 and 555 nm used to discriminate low vs. high [Chl-a]: a
log-linear model for low [Chl-a] (AFLC) developed based on support vector regression
(SVR) analysis and a classic model (OC3) for high [Chl-a]. This approach outperformed
the classical OC3 approach, especially in shallow waters, with the root mean squared error
being about 30% lower.

For turbidity in deep waters (>20 m), a specific algorithm [38] was developed for
New Caledonia waters, based on the best fits between in situ turbidity data (in FTU)
and reflectance from MODIS imagery. Finally, the Case 2 Regional CoastColour (C2RCC)
atmospheric correction algorithm for suspended particulate matter (in g.m~3) on Sentinel
2 imagery was applied to the deep Eastern coastal lagoon of Hienghene.

For turbidity in the oligotrophic and shallower waters of tropical lagoons, the bot-
tom reflection of downwelling light usually hampers the use of classical optical algo-
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rithms. In order to address this issue, an SVR model was developed and tested on a
large training sample of in situ turbidity values representative of the annual variability in
the Voh-Koné-Pouembout lagoon (lagoon surveys; Table 1) and on the coincident water
reflectance from MODIS. The SVR was trained with reflectance and two other explanatory
parameters—bathymetry and bottom color. Our approach converged with a 3-parameter
model that included Rs(555), Rys(645), and Rys(667) as optical parameters, with bathymetry
and bottom color added as explanatory variables [59].

2.2.3. Extraction of Bathymetry and Seabed Color in Shallow Lagoon Waters

As previously highlighted, both bathymetry and seabed reflectance greatly influence
remotely sensed biogeochemical parameter retrievals. Many attempts were made to re-
trieve the bottom reflectance influence [30,33,34]. In the optically complex lagoon of New
Caledonia, a test was performed from MERIS multispectral satellite images to test the
influence of [Chl-a] on the depth estimation [60,61]. The variation in [Chl-a] on the image
chosen, correlated with the variation in diffuse attenuation, explained the error of the depth
estimation map.

In order to estimate the bottom color, an unsupervised clustering approach was
applied to a clear Sentinel 2 image of the small Voh-Koné-Pouembout lagoon in New
Caledonia with a complex bathymetry and bottom environments [62]. Data processing
included Lyzenga'’s correction for the estimation of the water column reflectance, optical
spectra standardization for the attenuation of water absorption effects, and clustering using
the unsupervised k-means method. This methodological approach was applied to the 497,
560, 664, and 704 nm optical bands [62].

3. Results
3.1. Variability of the Water Reflectance in the SWTP

The variability of Ry, with values ranging from 0.003 to 0.015 sr~! at 400 nm and
reaching 0.021 sr—! at 550 nm, was measured in waters deeper than 20 m around New
Caledonia (the VALHYBIO cruise, Table 1; Figure 3a). The variability of the IOPs, i.e.,
the absorption coefficients of phytoplankton (ap), dissolved substances (ag, m~! or acgom,
m~1), and the particulate backscattering coefficient issued from Hydroscat-6 in situ (by,-H6,
m~!), was also measured during the same cruise (Figure 3b—d; Table 1). Ocean color
variability is caused by [Chl-a], turbidity, CDOM absorption [36,50,51], and the presence of
the seabed (old reefs, grey bottom, or sands) as this was found in the southwestern lagoon,
by comparison with open ocean waters at a sufficient distance from the barrier reefs of
New Caledonia.

Specific cases of reflectance spectra near a small islet, with a peak in the green
(500-600 nm) channel, were measured above sand and coral reefs of different colors, at
different depths and times, with variable water attenuation due to phytoplankton and/or
other (inorganic) particles and/or CDOM (Figure 3e). The R;s, with values ranging from
0.005 sr~! to 0.021 sr~! at 550 nm without an evident distinction possible between corals
and sands, illustrates that the remote sensing of [Chl-a], turbidity, the CDOM absorption
coefficient, and, generally, IOPs above coral reefs or sandy bottoms is difficult as bottom
reflectance is the major component of satellite reflectance (and the atmospheric correction
schemes have to be adapted).

Spectra measured with a drifting TriOS radiometer above Trichodesmium slicks
(Figure 3f) indicate that when the colony concentration is sufficiently high to be visible to
the naked eye, a red and NIR signal can be detected [20,22], similar to the spectra of colonies
above a filter in the laboratory [26]. The reflectance of Trichodesmium slicks between 550
and 600 nm is not easily distinguishable from the blooms of other phytoplankton species.
The surface signal in the red and NIR (600-800 nm) is increasing with the thickness of the
surface slick (Figure 3f). Unfortunately, this effect is never observed in radiometric vertical
profiles because colonies are not concentrated enough, except in the upper 15 m, where
the measurement is impacted by large light variations. Additional absorption in the UV
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(330 nm) from mycosporine-like amino acids (MAAs), a UV-protective pigment contained
in the colony sheet, can be observed [20,26,39] but is not easily measurable by radiometers
due to the generally high absorption of the water in this range. Such dense surface slicks
are easily observable in closed seas and lagoons (New Caledonia, Great Barrier Reef), but
remain exceptional in the open ocean, as they are rapidly dispersed by currents and winds
and detectable by satellites only during extremely calm meteorological conditions.

In Laucala Bay of Suva, Fiji, Ry is strongly influenced by the bottom and highly turbid
waters issued from the large Rewa river after strong rains, and therefore reflectance is
higher by an order of magnitude [38].

Figure 3. TriOS and IOP radiometric measurements of ocean color spectra collected in the Southwest-
ern Tropical Pacific Ocean showing the variability of ocean color signatures in inshore (influenced
by bathymetry, seabed reflectance, [Chl-a], and CDOM absorption and particle backscattering) in
comparison to offshore waters. (a-d) for waters > 20 m in New Caledonia during the VALHYBIO
cruise (unpublished data), with (a) Ry (sr™1), (b) bb-H6 (m~1) from Hydroscat-6, (c) absorption
ap (m~1) from PSICAM measurements, (d) acqom (M ~!) from PSICAM measurements. (e) TriOS
spectra of Rys obtained over white sand and coral reefs of different in situ colors and at different dates.
(f) TriOS spectra of Rys (shown until 800 nm) taken on Trichodesmium slicks in the lagoon (in February
2013; light pink and showing variability during 30 min at low concentrations without the red and
NIR signal), and on thick slicks at different times (in December 2010; dashed dark brown) indicating
the strong red and NIR signal between 650 and 800 nm.

3.2. Trichodesmium Blooms in the SWTP

By using an adapted algorithm allowing the elimination of unmasked pixels corre-
sponding to cloud rings, the empirical algorithms based on the ratios of NIR and red
channel reflectance [63] successfully detected Trichodesmium slicks that had been observed
during the 2015 OUTPACE campaign. A new, striking example of successful discrimination
on MODIS and Sentinel 3 images from 6 November 2020 in open waters at the east of
New Caledonia and at the south of Fiji is shown (Figure 4a—d). Even if Rs678 nm is not so
high in the slicks in Figure 3f, it may become slightly higher due to the large backscatter
of large colonies and therefore be detectable at this channel. R;s678 nm can be used to
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delineate thick accumulations at the surface (Figure 4a—d). Indeed, this corresponded to
a period when slicks were concentrated due to exceptionally calm weather and where
discrimination was successful thanks to a clear sly.

18°S
Rrs678, sr! aq| % Rrs678, sr!
lo.oo1 s 0.002
0.00075 . . 0.0015
20°8 | 0.0005 25 (s 0.001
20°S e N T YA
: lo.ooozs N F Wt e | 0.0005
0 L o ‘0
22°8 X 7
2001 ()
174°E 176°E 178°E 174°E 176°E 178°E
06 November 2020 06 November 2020
15°S L 7 ; 7

15°S “\’\‘ ;'vi‘g&;

<
R
E

20°S

(c) (d)
165°E 170°E 165°E 170°E
0.0000 0.0001 0.0002 0.0003 0.0004 0.0000 0.0001 0.0002 0.0003 0_0604
Rrs670, sr Rrs670, sr'

Figure 4. Example of detection of surface slicks with the R;s678 nm channel indicating high con-
centrations of Trichodesmium on 6 November 2020. (a) Rrs678 nm image from MODIS around Fiji;
(b) pixels discriminated from a high value of R;s678 nm (>a threshold of 0.0007 sr1); () Rrs670 nm
image OLCI Sentinel 3 of New Caledonia and Vanuatu; (d) pixels discriminated from a high value of
Rys670 nm (>a threshold of 0.0003 srfl). For this last image, sea truth observations of a dense slick
across hundreds of miles on 8 November 2020 coincides with the highest R;s678 nm signal at the east
of New Caledonia [64].

3.3. [Chl-a], IOPs, and Turbidity in New Caledonia Waters

The use of a constant sea floor reflectance helped in retrieving IOPs after minimizing
the influence of the bathymetry (Figure 5a,b). The effect of such a correction of the sea
floor reduces the impact of the complex bathymetry and various seabed colors on the
IOP’s distributions (which appear then to be more homogeneous than with classical OC3,
where all shallow waters saturate the optical signal). Numerical results show that the
correction allows a decrease in the uncertainty in the scatter diagrams (Figure 6). A similar
amelioration of the retrieval of inherent optical properties (IOPs) and [Chl-a] distributions
from AVNIR-2 images in the southwest tropical lagoon of New Caledonia [56] is achieved
after a similar correction of the sea floor reflectance (Figure 7a—e).
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Figure 6. Scatter diagrams between in situ Chl-a and MODIS standard Level 2 Chl-a, or issued from
apg from NOMAD or CALIOPE databases. MODIS OC2M algorithm was applied to our Rys estimates
from MODIS 500 m L1B data with the bottom reflectance correction. (Adapted from [57]).

The results of our statistical algorithm applied on the MODIS-derived R provided
more accurate assessments of [Chl-a] within the whole [Chl-a] range encountered from
shallow coastal waters and nearby reefs to deeper waters of the open ocean (Figure 8a—d).

The results of our statistical algorithms for turbidity also performed well. For deep
waters (>20 m), the specific algorithm for New Caledonia allowed the mapping of extensive
plumes of turbid waters after a tropical storm in December 2011, with turbidity values in
the order of those measured during the CALIOPE 1 cruise (Table 1) (Figure 9a). Similarly,
the mapping of a large-turbidity plume after a strong rain event in the Hienghene lagoon
was validated by data collected during the CALIOPE 3 cruise in 2016 (Table 1) (Figure 9b).
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Figure 7. (a) AVNIR2 color composite on 3 September 2009 of the southwestern lagoon of New
Caledonia area used for validation of different inversion algorithms presented in this paper.
(b,c) Estimations of apg at 442 nm and bbp at 555 nm, respectively, without bottom reflection correction
(upper row). (d,e) Same as (b,c) but with bottom correction (lower row). Bottom reflection was
considered as constant in this study, and bathymetry was known at each pixel. (Adapted from [56]).

For shallower waters <10 m, such as those of the north lagoon of Voh Koné Pouembout,
the best candidate was a three-parameter model that included Rs(555), R;s(645), and
Rys(667) as optical parameters and two other explanatory parameters, i.e., bathymetry and
bottom color. Figure 10a—d illustrate the drastic reduction in the range of the retrieved
turbidity values (0 to 1 NTU, instead of 1 to 30 NTU). This approach significantly improved
the model’s capacity for retrieving the in situ turbidity range from MODIS images, as
compared with algorithms dedicated to deep oligotrophic or turbid waters, which were
shown to be totally inadequate ([38]) (Figure 10a—d).
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Figure 9. (a) Turbidity as calculated from the algorithm from [36] in New Caledonia adapted to deep
waters (>20 m) and applied to a MODIS image off the east coast after the tropical storm in December
2011. (b) Total suspended matter (TSM) concentration generated from Sentinel 2 immediately after a
heavy rain event in the northeastern part of the Caledonia lagoon. Result of CR2CC processing (see
details in the text). Coral barriers of the eastern north lagoon are indicated.
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Figure 10. Turbidity estimated in the Voh-Kone-Pouembout (VKP) lagoon area on 21 April 2014
(redrawn from literature cited in the text). (a) Sentinel 2 image of the VKP lagoon showing a mosaic
of different seabed colors and bathymetry. (b) Log-linear regression between in situ turbidity (in
NTU) and MODIS remote sensing turbidity retrieved with the SVR model. The red line is the 1:1 line.
Only the high turbidity values (corresponding to stations with a brown bottom color) are not well
retrieved by the SVR model. Point colors correspond to C: white bottom; : grey bottom; ®: brown
bottom. (c,d) Turbidity maps (in FTU) retrieved from the MODIS image with the [38] New Caledonia
turbidity algorithm compared with one from the SVR algorithm (using bathymetry and reflectance
combination (see text for details)). (Adapted from [59]).

3.4. Bathymetry and Bottom Classification of the New Caledonia Lagoon

The estimation of the bathymetry from the MERIS image remained valid under a
low (<1 mg.m~3) and constant [Chl-a] (<10% of variation). This allowed us to limit the
variation in the root-mean-square error (RMSE) on the estimation of the bathymetry (15.5%)
(Figure 11a). The non-linear effect of the light attenuation of the water column was corrected
to obtain the absolute reflectance of the seabed. The automated supervised classification
applied to the MERIS image is shown in Figure 11b,c. The two different mapped features
of the seafloor (Figure 11b,c) provided the best overall accuracy (79%), as compared to in
situ known seabed colors [61].
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Figure 11. (a) The bathymetry of the southern New Caledonia lagoon resulting from Lyzenga’s
methodology using a MERIS image acquired on 7 December 2008. (b) Classification of the seafloor
type using the reflectance and SAM distance. (c) Classification of the seafloor when the reflectance
was corrected for the water attenuation and using SAM distance (see text for details). (Adapted
from [60,61]).

On the shallow Voh Koné Pouembout lagoon, the methodological approach applied
to the 497, 560, 664, and 704 nm optical bands of a clear Sentinel 2 image (Figure 12a)
allowed different bottom types (see [62]). When applied to non-standardized data, our
unsupervised classification retrieved three seafloor bottom types (named clusters 1-3 in
Figure 12), whereas five bottom types (named clusters 1-5 in Figure 12) could be retrieved
using standardized data (standardized R;s whose average is 0 and standard deviation is 1).
For each of these two trials, the computed membership values explained more than 75%
of the inertia in each Sentinel 2 wavelength band used for the clustering. The accuracy
of the method was slightly improved when applied to data corrected for attenuation
(Figure 12b,c).
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Figure 12. Seafloor classification results of a case study in the Voh-Koné-Pouembout lagoon (New
Caledonia) using a clear Sentinel 2 image of 31 July 2017. (a) Seafloor spectral signal after applying
Lyzenga’s correction. Results of an unsupervised classification and clustering of the seabed color
in shallow oligotrophic coastal waters. (b) Without standardization of Sentinel 2 reflectance spectra
in the near-infrared. (c) With standardization of Sentinel 2 reflectance spectra in the near-infrared.
(Adapted from [62]).

4. Discussion
4.1. Performance and Limitations of Our Algorithms for the SWTP
4.1.1. Trichodesmium Algorithms

Many gaps are found in the identification of Trichodesmium from satellite remote
sensing. Algorithms developed for the discrimination of surface blooms [20,22,24,26] are
successful when atmospheric corrections are used appropriately above surface mats of
Trichodesmium (i.e., keeping the NIR reflectance) and when Trichodesmium is dominant [39].
As observed during many cruises, the total [Chl-a] in the upper surface layer reflects
not only Trichodesmium colonies but also the phytoplankton associated with it (symbiotic
diatoms [14,16] and /or non-diazotroph species such as picoplankton [15,19,39]). The ability
to positively discriminate and quantify low background concentrations of Trichodesmium
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(e.g., <3200 trichomes L), dispersed within the water column, has been described as
a difficult task [26]. Moreover, slick formation is strongly governed by highly unstable,
dynamic, fine-scale physical structures [65]. Discriminating Trichodesmium in such cases
was not successful, even in summer in the SWTP, as thick slicks form preferentially in
warmer and stable waters. One example was during the Diapalis 07 cruise in February 2003,
where a dendritic bloom with high [Chl-a] seen by MODIS corresponded to observed slicks
and high Trichodesmium concentrations (>3000 trichomes /L [19]) but where the algorithm
did not detect the specific spectral signature (Figure 13). Another gap in assessing the
spatiotemporal distribution of Trichodesmium [19] is the rapid temporal succession between
this main diazotroph species and other phytoplankton fueling it or fueled by it, which is yet
to be analyzed. In order to validate Trichodesmium detection algorithms at a large scale, the
global data basis should include their main pigment (phycoerythrin). The phycoerythrin
pigment is not detectable by HPLC and almost never measured during cruises. The global
data basis should also contain information on size-fractionated pigments [Chl-a] (>10 pm).
To conclude, the spectral and spatial resolutions of current ocean-color sensors are a limiting
factor for quantitative Trichodesmium remote sensing at a large scale. Future efforts with
ocean color will concern the estimation of the contribution of Trichodesmium to SWTP
carbon and nitrogen fixation by diazotrophs, and the understanding of their seasonal and
interannual variability in the SWTP.
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Figure 13. Series of MODIS images acquired during Diapalis cruises in October 2001, April 2002,
May 2002, and February 2003. Vertical profiles of Trichodesmium colonies counted off Lifou Island
during each cruise, showing Trichodesmium colony numbers [19] being exceptional in February 2003
compared to October 2001 or April and May 2002. Slicks were numerous but not easily detected by
any algorithm, for reasons explained in the text.

4.1.2. Coastal Algorithms

For [Chl-a], regionally tuned algorithms may potentially improve the retrievals, but
better parameterization schemes that consider the spatiotemporal variability of the specific
IOPs are still needed. Supervised learning methods provided a regional optimal estimation
of IOPs and [Chl-a], with better accuracy (<20% for [Chl-a]) and an improvement by a factor
of 10 for turbidity in the shallowest lagoons of New Caledonia. Local optimal estimations
of IOPs have been successful for low- and high-resolution imagery for the target areas. Our
results pointed out that not only the bathymetry but also the seabed color influence had to
be determined in order to be injected as an additional variable in the SVRs. The limitation
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of the incomplete knowledge of the seabed influence to improve the remote sensing of
biogeochemical indicators such as [Chl-a] and turbidity in fragile coastal environments was
corrected by different methods. Inversion procedures and unsupervised clustering have
provided the seabed color at different scales and for some test areas of the New Caledonia
lagoon. The estimation of the seabed reflectance from unsupervised classification in the
whole lagoon area from high-resolution data will allow us to definitively address the
problem and account for the bottom effect (bathymetry + seabed color) in the next SVRs.
Indeed, when the seabed reflectance is too high and waters too shallow, no estimate of the
water column property is possible. Moreover, uncertainty exists in extremely turbid waters
such as those of Laucala Bay (with shallow bottoms and turbidity of an order of magnitude
higher than in New Caledonia) [38]. For these extremely turbid waters in enclosed bays,
adapted algorithms using the NIR bands of sensors are still in test [66]. As soon as they
propagate in oceans, particles and phytoplankton show dynamic coupling and decoupling
patterns according to time and space, which are being explored in order to characterize the
real impacts on coral reefs (Figure 14) [66].
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Figure 14. Maps of Sentinel 2 of Laucala Bay’s (a) backscattering coefficient bbp and (b) [Chl-a] after
a sediment stirring event linked to the tropical cyclone Yasa, showing the plume extending to the
ocean south of Fiji and the extent of the influence of land to the sea. Outputs were generated from
Sentinel 2 immediately after tropical cyclone Yasa, which hit Fiji on 17 December 2020, and are a
result of OC-SMART processing. Coral reefs and coral barriers south of Fiji and around the Beqa
island are indicated. (Adapted from [66]).

4.2. Scientific Accomplishments and Perspectives from Ocean Color Remote Sensing in the SWTP

Ocean color has greatly helped to address questions about mesotrophy in the archipela-
gos of the SWTP through the identification of Trichodesmium blooms and tools adapted to
the survey of tremendous variations in coastal areas around islands.

4.2.1. Novel Collection and Utilization of In Situ Optical Signatures

Long-term observation stations allowing bio-optical measurements are scarce in the
SWTP (except on the Great Barrier Reef). Even Bio-Argo floats equipped with backscatter-
ing and fluorescence sensors are not numerous. Cruises have allowed gliders equipped
with CDOM fluorometers, and many research cruises including bio-optical measurements
together with carbon and nitrogen fluxes have provided an unprecedented view of mesotro-
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phy in the SWTP. Linking in situ reflectance and IOP data is still a challenge due to the
small amount of data. It is crucial to complete and archive data sets of R;s and IOPs. An
observation station was launched in 2012 in the southwestern lagoon of New Caledonia
(MOISE, MOoring blogeochemical Survey [52]), which could offer a means of observing
trends in bio-optical parameters at 21°S together with coral reef surveys. The collection of
Trichodesmium spectra should be multiplied to try to understand the link between abun-
dances and spectral signatures and be able to better characterize their spatial patterns with
new ocean color sensors.

4.2.2. Algal Blooms and the Detection of Trichodesmium

Algal blooms are indicators of the health of marine ecosystems, making their mon-
itoring crucial for the effective management of coastal and oceanic resources. Although
the maximal biomass of algal blooms in the SWTP is significantly lower than that in the
Northern Hemisphere, their impact on carbon fixation in the ocean can still be substantial.
Despite previous efforts, there remains a lack of comprehensive sampling of diazotrophs
and assessment of nitrogen fixation levels in the ocean. Recent estimates indicate a signif-
icant increase in global oceanic nitrogen fixation, primarily driven by the Indian Ocean
and the South Pacific Ocean, which contribute approximately 42% of the global nitrogen
fixation. The South Pacific Ocean has been identified as a “hot spot” for diazotrophy due
to iron and phosphate fertilization [67-71]. Trichodesmium blooms, detected through ocean
color remote sensing, can introduce a substantial amount of nitrogen into the water column,
and their impact should be further explored in comparison to monthly, seasonal, and yearly
rates. Previous studies have successfully attributed large dendritic mesotrophic areas in
the SWTP to Trichodesmium [9-13] and algorithms have been developed to retrieve their
surface accumulations [20,26,63]. Additionally, satellite ocean color data and analyses
of atmospheric dust could potentially explain large dendritic cross-tropical area blooms,
especially if they are associated with the widespread transport of volcanic ash [72]. Volcanic
eruptions in the Tonga trench may also contribute to the mesotrophy of the whole SWTP
as, indeed, although the impact was minimal on [Chl-a] at the time of eruption [73,74],
subsequent chlorophyll-a enrichment occurred with a significant temporal lag, and as
eruptions are regular, this effect could provide nutrients usable by phytoplankton to the
west of the Pacific region. The drift of material, including phytoplankton or Trichodesmium
colonies, entrained by the rafts to the west, could act as a future source of productivity
in more favorable zones around Fiji and other archipelagos [73]. Other physical environ-
ment changes favoring the supply of essential nutrients [75-77] or leading to deep trench
degassing [78] and cyclones [79] could also be invoked.

4.2.3. Following Biogeochemistry of Pacific Island Lagoons

Ocean color remote sensing is the only means to estimate seasonal variability and
responses to episodic events, as well as to assess trends in the health of tropical lagoon
waters amidst global climate change and increasing anthropization [31,32]. These aspects
can be better captured in the future with ocean color sensors providing more frequent
coverage. Among the factors that significantly contribute to increased mesotrophy in
archipelagos are intense runoffs resulting from tropical storms and cyclonic activity that
modify the upper layer structure [80-82]. This mesotrophy is likely more pronounced in
high islands, such as Vanuatu and New Caledonia (Figure 8). These effects have been
observed extending from the rivers off Hienghene (Figure 9) or reef passages near the Rewa
river south of Fiji, reaching hundreds of kilometers into the ocean [30]. As soon as they
propagate in oceans, particles and phytoplankton show dynamic coupling and decoupling
patterns according to time and space, which are being explored in order to characterize
the real impacts on coral reefs (Figure 14) [66]. Runoffs impact not only [Chl-a] but also
CDOM, which has been shown to contribute significantly to light absorption in lagoons
after rainfall [50-52,83]. Large amounts of high [Chl-a] and other materials, such as mineral
particles, can be transported effectively, transferring contaminants and nutrients far from
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the land. These phenomena should be monitored using ocean color sensors with better
temporal resolutions. The understanding of river impacts on the pristine lagoons of the
northeastern coast of New Caledonia, which are classified by UNESCO as World Heritage
Sites, is of great value. Moreover, these findings reinforce the potential utility of OC-CCI
products and satellite-based ocean color remote sensing in general for the monitoring of
phytoplankton dynamics in all Pacific Island coasts. In a major way, [Chl-a] will be useful in
validating 3D coupled physical-biogeochemical models, which are now able to reproduce
the complex ocean-lagoon interface [84-86]. New empirical evidence has indicated that
spatial gradients in nearshore primary production (PP) around reef islands can directly
influence the nutritional status of corals on shallow reefs [87]. This hypothesis suggests
that corals living in mesotrophic waters, which are relatively enriched with nutrients and
plankton compared to oligotrophic waters, are more resilient to bleaching, as they can
survive for longer periods without their symbionts [88]. As PP is strongly correlated with
satellite-derived estimates of [Chl-a], monitoring [Chl-a] will help to test whether corals
can compensate by relying on heterotrophic feeding until the environmental conditions
improve and symbiont stability is reestablished [88]. Trichodesmium may be, in some
tropical lagoons, a major component of phytoplankton composition (as in the ones of New
Caledonia and Fiji), with slicks observed in summer [89-92], which should be followed
with high-resolution sensors.

4.2.4. Long-Term Changes in the Ocean with Climate Change

One question arising is whether chlorophyll-a, diazotrophs, or runoffs will increase or
decrease with climate change (sea surface temperature increase, salinity decrease, acidi-
fication) in the SWTP. The analysis of CMEMS data from the past two decades indicates
an unexplained increasing trend in [Chl-a] in the Fiji-Tonga region, contrasting with a
decreasing trend observed in the New Caledonia—Vanuatu region. It remains unclear
whether these trends are associated with changes in phytoplankton composition [93], as
satellite ocean color data have not yet provided documentation on this aspect. [Chl-a] in
the Western Tropical Pacific Ocean appears to be sensitive to the Multivariate ENSO index
and the Modoki El Nino index, although the effects in tropical regions and archipelagos are
hardly detectable [94]. Reflectance anomaly approaches [95-97] applied on hyperspectral
sensor reflectance will help in predicting the whole food chain changes in the ocean.

5. Conclusions

To address the questions of what governs chlorophyll variability in the southwest
tropical archipelagos and lagoons and what are the predicted trends with climate change,
it is necessary to look at [Chl-a] time series issued from satellite ocean color remote sensing
as a function of environmental parameters and climatic indices, in addition to genetic
analysis. These analyses require the discrimination of Trichodesmium, the major nitrogen-
fixing species, from other phytoplankton, and applying regionally adapted algorithms to
coastal ocean and coral lagoons including reefs.

Algorithms for the detection of Trichodesmium, as well as for the estimation of chloro-
phyll concentrations in tropical lagoons, have been developed or adapted for the oligo-
to meso- South Pacific tropical waters, principally over New Caledonia and South Fiji.
In order to validate them, we used a comprehensive data set of in situ bio-optical data
representative of optical variability in Case 1 and Case 2 waters collected in various regions
and over more than 20 years. This database has also the advantage of being the result of
validated methodologies and obtained by the same operators and instruments during that
period. The algorithms developed for Trichodesmium have been tested on different sensors
with different spatial resolutions and the main improvement concerns the discrimination of
Trichodesmium slicks from other phytoplankton patches in pixels obtained after atmospheric
corrections, which was the main limitation for automatic detection. These promising results
provide hope that future next-generation sensors, offering higher spectral resolutions and
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and anthropogenic disturbances.
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Abstract: High spatial and temporal resolution hydrographic data collected by Southern Elephant Seals
(Mirounga leonina, SESs) and satellite remote sensing data allow a detailed oceanographic description
of the Argentine Continental Shelf (ACS). In-situ data were obtained from the CTD (Conductivity,
Temperature, and Depth), accelerometer, and hydrophone sensors attached to five SESs that crossed
the ACS between the 17th and 31st of October 2019. The analysis of the temperature (T) and salinity
(S) along the trajectories allowed us to identify two different regions: north and south of 42°S. Satellite
Sea Surface Temperature (SST) data suggests that north of 42°S, warm waters are coming from the
San Matias Gulf (SMG). The high spatio-temporal resolution of the in-situ data shows regions with
intense gradients along the T and S sections that were associated with a seasonal front that develops
north of Peninsula Valdés in winter due to the entrance of cold and fresh water to the SMG. The speed
of the SESs is correlated with tidal currents in the coastal portion of the northern region, which is
in good agreement with the macrotidal regime observed. A large number of Prey Catch Attempts
(PCA), a measure obtained from the accelerometer sensor, indicates that SESs also feed in this region,
contradicting suggestions from previous works. The analysis of wind intensity estimated from acoustic
sensors allowed us to rule out the local wind as the cause of fast thermocline breakups observed along
the SESs trajectories. Finally, we show that the maximum depth reached by the elephant seals can be
used to detect errors in the bathymetry charts.

Keywords: elephant seal; Mirounga leonina; Peninsula Valdés (PV); Argentina; seasonal front in the
north of PV; water masses

1. Introduction

In the southern hemisphere (SH), one of the main limitations to understanding the
marine environment is the scarce availability of in-situ data. Traditionally, in-situ observa-
tions of the marine environment are collected from research vessels, drifting buoys, and
moorings. In recent decades, several animals have been used as autonomous platforms to
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collect oceanographic data, contributing to better sampling of the SH [1]. The use of diving
animals allows for the best spatial and temporal resolution in the SH [2,3].

Thanks to the fact that Southern Elephant Seals (SESs) dive almost continuously [4] to
deep waters (up to 2000 m) [5,6], on the order of 60 times per day [3,7], and travel thousands
of kilometers [8,9], they represent excellent platforms to measure data in the water column of
the ocean. SESs show strong site fidelity, returning reliably to natal breeding grounds twice a
year, allowing for both attachment and recovery of instruments. The in-situ data collected
allows us to study in detail the behavior of those animals and, simultaneously, allows us to
evaluate the seasonal and interannual variability of key oceanographic parameters [9].

SESs colonies are located within the Antarctic Circle, except for the one located at
Peninsula Valdés (PV), in South America (Figure 1). While at sea, the spatial distribution
of females and males is quite different [10]. Males forage mostly on the Patagonian
shelf [11] and females mainly along the Patagonian shelf slope, shelf break, or Argentine
Basin [12-15]. SESs females breed between late August and November and molt between
December and January along ca. 200 km of open ocean coastline at PV [16,17]. SESs
have been instrumented in PV since 1992 [14]. The oceanographic data collected by the
PV colony have been used to study mesoscale structures in the open ocean [18], identify
foraging places [12], and relate the species that the SESs eat to different water masses
along the Patagonian shelf slope [13]. Based on the SESs path, speed, and swimming
pattern, Campagna et al. [14] suggested that the shelf area is mainly a transit zone and is
not the preferred feeding ground of the SESs females of PV. This was recently confirmed by
McGovern et al. [15]. Here we propose to use T and S data to characterize the oceanographic
conditions along the trajectories of the SESs within the continental shelf, taking advantage
of the fact that they crossed it very fast. Indeed, the high-resolution profile data collected by
SESs will provide a synoptic description of the oceanographic conditions of the Argentine
Continental Shelf (ACS) adjacent to PV.
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Figure 1. Thick color lines represent the trajectories of the five SESs that crossed the Argentine
Continental Shelf (ACS) in October 2019. The colors in the background represent the bathymetry
of GEBCO 2021. The thin black lines represent the 75 and 200 m isobaths. SMG: San Matias Gulf.
PV: Peninsula Valdés.
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We focus our study on the region from the PV coast to the edge of the Patagonian
shelf slope (defined by the 200 m isobath) from 55°W to 65°W and from 45°S to 41°S
(Figure 1). The portion of ACS adjacent to PV is subject to different dynamics: In the
eastern boundary, the Malvinas Current (MC) flows northward over the continental slope,
carrying cold, nutrient-rich water. At 41°S, the slope water signal can be observed up to
the mid-shelf due to MC intrusions [19]. In the western boundary, the PV tidal front is the
main characteristic. The PV front is associated with transitioning between homogeneous
coastal waters and vertically stratified mid-shelf waters during spring and summer [20,21].
The homogeneous coastal waters are the product of vertical mixing generated by energetic
tidal currents, while the seasonal stratification on the mid-shelf is due to surface warming
during spring and summer. The position of the PV front is strongly linked to the bottom
topography [22,23], with a NE-SW alignment, following approximately the 75 m isobath
between 41°S and 45°S [24,25]. This study area is affected by the MC and by the strong tides
in the coastal region, as well as by the circulation of the San Matias Gulf (SMG). This gulf, a
semi-enclosed coastal basin, is a source of salty and warm water due to the bathymetry and
the current dynamics. Cold and relatively fresh shelf waters enter through the southeastern
portion of the mouth mainly in winter and spring [26] and re-circulate within the SMG,
gaining heat and salinity through solar heating and evaporation, respectively [27]. The
warm and salty waters exported through the northern portion of the gulf mouth to the inner
shelf are known as High-Salinity Coastal Waters (>34) [20,28,29]. The other water masses
present in the ACS are Mid-Continental Shelf Water, which has a salinity between 33.4 and
33.8 [29,30], Coastal Water (Low Salinity, <33.4), and Malvinas Water (>33.8). Salinity is
usually used in ACS to classify water masses [29,31].

The brief oceanographic description of the region presented here is based on the use
of remote sensing data, numerical model outputs, and a few in-situ data obtained during
oceanographic cruises. As we show below, the high-resolution in-situ data obtained with
the instruments mounted on the SESs offer new, three-dimensional observations at a very
fine scale resolution in the region, allowing to distinguish small fronts almost not described
previously in the literature, which might be crucial in the CO, flux dynamics. Thus, the
aim of this study is to provide an updated and detailed oceanographic description of the
PV region using this unique dataset in combination with satellite data. This work also aims
to relate the environmental changes to SESs foraging behavior. The article is organized as
follows: the data and methods are described in Section 2. Section 3 presents the results.
Finally, Section 4 present the discussion and the main conclusions.

2. Materials and Methods
2.1. In-Situ Data

In-situ data used in this work have been collected as part of an international collab-
oration between the Centre National de la Recherche Scientifique (CNRS), the Wildlife
Conservation Society (WCS), the University of Tasmania (UTAS), and the University of
Buenos Aires (UBA). We analyzed data collected by 5 Southern elephant seals (SESs here-
after, Mirounga leonina) females that were equipped with Conductivity-Temperature-Depth
Satellite Relay Data Loggers (CTD-SRDLs) between October 17 and 31, 2019 in PV, Ar-
gentina. Three biologging devices were glued to the animals before their departure to the
sea for their post-breeding foraging trip (Tables 1 and 2, Figure 2): a head-mounted DTAG-4
tag (configured as either a sound and movement tag, 97 x 55 x 33 mm, 200 g in air, n = 10,
or a sonar and movement tag, 95 x 55 x 37 mm, 200 g in the air), a back-mounted Satellite
Relayed Data Logger (CTD-SRDL, Sea Mammal Research Unit (SMRU), St Andrews, UK,
115 x 100 x 40 mm, 680 g in the air), and a neck-mounted Argos location-only satellite tag
(SPOT, Wildlife Computers, Redmond, WA, USA, 72 x 54 x 24 mm, 119 g in the air).
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Table 1. The location where the instruments have been placed within the body of each SESs.

Id SESs Head Back
054 CTD SMRU
875 Dtag-4 CTD SMRU
sonar
878 Dtag-4 CTD SMRU
sonar
905 Drag-4 CTD SMRU
sonar
051 Dtag-4- CTD SMRU
Acoustic
Table 2. Main characteristics of the instruments deployed.
Tag Name Variables Measured Range Accuracy Precision Frequency Range
Temperature —5t035°C 0.0005 °C 0.0001 °C 0.5Hz —5t035°C
CTD Geolocation (ARGOS) 5km
Salinity 0to 50 0.01 0.002 0.5Hz 0 to 50
Pressure 0 to 2000 dBar 2 dbar 0.05 dBar 0.5Hz 0 to 2000 dBar
SPOT Geolocation (ARGOS) 5 km
Pressure 0 to 2000 dBar 2 dbar 0.05 dBar 50 Hz 0 to 2000 dBar
S Triaxial acceleration 0.03 ms -2 200 Hz
onar Magnetic field 0.5 uT 50 Hz
Geolocation (GPS) 50 m
Pressure 0 to 2000 dBar 2 dbar 0.05 dBar 50 Hz 0 to 2000 dBar
Triaxial acceleration 0.03 ms -2 200 Hz
Dtag-4 Magnetic field 0.5uT 50 Hz
Geolocation (GPS) 50 m
Sound (Acoustic sensor) 20kHz

The CTD-SRDL records salinity derived from conductivity, temperature, and pres-
sure in hydrographic profiles. When the animals reach the surface, the data collected
along the profiles is compressed and sent via messages, along with the positional in-
formation, through the Advanced Research and Global Observation Satellite (ARGOS)
(http:/ /www.argos-system.org/, accessed on 3 May 2021) [32]. The transmission occurs
several times per day. The CTD-SRDL archives pressure, temperature, and salinity data
recorded continuously throughout the foraging trip at 0.5 Hz for internal memory. This
is far more frequent than the transmitted data (i.e., 3 to 4 24-T/S point profiles per day),
but this requires the tags to be recovered when SESs come back to shore to molt in the
summer (December—January) [1]. The typical accuracies are £0.02 °C for temperature and
£0.05 or better for salinity [33]. Additionally, the SPOT tag was included to facilitate the
recovery of the instruments when the animal returned to land in case the CTD-SDRL had
stopped transmitting.

Acceleration measurements associated with the head-mounted DTAG-4 movement tag
provide an index of prey capture attempts (PCA) [34]. This variable is considered the most
reliable proxy for foraging success [35,36]. It offers the opportunity to link variations in
elephant seal movements, diving, and foraging behavior with environmental conditions.
The wind estimation can be obtained from the sound tag, which is derived from the abso-
lute sound pressure following [37]. The DTAG-4 is also equipped with accurate location
sensors that provide depth, longitude, and latitude data. The depth data were sampled
at a frequency of 0.2 s, while the latitude and longitude data were sampled intermittently,
with a variable sampling rate ranging from le-5 to 0.1 s. GPS (Global Positioning Sys-
tem) positions were obtained at each surfacing. At-sea movements were monitored using
the ARGOS satellite-tracking system, and the loggers were recovered as soon as the seals
hauled out for molting. The geolocation accuracy provided by satellite using ARGOS is
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£5 km [38,39] and using GPS is about 50 m [40,41]. The CTD and sonar tags were synchro-
nized by matching the depth data sampled by their respective pressure sensors, according to
Le Bras et al. [42]. The environmental data are collected up to 50 Hz (Table 2). To compute
the vertical profile data, we followed the procedure described in Siegelman et al. [43]: First,
temperature and conductivity are corrected for a thermal mass effect; then salinity spiking and
density inversion are removed by adjusting salinity while leaving temperature unchanged.

Figure 2. A female SES with three biologging devices glued: a head-mounted DTAG-4, a back-
mounted CTD-SRDL, and a neck-mounted SPOT. The main characteristics of the devices are listed in
Table 2.

The methodology used for the colocation of instruments on SESs is described by
Campagna et al. [44]. The loggers are noninvasive [45]; they are glued to the animal’s hair
and fall off when it molts. Furthermore, elephant seals’ performances do not appear to
be impacted by loggers [46]. Thanks to the satellite tag, the tools are recovered when the
animals return to shore. After recovering, the data collected were calibrated following the
methodology described by Roquet et al. [45] and Sigelman et al. [43].

2.2. Satellite Data

Sea Surface Temperature (SST) from the Multi-scale Ultra-High Resolution L4 product
(MUR—https:/ /podaac.jpl.nasa.gov/MEaSUREs-MUR, accessed on 31 August 2021) with
daily resolution and spatial resolution of 0.011° x 0.011° is used to compare the surface
temperature obtained by the SESs. This high spatial resolution product is generated
by combining MODIS, AVHRR, GOES, AMSR-E, and TMI measurements through the
technique known as multi-resolution variational analysis [47]. The choice of this product is
due to its high spatial resolution, and it has been successfully compared with independent
in-situ data in this study region [48,49].
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2.3. Reanalysis Data

Surface wind speed values are obtained from ECMWFs reanalysis model, ERA5.
Reanalysis data are the product of a physics-based model combined with in-situ and
satellite data [50]. More precisely, the integrated forecasting system has a 4D-variational
assimilation with 12 h long windows and 12 min time steps [51] and uses data such as
French RADOME, Land SYNOP, quickSCAT, and ASCAT as observations [52]. It gives
hourly data on a 0.25° grid. The model provides an estimation of the 10 m wind, which is
the wind speed ten meters above the surface.

2.4. Bathymetry Data

We used three gridded bathymetry dataset versions (2019, 2020, and 2021) of the
General Bathymetric Chart of the Oceans (GEBCO) that are available at https://www.
gebco.net/, accessed on 1 July 2021. All versions have been developed through the Nippon
Foundation-GEBCO Seabed 2030 Project, which brings together all available bathymetric
data to produce a map of the world ocean floor. The GEBCO 2019 portion of the ACS
that we used has been corrected, considering bathymetry measurements provided by
the Servicio de Hidrografia Naval. This version is currently the most used for regional
numerical models in the region [26,53,54].

2.5. Tidal Model

TPXO is a global tidal model that provides a spatial resolution of 1/30°. The model
assimilates satellite data from Topex Poseidon, Topex Tandem, ERS, GFO, and other data
sets (i.e., tide gauges, ship-born ADCP). The model has a toolbox for accessing the coeffi-
cients for tidal harmonic constituents in barotropic tide models and for making predictions
of tide height and currents [55]. TPXOS8 is used to compare the zonal component velocity
obtained by the SESs. The ACS presents a complex tidal region that is largely dominated
by the semi-diurnal lunar constituent M2 [20,31]. TPXO8 represents tides very well in the
region [56]. It has also been used to implement regional models [26,54].

2.6. Methodology

Several considerations must be considered to compare satellite SST with in-situ data.
First, in-situ data are reliable at 15 m depth [35], not at the sea surface, where satellite
data indicate SST. Second, satellite images of SST are typically available only once a day,
while SESs conduct a vertical profile every 16 min and every 1.1 km on average over the
continental shelf and therefore offer about 90 values every day in a large area. Hence, we
extracted the nearest value, in time and space, of the satellite images to the 15 m in-situ
data. Pearson correlations between both data sets are computed at a 95% confidence level.
To evaluate the dispersion between both datasets, biases were calculated for each trajectory
as follows:

BIAS = Tymur — Tinssitu 1)

The potential temperature and potential density were calculated using the Gibbs Sea
Water (GSW) oceanographic toolbox [57] that considers the Thermodynamic Equation of
Seawater 2010 (TEOS-2010).

3. Results
3.1. SESs Trajectories

Figure 1 displays the trajectories of the five SESs analyzed in this work. SESs moved
mainly towards the east from PV, reaching the open ocean in three to six days. The average
number of dives per day on the continental shelf was 92.6 £ 10.2, and the average distance
traveled per day was 110.1 & 13.8 km (Table 3). The five SESs left PV and returned to molt
to sites located very close to the place of departure in PV, between 21 December 2019, and
3 January 2020.

122



Remote Sens. 2023, 15, 5604

Table 3. Date of departure, date of arrival at isobath 200 m, mean number of dives per day within the
ACS, number of days to cross the ACS, distance traveled (km), and mean distance traveled per day

(km/day).
Date and Time Date and Time of = Mean Number of Number of Distance Mean Distance
SESs ID of Departure Arrival at the 200 Dives per Day Days to Cross Traveled (km) Traveled per
P m Isobath within the ACS the ACS Day (km)
25-October 01-November
054 11:29:54 03:08:00 92.8 6.7 667.2 100.3
17-October 23-October
878 23:30:56 00:41:46 85.4 5.1 586.8 114.4
18-October 23-October
875 01:09:10 19-31:48 83.1 5.8 540.4 93.7
20-October 23-October
905 15-44:20 92:19:10 109.0 34 381.1 116.4
21-October 24-October
051 06:48:48 01:52:00 92.7 2.8 359.4 128.6
Mean 92.6 +10.2 47 +1.6 507.0 + 133.0 110.1 +13.8

Table 3 summarizes basic statistics for the trajectories of the five elephant seals. All
the SESs traveled a similar distance per day. The SESs that left from the north of PV (SESs
054, 878, 875) took more days to arrive at the 200 m isobath compared to the SESs that went
from the south of PV (SESs 905, 051) because they traveled a longer distance to reach the
eastern limit of the ACS, the 200 m isobath (Figure 1). In the following section, we analyze
the speed of SESs along their trajectory in more detail.

3.2. SESs Speeds

Figure 3 shows the amplitude of the M2 tidal component and the trajectory of the SESs.
M2 is the largest tidal component in the region, leading other components by an order of
magnitude almost everywhere [31]. The three SESs left from the northern coast of PV crossed
a portion of the ACS where the M2 tidal amplitude values were much greater than those
along the trajectories of the SESs that left PV from the south (Figure 3). The speed of the
zonal component of the tidal currents (considering all the tidal components of the TPXO8
model) along the trajectory of each SES is compared with the zonal speed of the animals in
Figure 4. Both time series present similar variability during the three days after departure
for the three northern elephants (054, 878, and 875); this feature is not observed in the two
southern elephants (905 and 051). We can therefore observe that SES speed is largely correlated
to tidal currents when the latter are large (>150 cm/s). It is an open question whether the SESs
are taking advantage of the tidal currents or are affected by them.
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Figure 3. Amplitude (cm) for the M2 constituent as obtained with the TPXO0 tide model. Thick lines
represent the trajectories of the five SESs in October 2019. Colors along the trajectories correspond to
the different days, as detailed in Figure 4. Thin gray lines represent the 50, 75, 90, 100, 150, and 200 m
isobaths.
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Figure 4. The zonal component of the SES swimming velocity (black) and the tidal current velocity
derived from TPXO (magenta) along the five trajectories. The mean value along each trajectory of the
in-situ velocity (blue line) was added to the tidal currents. A threshold of two standard deviations
was used to eliminate the outliers from the in-situ velocity data. The colors on the x-axis match the
colors along the trajectories in Figure 3.

3.3. Comparison between Near-Surface SES Temperatures and Satellite SST

Figure 5 shows the scatterplot and the spatial distribution of the difference between
the satellite and in-situ temperature datasets. The correlation between the near-surface
temperature (15 m depth) collected by the SESs and the time-space matching SST is 0.97,
significant at the 95% confidence level (CL95%).

Despite the good correlation between in-situ and satellite SST, the two datasets show
a moderate dispersion in temperature values lower than 8 °C along the linear regression
(Figure 5a). The differences are reflected in the bias values (Equation (1)) that, in general,
are less than 0.5 °C, except in some parts of the trajectories, mainly near the shelf-break.
(Figure 5b). Note that the bias values in all trajectories are positive. This means that the
in-situ temperatures are lower than the SST-MUR. At first glance, this is an expected result
since in-situ data are collected at 15 dbar, while the satellite sensor represents the skin layer
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of the ocean. Yet the differences are very small in most of the places, suggesting that the
top 15 m of the water column are very well mixed in this portion of the ocean.
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Figure 5. (a) A scatter plot of the in-situ temperature of SESs and SST-MUR was extracted along
the trajectories (black dots). Linear regression and 95% confidence level intervals are indicated with
a magenta line and a shaded gray region. (b) Temperature bias (SST MUR—T at 15 dbar) along
trajectories. Black lines represent the 50, 75, 90, 100, 150, and 200 m isobaths.

3.4. Analysis of the Temperature and Salinity Spatial Distributions

The spatial distribution of the temperature along the trajectories displays a zonal
gradient, observing warm (warmer than 11 °C) water in the inner shelf and cold (colder
than 6 °C) water in the outer shelf (Figure 6, left column). This is in good agreement with
similar in-situ observations presented by Campagna et al. [11]. The zonal temperature
gradient is evident in the three pressure levels (Figure 6, left column). The cold water close
to the shelfbreak is associated with MC waters. A meridional gradient in the inner and
middle shelves is also evident, showing that, north of 42°S, the surface temperature is 1 °C
warmer than in the south (Figure 6).

In the northern trajectories, a maximum salinity (34 < S < 34.2) is observed when the
depth is less than 60 m (Figure 6, right column). This region also has the warmest water
(~12 °C). Near the 75 m isobath, the salinity decreases by 1 unit (S = 33.3) and increases
again until it reaches 33.9 on the outer shelf. The temperature and salinity observed north
of 42°S and west of the 75 m isobath are likely due to the mixing with waters coming
from the SMG. The 75 m isobath coincides with the limit between the colder and fresher
water from the south that moves towards the outer portion of the continental shelf and
the hotter and saltier water closer to the coast, north of 42°S. The influence of the SMG
waters over the adjacent portion of the continental shelf is in good agreement with previous
observations [27].

Along the southern trajectories (south of 42°S), the salinity increases from 33.2 near
the coast to 33.9 at the shelf-break in the three depth layers displayed (Figure 6).

Figure 6 also shows different values at the different depths in the temperature record,
particularly in the mid and outer shelf, suggesting that waters are more stratified in
those regions than in the inner shelf. Considering the large tidal amplitude in the region
(Figure 3), we computed the Simpson parameter [58] to quantify in which regions tides
are responsible for mixing waters and preventing seasonal stratification. We estimated the
Simpson parameter (¢) as in Kahl et al. [59] using the in-situ data collected by the SESs. The
spatial distribution of ¢ displays low values (<10 ]/m?) in the inner shelf and larger values
(10-50 J/m?3) in the middle and outer shelves (not shown). The most significant ¢ (critical
value of 10 J/m?) occurs along the 75 m isobath, suggesting that well-mixed waters are
located between such isobath and the coast and stratified waters are in waters deeper than
75 m. This result is in very good agreement with our observations in the following sections.
In this study region, Lucas et al. [27] and Kahl et al. [59] showed the spatial distribution of
¢ for spring/summer with a critical value of 40-50 ] /m? that followed the 50-60 m isobath.
The values obtained in this work are low because October is a transition period toward
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strong stratification due to the solar radiation annual cycle. A similar result was found
between 47° and 55°S in October 2005 by Sabatini et al. [60].
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Figure 6. Temperature (°C) (left column) and Salinity (right column) were measured by sensors placed
on 5 elephant seals during October 2019. The variables are presented at 3 pressure levels: 20 dbar (upper
panel), 40 dbar (middle panel), and 60 dbar (bottom panel). Black lines represent the 50, 75, 90, 100, 150,
and 200 m isobaths.

3.5. Water Mass Characterization

In Section 3.4, we showed that the data collected in the northern trajectories differs
quite a bit from the data collected in the southern trajectories. In what follows, we analyze
the water masses north and south of 42°S, selecting one representative trajectory for each
region. We used trajectory 051 to represent the southern ones and 875 for the northern ones
(Figure 1).

Both Northern and Southern SESs swam across three distinctive water masses that
were identified in the TS diagrams: Low Salinity Coastal Waters (LSCW, S < 33.4), Mid-Shelf
Waters (MSW, 33.4 < S < 33.8), and Malvinas Waters (MW, S > 33.8) (Figure 7b,c). The
Northern elephant also crossed the High Salinity Coastal Waters (HSCW, S > 34) at the
beginning of its trip (18, 19, and 20 of October), which contain waters from SMG (Figure 7b).
SMG has higher temperatures and salinity values relative to the continental shelf because it
is an evaporation basin, i.e., precipitation is lower than evaporation [28,61,62]. As described
above, the waters adjacent to the SMG are affected by the waters from the gulf. The HSCW
is not present south of 42°S.
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Figure 7. (a) Trajectories represent the northern (875) and southern (051) regions. The corresponding
TS diagrams are presented in panels (b,c). The colors in panels (a—c) correspond to the segment of
trajectory traveled per day by each elephant. The black lines represent isolines of o in kg/m3.

The LSCW and MSW were sampled by the southern and northern SESs on the 22 and
23 of October (Figure 7). These water masses originate in the coastal Pacific Ocean and are
transported by the Patagonian current [63].

3.6. Vertical Profiles of Temperature, Salinity, and Density
3.6.1. Northern Trajectory

The northern elephant had 479 profiles, with an average distance between each profile
of 1.1 km and an average profile depth of 67.3 m.

The vertical structure of the temperature is homogeneous from the surface to the bottom
in the first 300 km from the coast (Figure 8, upper panel). During the first day after departure
from the north of PV (19 October 2019), the potential temperature profile displays several
increases and decreases in temperature (between 10 °C and 11 °C). From km 300 towards
the shelf break, a vertical stratification begins, which is accentuated towards the slope with
temperatures of 8 °C on the surface and 6 °C on the bottom (Figure 8 upper panel).

The vertical salinity structure along the trajectory also presents an oscillating pattern
during the first day after departure, with salinity values between 33.6 and 34. Between 300
and 400 km from the coast, on the middle continental shelf, the salinity shows minimal
values of 33.4 from surface to bottom. Then, the salinity increases towards the east, reaching
values of 33.6-33.9 (Figure 8 middle panel).

The vertical density structure depends on temperature and salinity; homogeneous
values are observed from surface to bottom and from the coast up to about 320 km (Figure 8
bottom panel). The spatial density distribution also shows the strip pattern identified in
temperature and salinity during 19th of October. In the middle continental shelf (~350 km),
a density minimum modulated mainly by salinity is observed. From 400 km to the edge of
the shelf, the density is dominated by T and S. In this section, a weak vertical stratification
begins, which increases towards the slope. An increase in salinity (33.6 <S < 33.9) and a
decrease in temperature (<8 °C) in the bottom are observed in this portion of the section in
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Figure 8 (upper and middle panels), clearly suggesting intrusions of the saltier and colder
MC water. Such intrusions have been previously reported at 41°S by Piola et al. [19].
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Figure 8. Temperature (top), salinity (middle), and density (bottom) profiles for SES 875 after
departing north of PV. The horizontal axis is the distance in km from PV. The red, gray, and black
lines show the seafloor using the GEBCO-SHN 2019, GEBCO 2020, and GEBCO 2021 bathymetries,
respectively. The top colorbar indicates the day and month of 2019; the colors are the same as in
Figure 7. Magenta dots are Prey Catch Attempts.

PCA values are indicated with magenta dots in the three panels of Figure 8. A few
values are observed at the sea bottom along the section. A large concentration of PCAs is
observed in a particular region on the outer shelf, between 450 and 480 km from the coast.
A careful inspection of the T and S values shows an increase in salinity in this region, which
coincides with a decrease in temperature of 0.5 °C and an increase in density (from 26.3
to 26.4 kg/m?). As discussed above, this water mass can only originate from an intrusion
of the MC. It is very interesting to note the correspondence between the large number of
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PCAs and the T and S values that most closely resemble the MC waters. The fact that many
PCAs are observed in a particular region where the MC rested isolated suggests that the
MC waters bring food the SESs like.

The analysis of Figure 8 in conjunction with the analysis of the spatial distribution of
T and S (Section 3.4) and the TS diagrams (Section 3.5) allows us to identify that the warm
and salty region (between km 80 and km 250, Figure 8) corresponds to the HSCW from
SMG. The strip pattern observed in T and S the first day after its departure indicates that the
SES swam across different water masses at the beginning of its trip. To further understand
these features, we used satellite SST images that showed excellent agreement with the
in-situ data (Section 3.3). On the 18th of October 2019, SST agreed to an alternating pattern
of increasing and decreasing values (Figure 9a) that agreed with the pattern observed
in Figure 8. The spatial pattern of SST indicates that the relative cold water is advected
from the south into the SMG and that the relative warm water corresponds to HSCW.
Moreover, the monthly average of 17 years of SST gradient reveals that in October there
is a strong and persistent front (0.06 °C/km) at 41.9°S and between 63.3° and 63.6°W
(Figure 9b). The front separates warm and salty water from SMG and cold and fresh water
from the southern portion of the adjacent shelf. The Northern SES crossed this frontal area,
explaining the abrupt temperature changes observed in Figure 8. Figure 9 also indicates
that the other two northern SESs crossed the frontal area. The frontal area north of PV has
been reported in Pisoni [64]. Using SST satellite images, they show that it is a seasonal front
that exists during winter and the beginning of spring. The TS values recorded by the SESs
in conjunction with SST images show that the front separates fresh and cold waters that
enter the SMG in the narrow region between the coast and the front from warm and salty
water created in the SMG, north of the front. The water entering the SMG comes from the
coastal region east of PV, where a strong upwelling took place [26].
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Figure 9. (a) Sea surface temperature (SST) is derived from the Multi-Scale Ultra-High Resolution L4
(MUR) satellite product for 18 October 2019. The stars are kilometers from the coast (Figure 8). Black
lines represent the 50, 75, and 100 m isobaths. (b) Average magnitude of Sea surface temperature (SST)
gradient (°C/km) derived from the Multi-scale Ultra-High Resolution L4 (MUR) satellite product
for all months of October from 2002 to 2019. The yellow lines represent the trajectories of SESs. The
trajectory of the SES 875 is marked with the black-magenta line on both panels. The magenta color
corresponds to the segment of trajectory traveled on October 18 by the SES.

3.6.2. Southern Trajectory

Potential temperature, salinity, and potential density for the Southern elephant seal
are presented in Figure 10. The southern elephant conducted 259 profiles, with an average
distance between each profile of 1.4 km and an average profile depth of 82.8 m. The
temperature shows homogeneous values in the vertical of about 10 °C in the first 50 km of
the trajectory. Warmer values in the upper 30 m of the water column are observed from km
50 to the shelf-break, suggesting the presence of seasonal stratification (Figure 10 upper
panel). Cold waters (less than 8 °C) are observed close to the sea floor from km 180 towards
the edge of the shelf-break (Figure 10), as observed in the northern trajectory.

Salinity along the southern trajectory (Figure 10 middle panel) is vertically homoge-
neous in the first 180 km, with relative salty values close to the coast (33.6) that decrease up
to 33.3 in the east. The lowest salinity values (33.3) occupy a large portion of the section,
from 50 to 180 km from the shore. These values are characteristic of the diluted water
coming from the Chilean coast through the Magellan Strait. From km 180 to the shelf-break,
the salinity increases to 33.8.

The density section (Figure 10, bottom panel) shows homogeneous values in the
vertical range of 25.7 kg/m? in the first 50 km of the trajectory. The density pattern is
similar to the salinity pattern between 0 and 150 km from the shore, suggesting that density
is dominated by S. Between 150 km and the shelf break, a comparison of the three panels of
Figure 10 indicates that the density is dominated by the contributions of both T and S. The
cold and salty waters (T <7 °C and S > 33.8) occupy most of the mid and outer shelf in the
deepest portion of the water column between 180 km and the shelf break. These values are
due to the mixing between MW and MSW.
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Figure 10. Temperature (top), salinity (middle), and density (bottom) profiles along the southern
trajectory 051. The horizontal axis is the distance in km from PV. The red, gray, and black lines show
the seafloor using the GEBCO-SHN 2019, GEBCO 2020, and GEBCO 2021 bathymetries, respectively.
The top colorbar indicates the day and month of 2019; the colors are the same as in Figure 7.

A particular feature is observed in three consecutive temperature profiles of the
Southern elephant, between 15 and 35 dbar at ~225 km from the coast (Figure 10 top panel).
To better study this event, we plotted the potential temperature and salinity at 15 dbar for
all the SESs. The cooling event detected by SES 051 was also detected in SES 905, with a
time difference of 6 h (Figure 11). The potential temperature drop of 1 °C in both SESs was
accompanied by an increase in salinity of ~0.2 psu (Figure 11).

Similar cooling events have been observed in the ACS and have been attributed
to strong winds and/or rapid changes in the wind stress direction, generally due to
the passage of a low-pressure system [49]. Such low-pressure systems intensify the sea
surface wind and temporarily disrupt vertical stratification. The sea level pressure analysis
provided by ERA5 (ECMWF Reanalysis v5) shows that a low-pressure system over the shelf
coincided in time and space with the anomalies along the SESs 905 and 051 discussed here
(Figure 11). Yet, wind estimation from ERA5 does not show an abrupt change in the wind
stress intensity at the time when the anomalies were observed on the 22 and 23 of October
2019 (Figure 11). Figure 11b also shows an excellent correlation (r = 0.81, significant at the
95% confidence level (CL95%)) between the DTAG-4 wind estimates and ERAS5, further
supporting the capacity of the DTAG-4 logger to estimate wind and providing confidence
in the ERA5 wind data [65].
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Figure 11. (a) Trajectories of SESs 905 (magenta) and 051 (red). (b) In-situ temperature (magenta—red),
salinity (blue), and wind speed from ERA5 (grey) and DTAG-4 (black) along the two trajectories. DTAG-4
values were low-pass filtered with a 20 min cut-off period using a Loess filter. The black dots in panel
(a) and the black stars in panel (b) indicate the cooling event in both trajectories.

We therefore conclude that local wind was not responsible for disrupting the stratifica-
tion of the water column observed on the 22 and 23 of October 2019. The disruption of the
stratification could also be due to the passage of internal waves, a possibility that we will
investigate in future work.

3.7. Comparison between Depths Reached by SESs and GEBCO Bathymetric Charts

The maximum depth reached by the SESs is higher than reported in bathymetric
charts from GEBCO (2019 + SHN, 2020, and 2021) along several portions of the trajectories
(Figures 8 and 10). Thus, the depths reached by the SESs may be a useful variable to
calibrate/validate the bathymetric charts. Here, a quantitative comparison is presented
between the maximum depth reached by SESs and the corresponding value provided by
bathymetric charts (Figure 10). Note that we neglected the cases where the depth reached
by the SESs was lower than the GEBCO products since we cannot guarantee that the SESs
reached the sea floor. Most of the discrepancies are observed near the coast for the three
datasets, especially in the northern trajectories, reaching values larger than 10 m (Figure 12).
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The lowest bias values (< 9 m) are observed on the middle shelf for GEBCO 2019 + SHN
and GEBCO 2021. GEBCO 2019 + SHN underestimates the depth on the outer shelf with
values larger than 12 m. Figure 12 also revealed that GEBCO 2020 undervalues the depth
throughout the trajectories. The histogram of the bathymetry differences higher than 5 m
(Figure 13) confirms that GEBCO 2021 is the bathymetry chart that presented the lowest
number of cases where the depth reached by SESs is higher, suggesting that it is the best
option available to represent the bathymetry in the region.

o |
417S \_»/ : ’@00

AN 0 —

//\/\/ i
,z,e 3

00V
-
8
R ERA\NZ
8
(=4
T

42°S A

43°S

41°s < |
: N

f\é
|
;

42°81 -90 -
; §
./ : ’
0 _> M\.}K; L
o Ao i q,°
1 ‘ ‘ ‘ GEBCO 2020

-100

41°s

: 73
: :\(’) ///:(L
LT P -
43°S -
GEBCO 2021
57°W
5 6 7 8 9 10 11 12 13 14 15

Figure 12. Bathymetry differences higher than 5 m between the depth reached by SESs and the depth
reported by GEBCO 2019 + SHN (upper panel), GEBCO 2020 (middle panel), and GEBCO 2021
(bottom panel). The black lines represent the five SES trajectories, and the gray contours represent
the 25, 50, 75, 100, 150, and 200 m isobaths.
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Figure 13. Histogram of the bathymetry differences higher than 5 m between depths reached by
SESs and bathymetric charts: GEBCO 2019 + SHN (dark blue), GEBCO 2020 (red), and GEBCO 2021
(dark yellow).

4. Summary and Discussion

In this study, we analyzed high-spatial and temporal-resolution hydrographic data
collected by five SESs that crossed the ACS between 44°S and 41°S in October 2019.

The spatial distribution of temperature and salinity revealed two regions, north and
south of 42°S. The northern region is 1 °C warmer and 0.5 psu saltier than the southern
region due to the fact that in the latter, the diluted water coming from the south mixes with
the High-Salinity Coastal Water coming from SMG.

The spatial patterns of T and S at different pressure levels also indicated that the
75 m isobath delimited the vertically homogeneous region from the stratified one. Indeed,
the 75 m isobath corresponds with the position of the largest increment of the Simpson
parameter computed along the SESs trajectories. The Simpson parameter at the 75 m
isobath is 10 J/m?, a rather low value compared with values commonly found in the
region to separate coastal mixed waters from open ocean stratified waters [27,59,66]. This is
probably due to the fact that our estimation of the Simpson parameter has been conducted
in austral spring (mid-October), a period of the year when the vertical stratification over
the continental shelf is much lower than in austral summer, when the other estimations
have been conducted [24,66].

SST from MUR correlates very well (r = 0.97) with the T measured at 15 m depth
by SESs. Both datasets show the presence of an advective front in the northern region of
PV, between 63.3°W and 63.6°W, at 41.9°S. Pisoni [64] described such a front using only
satellite SST data and discussed that an intense coastal jet carries cold and fresh waters
from the western coast of PV, causing the formation of the so-called advective front. T
and S data provided by the three SESs that sampled the waters on both sides of the front
allowed showing that there is a gradient of salinity also in the region.

The SESs crossed the ACS in a few days with a mean speed of 1-1.5 m/s, similar to the
values documented by Campagna et al. [11] and one order of magnitude higher than the
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geostrophic velocities in the area [49]. We show for the first time that SESs speed might be
modulated by tidal currents: the speed of the three northern SESs showed a semi-diurnal
cycle that correlates with the macro-tidal regime observed close to the coast, north of 42°S.
South of 42°S, this oscillation is not observed since the tidal velocities are not as large as in
the northern region.

Temperature and salinity along the trajectories might present large variations
(Figure 11). Local wind stress estimated from an acoustic sensor mounted on some of
the SESs and as computed by ERAS reanalysis data does not show large values related to T
and S abrupt changes observed. We argue that the passage of internal waves originating in
a remote place could be the force that explains the anomalies observed.

PCA values suggest that SESs feed mostly at the bottom of the sea when crossing the
ACS. Only SES 875 fed intensively in a particular region located on the outer shelf, between
50 m and the sea bottom, located at 80 m. The T and S analyses showed that such a region
was occupied by an intrusion of MC waters. We suggest that MC carried prey that SES
875 liked.

Lastly, the records of the maximum depth reached by the SESs provide valuable
information to calibrate/validate bathymetric charts. Our results pointed out the regions
along the trajectories where the bathymetry from three GEBCO products underestimated
the depth of the sea. A reliable topography is crucial for ocean numerical models to
reproduce a realistic circulation [67].

The SES colony of PV has been demonstrated to be an excellent platform for measuring
oceanographic variables at high spatial and temporal resolution over the ACS, providing
an average of 92.6 dives per day and one profile every 1.1km. This unique dataset opens
the opportunity to explore physical, small-scale processes that are not yet well understood
but can have a significant impact on the air-sea fluxes of CO, and heat advection. The
continuity of high-frequency, high-spatial-resolution hydrographic data are crucial for
studying these processes and their variability. Hence, maintaining the deployment and
collection of data collected through SESs could enhance the comprehension of the climate
change process in the region. Variations in temperatures, currents, and salinity can deeply
impact marine ecosystems, biodiversity, and biological productivity [33,68]. Finally, this
work highlights the advantages of the utilization of mammal-based sensors in comparison
to gliders and Argo floats. Many of the regions sampled by the SESs in the ACS are shallow
(less than 50 m) and are characterized by strong tidal currents (up to 2.5 m/s), largely
limiting the operability of gliders and Argo floats. The mammal-based sensors, through
their unique capabilities, allow more effective data collection under such conditions.
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Highlights
What are the main findings?

e  We have developed a machine-learning algorithm able to quantify high-turbid envi-
ronments.

e  We use open-source and free databases to train the model and open-source and free
tools to develop it, which makes it easily replicable and transferable.

What are the implications of the main findings?

e  The social impact of our work implies improved monitoring of areas with high turbid-
ity, which can lead to a better understanding and use of forecasting.

e  Ocean color and water quality communities can take advantage of the lessons learned
for developing new products or services.

Abstract: Reliable global turbidity monitoring is crucial for water resource management, yet
existing satellite-based methods face limitations in accuracy, generalization, and scalability
across diverse aquatic environments. This study presents a robust, globally applicable
turbidity estimation model using Sentinel-2 imagery and a machine-learning approach,
developed based on harmonized global open-source datasets (GLORIA and MAGEST;
turbidity range: 0-2200 FNU) encompassing 68 lakes, 2 rivers, 2 estuaries, and 11 coastal
oceans across 17 countries. Among the evaluated machine-learning models, gradient
boosting regression demonstrated the best performance, achieving a high correlation
(r: 0.95) with minimal bias (1.32 FNU) and robust generalization across all water types,
outperforming existing turbidity models when evaluated on the same test dataset. Shapley
Additive exPlanations-based model interpretability identified the Rrs865/Rrs560 ratio as
the dominant predictor, with critical contributions from Rrs783, Rrs665, and Rrs865. The
model’s performance is evaluated across various optical water types and aquatic systems in
diverse geographical settings, showcasing its robustness in sediment-rich and highly turbid
environments that underscores its suitability for reliable turbidity monitoring after severe
storms or extreme precipitation. Additionally, innovative automated pipelines integrated
within a scientific exploitation platform facilitate scalable and near-real-time operational
monitoring. This methodological integration provides a significant advancement in satellite-
based turbidity monitoring, enabling informed water quality management under diverse
environmental and climatic conditions.

Remote Sens. 2025, 17, 3716 139 https://doi.org/10.3390/rs17223716
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1. Introduction

Turbidity, the cloudiness of water caused by suspended particles, serves as a critical
indicator of aquatic ecosystem health and water resource sustainability. This optical prop-
erty reflects both natural processes (river discharge, wave-induced resuspension, erosion,
phytoplankton blooms) and anthropogenic pressures (dredging, construction, agricultural
runoff), making it indispensable for water resource management across the globe. Whether
caused by natural or anthropogenic disturbances, turbidity profoundly influences aquatic
life by altering light penetration, thermal stratification, and nutrient cycling. Elevated
turbidity levels trigger cascading ecological effects: reduced light penetration impairs
photosynthesis and primary productivity, disrupted thermal stratification alters oxygen
distribution, and increased nutrient availability may initiate harmful algal blooms, ulti-
mately degrading ecosystem resilience and water security [1-5]. Climate change further
exacerbates these impacts through intensified precipitation patterns, increased storm fre-
quency, and accelerated sea-level rise, driving unprecedented sediment mobilization and
turbidity episodes across coastal and inland waters [6-10]. As anthropogenic pressures and
climate variability intensify, robust turbidity monitoring at relevant spatial and temporal
scales has become essential for predicting ecosystem responses and implementing effective
mitigation strategies.

Traditional in situ turbidity measurements, while accurate, cannot meet the spatiotem-
poral demands of modern water resource management. These point-based observations
are resource-intensive, logistically challenging in remote regions, and inadequate for cap-
turing episodic events or large-scale disturbances. Satellite remote sensing emerged as a
compelling alternative, offering synoptic, repeated observations across vast areas. Early
satellite missions, such as Sea-Viewing Wide Field-of-view Sensor (SeaWiFS), Moderate
Resolution Imaging Spectroradiometer (MODIS), and Medium Resolution Imaging Spec-
trometer (MERIS), demonstrated turbidity monitoring potential [11-14]; however, their
coarse spatial resolution (250-1000 m) rendered them inadequate for smaller water bodies
and complex coastal zones where fine spatial details are necessary.

The Sentinel-2 MultiSpectral Instrument (MSI) transformed this landscape with
10 m spatial resolution and 5-day revisit frequency, enabling detailed assessments at
management-relevant scales [15-20]. Yet despite these technological advances, a critical gap
persists between algorithm innovation and operational implementation. Current turbidity
algorithms remain largely confined to specific regions, sensors, or turbidity ranges, lacking
the versatility required for global deployment (Table 1). Empirical and semi-empirical
models, while successful within their design parameters, fail when confronted with optical
conditions beyond their training domains. Even the most widely adopted global turbidity
model [13], though more robust within its design parameters, cannot address extreme
turbidity conditions common in highly dynamic riverine-estuarine environments [17].
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Table 1. Summary of existing satellite-based turbidity algorithms showing their regional scope,
sensor specifications, and operational turbidity ranges.

. . Satellites/Sensors . 1.
Algorithms Study Region (Operational Period) Turbidity Levels
g Ssﬁiuenmfs‘f;faﬁ‘s%?;fﬁﬁf ,,  Southern North Sea, French MERIS (2002-2012),
gOrt & '8 Guyana, Scheldt, Gironde, ~ MODIS (1999—Present), 1-1000 FNU *
turbidity, and Rrs645 for medium Rio Plata SeaWiFS (1997-2010)
to low turbidity [13]
Single band algorithm using Rrs842 . .
and Rrs665 [21] Gironde Estuary, France Pléiades (2011-Present) 200-900 FNU
Multi-conditional algorithm using . . .
Rrs665 and Rrs704 [17] Guadalquivir Estuary, Spain ~ Sentinel-2 (2015-Present) 0-600 FNU
Normalized difference turbidity . . Landsat 5 (1984-2013),
index [22] Panchet Hill Dam, India 1 o 4o s 2013-Presenty /00 FNU
Machine learning [15,23] Taihu Lake, China; Sentinel-2 (2015-Present), 0-200;
&1 North Tyrrhenian Sea, Italy ~ Landsat 8/9 (2013-Present) 0-30 FNU
Generalized additive models [24] Dofiana Marshes, Spain Landsat 5 (1984-2013), 1-500 FNU

Landsat 7 (1999-Present)
CMEMS [25] European Seas Sentinel-2 (2015-Present) -

* FNU denotes Formazin Nephelometric Units.

The limitations of existing approaches (Table 1) stem from their reliance on simpli-
fied spectral relationships that cannot capture the full complexity of turbidity’s optical
signatures across diverse aquatic environments. Machine-learning (ML) techniques of-
fer a promising alternative, with their ability to model complex, nonlinear relationships
and adapt to varied optical conditions [15,23,26,27]. However, leveraging this potential
requires comprehensive training datasets that span the global aquatic conditions, which
have historically been unattainable.

Recent community datasets—GLORIA (GLObal Reflectance community dataset for
Imaging and optical sensing of Aquatic environments) and MAGEST (Monitoring the water
quality of the Gironde Estuary)—provide unprecedented coverage of in situ radiometry
and co-located water quality measurements (i.e., turbidity, among others) across diverse
geographic regions and water types [28,29]. While these datasets offer valuable resources,
they also present significant challenges due to measurement inconsistencies, methodologi-
cal variations, and gaps in turbidity observations that require careful harmonization and
quality control to ensure reliable model development.

This study presents a comprehensive solution to these challenges by developing a glob-
ally applicable turbidity monitoring system that bridges the gap between methodological
innovation and operational implementation. Our approach integrates Sentinel-2 observations
with advanced ML techniques, trained on rigorously harmonized global datasets to achieve
unprecedented monitoring capabilities across a wide turbidity range (0-2200 FNU). We ad-
dress the following critical challenges: (1) establishing robust data curation approach for
merging heterogeneous in situ measurements with satellite observations; (2) developing ML
models capable of accurate predictions across diverse optical environments, including extreme
turbidity conditions previously beyond algorithmic reach; (3) ensuring model transparency
and interpretability through explainable Artificial Intelligence (Al) techniques, i.e., SHapley
Additive exPlanations (SHAP) [30] that reveal model’s physical basis of spectral-turbidity
relationships; and (4) implementing comprehensive uncertainty quantification. Furthermore,
recognizing the operational demand for timely environmental insights, this study presents an
innovative automated processing framework that transforms our methodological innovations
into practical monitoring tools. Leveraging containerized computing architecture (Docker,
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v4.44.2 (202017)) and orchestration technologies (Kubernetes, v1.24.3), our system enables
near-real-time turbidity monitoring at global scales while maintaining the flexibility to in-
corporate future improvements and additional data sources. Thus, by effectively advancing
the current capabilities of satellite-based extreme turbidity monitoring, as well as bridging
methodological innovation with practical applicability, this study presents a high-resolution
(10 m) satellite-based turbidity monitoring system, essential for managing aquatic resources
under accelerating environmental change.

2. Materials and Methods
2.1. Dataset Integration and Quality Control

This study integrated two complementary datasets to achieve comprehensive global
turbidity coverage. The GLORIA dataset (https://doi.org/10.1594/PANGAEA 948492,
accessed 22 March 2023) provided 7572 hyperspectral remote sensing reflectance (Rrs, sr ')
measurements spanning 350-900 nm at 1 nm resolution, with co-located turbidity, total
suspended solids (TSS), Secchi-depth transparency (SDT), and chlorophyll-a (Chl-2) mea-
surements from lakes, rivers, estuaries, and coastal oceans worldwide [28]. The MAGEST
dataset (https://magest.oasu.u-bordeaux.fr/index.php, accessed 19 August 2024) con-
tained 2581 direct turbidity measurements from the Gironde River Estuary, France, a
highly turbid and sediment-rich system, providing critical training data for extreme con-
ditions [29]. Together, these datasets spanned turbidity levels from 0 to 2200 FNU across
diverse aquatic environments.

Quality control employed the Quality Water Index Polynomial (QWIP) metric [31] to
identify and remove optically inconsistent spectra from GLORIA, reducing the datasets to 5471
valid observations. For observations lacking direct turbidity measurements, we developed
predictive models using co-located parameters. Linear regression converted TSS to turbidity
(y = 0.86x + 0.48; root mean squared error (RMSE) = 11.94 FNU, correlation coefficient (r) =
0.75) [32], while power regression transformed SDT values (y = exp(2.19 — 1.02In(x)); RMSE
=10.90 ENU, r = 0.73) [33]. These models, developed using 80% of paired observations
and validated on the remaining 20%, demonstrated acceptable predictive performance as
shown in Table 2 and Figure Al. Therefore, these in situ proxy-derived turbidity values were
combined with direct in situ available measurements to maximize data coverage across the
turbidity spectrum. The MAGEST dataset, consisting entirely of field turbidity measurements,
required no proxy estimation, thus providing direct data for model training in the extreme

turbidity range.
Table 2. Performance metrics for turbidity estimation from TSS and SDT using the test dataset
(n = 206).
Model Equation Root Mean Squared Mean Absolute Bias Correlation
! Error (RMSE), FNU  Error MAE), FNU FNU Coefficient (r)
Turbidityrss y =0.86x + 0.48 11.94 4.48 0.63 0.75
Turbidityspr vy = exp(2.19 — 1.02In(x)) 10.90 5.51 1.23 0.73

2.2. Hyperspectral to Multispectral Conversion

Sentinel-2 equivalent reflectances were derived from GLORIA in situ hyperspectral
measurements through the spectral response function (SRF) [34] convolution, enabling
comparison between in situ-convolved and satellite-derived reflectances. The Sentinel-2
SRF characterizes the wavelength-dependent sensitivity of each MSI band, accounting
for the detector’s spectral response across its operational range. The convolution process
transformed continuous hyperspectral Rrs measurements (sr—!) at 1 nm resolution into

142



Remote Sens. 2025, 17,3716

discrete multispectral bands corresponding to Sentinel-2A’s spectral configuration. For
each band i, normalized SRF weights were first computed as:

Si(Aj) = Si(Aj)/Z; Si(A)) (1)

where Si(Aj) represents the SRF value at wavelength Aj within the band’s range [Ai, min, Ai,
max], and the summation extends over all wavelengths within this range. The convolved
Sentinel-2 reflectance for band i was then calculated as:

Ri = %; Si(Af). Rrs(Ajf) )

The resulting Sentinel-2 equivalent reflectances maintained spectral fidelity while
accounting for the instrument’s specific optical characteristics, enabling robust algorithm
development using the GLORIA dataset. Only bands within GLORIA’s spectral range
(350-900 nm) were retained for analysis, ensuring that all the convolved values were based
on measured data.

2.3. Satellite Data Processing

Sentinel-2 Level-1C imagery was acquired through the Copernicus Data Space Ecosys-
tem (https://dataspace.copernicus.eu/, accessed 1 March 2023 onwards) API (Application
Programming Interface) for locations and times matching in situ observations. A =1 h
temporal window relative to in situ sampling was applied to minimize temporal discrep-
ancies between satellite and field measurements. Initial acquisition yielded 259 scenes
(139 GLORIA, 120 MAGEST), which underwent visual screening using true color com-
posites to identify and exclude images affected by clouds, haze, fog, or strong sun-glint,
retaining 199 scenes (101 GLORIA, 98 MAGEST).

Atmospheric correction was performed using the dark spectrum fitting (DSF) algo-
rithm with sun-glint correction implemented in ACOLITE (v20231023) [35], generating
10 m resolution Rrs products. At each sampling location, 3 x 3 pixel windows were ex-
tracted and subjected to quality filtering: z-score outlier removal eliminated anomalous
pixels, while coefficient of variation (CV) screening retained only homogeneous windows
(CV <20%) [36] across all bands to ensure spatial consistency. For GLORIA locations, mean
reflectances were computed from valid pixels within each window and used for validating
the convolved spectra derived in Section 2.2. Strong correlations were observed across all
bands (r = 0.52-0.93), with the highest agreement for Rrs704, Rrs665, and Rrs560 (Figure 1).
RMSE values remained consistently low (0.004-0.005 sr~1) with minimal positive biases
(0.0008-0.0029 sr~1), indicating strong agreement and validating the conversion approach.
In contrast, MAGEST extraction meeting homogeneity criteria retained all valid pixels, max-
imizing turbidity-reflectance pairs for model training. In this case, given the homogeneity
threshold (CV < 20%), pixel-level variation was considered negligible for this dataset.

Therefore, the final dataset preparation merged convolved GLORIA Rrs and the
corresponding combined turbidity measurements with the Sentinel-2 MAGEST Rrs and the
corresponding in situ turbidity measurements. Quality screening removed observations
with missing values or extreme reflectances (Rrs < 0.001 or >0.1), yielding 1373 high-
quality observation pairs spanning diverse aquatic environments, i.e., lakes (55%), rivers
(24%), coastal oceans (18%), and estuaries (2.5%) across 17 countries. Following GLORIA
and MAGEST dataset, this final dataset represents sediment-dominated (61%), Chl-a-
dominated (32.4%), colored dissolved organic matter (CDOM)-dominated (0.4%), both
Chl-a and CDOM-dominated (3.5%), clear waters (0.5%), and other water types (2.2%)
(Figures 2 and A2, Table Al).
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Figure 1. Comparison between ACOLITE-derived Sentinel-2 Rrs and in situ convolved GLORIA Rrs.

2.4. Machine Learning Framework

2.4.1. Algorithm Selection and Configuration

Four regression algorithms were evaluated: Elastic Net (ENR), Random Forest (RFR),
Gradient Boosting (GBR), and Extreme Gradient Boosting (XGBR). These span from linear
(ENR) to complex ensemble methods, providing a comprehensive performance assessment.
ENR [37] combines Ridge [38] and Lasso [39] regressions to handle multicollinearity while per-
forming feature selection. It is quite flexible, allowing tuning between both models, enabling
shrinkage and selection of correlated feature groups. RFR, an ensemble method, aggregates
multiple decision trees for robust nonlinear modeling with minimal tuning requirements [40].
However, it may be biased toward dominant feature groups and can be slow to train. GBR is
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another ensemble method that sequentially builds trees to correct predecessor errors, offering
high accuracy through iterative refinement [41]. It is flexible and often accurate but sensitive
to noise, slower to train, and more tuning-intensive than RFR. XGBR extends GBR with
regularization and computational optimizations for enhanced efficiency [42].
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Figure 2. Study area map. Water types are defined according to GLORIA and MAGEST dataset.

Input feature comprised all nine Sentinel-2 visible and near-infrared (VNIR) bands
(443-865 nm) to leverage the full spectral information available for turbidity characterization.
This comprehensive approach allowed the model to capture subtle spectral variations across
different water types and turbidity ranges, as turbidity affects reflectance differently across
the VNIR spectrum [17]. The Rrs865/Rrs560 ratio was included as an additional feature based
on its strong correlation with turbidity (r = 0.81) among all the tested spectral ratios during
the exploratory analysis (Figures A3 and A4). All features underwent min-max normalization
to the [0,1] range, ensuring comparable scales and preventing bias toward high-magnitude
features during model training. Turbidity values were mean-centered to enhance model
sensitivity to relative variations rather than absolute magnitudes.

Data partitioning employed a 75:25 train-test split using a fixed random state (random
state = 42) to ensure reproducibility across experiments. This approach randomly assigned
observations to training (75%, n = 1029) or testing (25%, n = 344) datasets while maintaining
the overall turbidity distribution. In addition, this fixed random state eliminated variabil-
ity between model runs, enabling consistent performance comparisons across different
algorithms and hyperparameter configurations.

To minimize overfitting and ensure robust hyperparameter selection, 5-fold cross-
validation was implemented during training. This approach evaluated model performance
across five independent data splits within the training set, with each fold serving as
validation once, while the remaining four provided training data. Cross-validation provides
more reliable performance estimation than single train-validation splits by averaging
results across multiple data configurations, reducing the influence of any particular data
partition [43]. Hyperparameters were optimized through grid search across the cross-
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validation folds, tuning tree count, maximum depth, learning rate, and regularization
parameters for ensemble models; alpha and L1-ratio for ENR.

2.4.2. Model Evaluation and Interpretability

After training, the model’s performance was assessed on the unseen test dataset and
on an independent dataset from the Albufera Lake, Valencia, Spain (2023-2025) [44], with
predictions reconstructed by adding the training mean to the model outputs. To provide a
comprehensive analysis, the trained models were compared against two established empir-
ical models from Table 1 [13,17] using the identical test dataset. Comparative performance
of the six models was assessed using RMSE, r, mean absolute error (MAE), and bias.

Model interpretability employed SHAP analysis to quantify feature contributions
through Shapley values derived from cooperative game theory [30,45]. SHAP decomposes
each prediction into additive feature contributions, providing both global feature impor-
tance rankings and local explanations for individual predictions. Summary plots visualized
feature importance with directional effects, while dependence plots revealed nonlinear
relationships between features and turbidity across different optical regimes. Pairwise
interaction effects among the most influential features generated unique visualizations,
identifying synergistic or antagonistic relationships critical for understanding the model
behavior. Decision plots illustrated cumulative feature contributions along prediction
paths, revealing the model’s internal logic from baseline to final prediction.

2.4.3. Uncertainty Quantification

The comprehensive uncertainty analysis quantified prediction reliability across the
turbidity spectrum. The residual analysis examined the prediction errors (differences
between observed and predicted turbidity) to identify systematic biases and heteroscedas-
ticity patterns [46,47]. The confidence intervals (CI) for the regression line and prediction
intervals (PI) for individual observations were computed following standard regression
theory [48,49].

The 95% CI, representing uncertainty in the mean prediction, was computed as:

Cl =y £ to.025n-2 X Ores X \/(1/n + (x = %)%/ (xi — 7‘)2) ®3)

where y represents the predicted value, oy is the residual standard error, n is the sample
size, x is the prediction point, X is the mean of observations, and tps5n—2 is the critical
t-value at 95% confidence with n — 2 degrees of freedom.

The 95% PI, capturing uncertainty for individual predictions including natural vari-
ability, incorporated an additional unit term:

PI = ¥+ to o502 X Ores X \/(1 +1/n+ (x—%)%/Z(xi — >-<)2) @)

These intervals provided operational guidance for end-users, with Cl indicating the
reliability of the regression line (mean predictions) and PI bounding the range within which
95% of the individual observations are expected to fall [48,50].

2.5. Automated Processing Pipelines

Two processing pipelines were developed to support both algorithm development and
operational deployment: a semi-automated scientific pipeline for scientific experimentation,
model development, and validation, and a fully automated operational pipeline for routine
turbidity monitoring (Figure 3). Both pipelines were implemented within the scientific
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exploitation platform (SEP) under the SIMBAD (Sentinel Imagery Multiband Analysis and
Dissemination) project (https://simbad.quasarsr.com/) (accessed on 7 November 2025),
designed for Earth observation data processing in distributed computing environments [51].

1. DATA ACQUISITION AND STORAGE
2. ATMOSPHERIC CORRECTION

3. FEATURE ENGINEERING

4. ML MODEL DEVELOPMENT

5. ML MODEL IMPLEMENTATION

6. TURBIDITY MAPPING

7. VISUALIZATION

Figure 3. Schematic pipelines: The semi-automatic scientific pipeline begins with satellite and in
situ data acquisition (1), followed by atmospheric correction of Sentinel-2 Level-1C data (2), feature
selection through feature engineering (3), ML model development (4), turbidity prediction via model
implementation on satellite data (5), generation of georeferenced turbidity maps (6), and visualization
(7). The fully automated operational pipeline includes steps 1, 2, 5, 6, and 7.

The pipelines utilize Docker containerization to ensure consistent execution across dif-
ferent computing environments by bundling application code, dependencies, and runtime
configurations into portable containers. Kubernetes orchestration manages computational
resources and enables parallel processing through dynamic workload distribution across
available nodes. Data storage and accessibility within SEP are handled by a centralized
Network File System, facilitating seamless data access across the distributed infrastructure.
Pipeline configurations are externalized into environment-specific files, allowing modification
of processing parameters (e.g., file paths, satellite identifiers, temporal windows, etc.) without
code changes.

The semi-automated scientific pipeline supports iterative model development through
modular components for satellite data download, atmospheric correction and matchup ex-
traction, feature engineering and data preprocessing, model training with cross-validation,
and model implementation, validation, performance evaluation and visualization. Manual
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intervention points allow quality control and parameter adjustment during the model devel-
opment phases. In contrast, the operational pipeline automates end-to-end processing for
routine monitoring: downloading Sentinel-2 imagery, applying atmospheric corrections, ex-
ecuting the pre-trained model, and generating georeferenced turbidity products in GeoTIFF
format. The modular architecture facilitates maintenance and updates, while containeriza-
tion and Kubernetes orchestration ensure reproducibility across parallel deployments.

3. Results
3.1. Model’s Performance Evaluation

The comprehensive analysis of six turbidity prediction models on the test dataset
(n = 344) revealed distinct performance characteristics, as evidenced by both the regression
analysis and comprehensive statistical metrics (Table 3 and Figure 4). The four ML models
(ENR, RFR, GBR, and XGBR) demonstrated substantially better performance compared
to the two empirical algorithms, with the ensemble methods (RFR, GBR, and XGBR)
achieving r-values of 0.95 and R? values of 0.89-0.90, indicating that these models explain
approximately 90% of the measured turbidity variance. Among these, GBR emerged as
the optimal model, combining the highest slope (0.887)—the closest to the ideal value of
1.0, the lowest bias (1.32 FNU), and the second-best MAE (43.24 FNU), demonstrating both
accuracy and precision across the entire measurement range.

Table 3. Performance metrics for turbidity models on test dataset (n = 344).

Model r R? RMSE (FNU) MAE (FNU) Bias (FNU)
ENR 0.83 0.69 226.56 127.11 21.19
RFR 0.95 0.89 117.12 47.10 1.86
GBR 0.95 0.90 116.62 43.24 1.32
XGBR 0.95 0.90 114.21 41.56 —3.29
Chowdhury et al., 2023 [17] 0.05 —0.13 369.92 152.61 —123.81
Dogliotti et al., 2015 [13] 0.06 —0.18 377.29 151.79 —149.11

The GBR model’s performance was further validated by its comprehensive statistical
metrics. With an R? value of 0.90 and RMSE of 116.62 FNU, GBR demonstrated robust
predictive capability while maintaining minimal systematic error. The remarkably low bias
of 1.32 FNU indicated that the model’s predictions are nearly unbiased on average, a critical
characteristic for operational water quality monitoring. While XGBR showed marginally better
RMSE (114.21 FNU) and MAE (41.56 ENU) values, its negative bias (—3.29 FINU) and lower
slope (0.849) suggested a tendency toward systematic underestimation, which is particularly
problematic for high turbidity detection. RFR, despite sharing the same correlation coefficient
(0.95) and similar R? (0.89), exhibited slightly higher errors (RMSE: 117.12 FNU, MAE: 47.10
FNU) and a lower slope (0.886) compared to GBR, confirming GBR'’s superiority in balancing
multiple performance criteria. ENR, while demonstrating reasonable correlation (r = 0.83,
R? = 0.69), showed substantially higher error metrics with an RMSE of 226.56 FNU and
MAE of 127.11 FNU. The model’s slope of 0.646 indicated systematic underestimation by
approximately 35%, and despite a moderate bias of 21.19 FNU, the large standard error
(£175.03 FNU) limited its utility for precise turbidity quantification.

The empirical algorithms revealed fundamental limitations. Both models demon-
strated severe underestimation, with near-zero correlation coefficients (0.05 and 0.06)
and negative R? values (—0.13 and —0.18). The extreme negative biases (—123.81 and
—149.11 FNU) and high error metrics (RMSE > 369 FNU, and MAE > 151 FNU) confirmed
severe systematic underestimation when applied to the same test dataset. The models’
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near-zero slopes (0.006 and 0.003) indicated a lack of sensitivity to turbidity variations, with
predictions remaining clustered below 500 FNU regardless of the actual turbidity levels
exceeding 2000 FNU.
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Figure 4. Scatter plots comparing measured against predicted turbidity for six models, i.e., ENR, RFR,
GBR, XGBR, Chowdhury et al., (2023) [17], and Dogliotti et al., (2015) [13] (the top and middle panels)
applied to the test dataset (n = 344), with color gradient indicating residual magnitude. Grey dashed
lines represent 1:1 perfect prediction, black lines show regression fits. Grey and purple shaded areas
indicate 95% prediction (PI) and confidence (CI) intervals, respectively. The bottom panel shows
residual distributions across all models.

In addition, the uncertainty analysis provided essential insights into model reliability
and uncertainty quantification that extended beyond simple error metrics. While CI
represented uncertainty in the mean prediction (the regression line itself), the PI captured
the total prediction uncertainty, including model variance and measurement noise. The
95% PI represented the range within which 95% of future observations are expected to fall,
given the model’s inherent uncertainty. Though both GBR and XGBR showed similar PI
and CI width, unlike XGBR, the 1:1 line fell entirely within GBR’s 95% PI across the full
turbidity range, indicating that the model is well calibrated and the uncertainty estimates
are statistically consistent, which means users can trust that these uncertainty bounds are
neither overly optimistic nor unnecessarily conservative. The residual distribution analysis
also showed that GBR maintained consistent prediction variance across turbidity ranges,
whereas XGBR exhibited heteroscedastic behavior with increasing underestimation at high
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turbidity levels (>1000 FNU). Based on this comprehensive evaluation, GBR was selected
as the optimal model for operational turbidity monitoring.

3.2. Model Interpretation

SHAP analysis revealed the physical basis underlying GBR predictions by quantifying
feature contributions across the turbidity range. The Rrs865/Rrs560 ratio emerged as the
dominant predictor, with SHAP values extending up to 800 units, exceeding all other
features (Figure 5). This ratio, comparing NIR backscattering (865 nm) to visible reflectance
(560 nm), effectively discriminated turbidity through its sensitivity to particle-induced
spectral changes. Low ratio values (blue points) consistently produced negative SHAP
contributions, suppressing turbidity predictions, while high values (pink points) generated
strong positive contributions, amplifying predictions.

High

Rrs865/Rrs560 -*

Rrs783
Rrs665 ° oo
Rrs865

Rrs704 @ oo 0 evem

Rrs443 .

Features
Feature value

Rrs492 oo L]
Rrs740
Rrs833

Rrs560

T T T T Low
—-200 0 200 400 600 800

SHAP value

Figure 5. SHAP summary plot showing feature importance ranking and impact direction on turbidity
predictions. Points represent individual predictions, with color indicating feature values (blue: low,
pink: high) and horizontal position showing SHAP contribution magnitude. Overlapping points are
jittered along the y-axis to visualize the distribution of Shapley values for each feature.

Individual bands showed hierarchical importance, with Rrs783, Rrs665, and Rrs865
providing the next tier of contributions (Figure 5). These red and NIR bands, sensitive to
suspended sediment backscattering, showed clear positive relationships—higher reflectance
values (pink) increased the predicted turbidity while lower values (blue) decreased it. The
remaining features (Rrs443, Rrs492, Rrs740, Rrs833, and Rrs560) contributed minimally, with
SHAP values clustering near zero, suggesting they provided minor refinements rather than
primary predictive power.

Examining SHAP values across the turbidity spectrum revealed distinct threshold
behaviors and saturation patterns (Figure 6). The Rrs865/Rrs560 ratio exhibited a sharp
nonlinear response: SHAP values remained near zero for turbidity below 30 FNU and
ratio values below 0.75, then increased dramatically as the ratio exceeded 1.0, particularly
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SHAP value for Rrs665

SHAP value for Rrs865/Rrs560

between 100-1000 FNU. This threshold at the ratio ~ 1.0 represents a physical transition
where NIR backscattering begins to dominate over visible reflectance, signaling high parti-
cle concentrations. The contribution plateaued around 1500 FNU, suggesting saturation in
the model’s reliance on this feature.
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Figure 6. SHAP values versus turbidity levels, showing feature contributions across the 0-2200 FNU
range. Colors indicate feature values, with a logarithmic x-axis emphasizing behavior at both low
and high turbidity.

Rrs783 showed a similar but less pronounced pattern, with SHAP values remaining
minimal below 30 FNU, then increasing steadily between 30-500 FNU before plateauing.
Rrs665 demonstrated relatively linear behavior up to 500 FNU before saturating beyond
~750 FNU. In high turbid waters, the reflectance in Rrs665 often reaches an optical max-
imum, where additional suspended sediments do not further increase reflectance due
to multiple scattering and absorption [17]. The model appears to have internalized this
physical behavior, reducing the marginal weight of Rrs665 in the upper turbidity range.

Rrs865 provided gradual, consistent contributions across the entire range without sharp
thresholds or clear saturation (Figure 6). This suggested that while Rrs865 was not the primary
trigger for high turbidity predictions, it provided steady contextual information that reinforced

151

0.07

0.06

0.05

0.04

Rrs783(sr")

0.03

0.01

0.06

0.05

0.04

Rrs865 (sr')

0.01



Remote Sens. 2025, 17,3716

800

600

400

200

SHAP value for Rrs865/Rrs560

300

SHAP value for Rrs783

trends identified by other features. Unlike Rrs865/Rrs560 or Rrs665, it did not dominate the
model’s output in any specific regime. Instead, it appeared to function as a stabilizing feature,
contributing modestly but consistently to turbidity prediction across the measurement range.

The SHAP interaction plots revealed how secondary features modulated the primary
features’ contributions to turbidity predictions (Figure 7). The Rrs865/Rrs560 ratio showed
consistent threshold behavior across all interactions (top row). When Rrs865/Rrs560 values
remained below 0.5, SHAP contributions clustered near zero regardless of secondary feature
values. However, once the ratio exceeded 1.0, SHAP values increased dramatically to 400
800 units, with the steepest increase occurring between ratios of 1.0-1.5. Furthermore, the
threshold effects of Rrs865/Rrs560 reinforced when Rrs783, Rrs665, and Rrs865 reflectance
values were also elevated, revealing a synergistic pattern, where multiple indicators of
particle scattering aligned, strengthening the model’s output. In contrast, the interactions
between Rrs783 and Rrs665 were more additive and linear, suggesting that the model relied
on both reflectance values independently to characterize turbidity. Notably, the SHAP
contribution of Rrs665 saturated at high reflectance, which the model appeared to account
for by tapering its influence in highly turbid waters.
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Figure 7. SHAP interaction plots showing pairwise feature dependencies, i.e., interactions between
Rrs865/Rrs560 and Rrs783 (a), Rrs865/Rrs560 and Rrs665 (b), Rrs865/Rrs560 and Rrs865 (c), Rrs783
and Rrs665 (d), Rrs783 and Rrs865 (e), and Rrs665 and Rrs865 (f). Primary feature values on the x-axis,
SHAP contributions on the y-axis, with color indicating secondary feature values that modulated the
primary feature’s impact.

Finally, the SHAP decision plot illustrated how the model sequentially accumulated
evidence from individual features to reach final turbidity predictions (Figure 8). The
x-axis at the top shows cumulative SHAP values that track the running sum of feature
contributions, while the bottom x-axis displays the final model output values after adding
these contributions to the baseline. Each line represents a single prediction’s path, starting
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from the baseline (0, representing mean training turbidity) and sequentially incorporating
feature contributions as the path moves upward through the feature stack.

-1500 -1000 -500 0 500 1000 1500

Y7

Rrs865/Rrs560
Rrs783 |
Rrs665 H
Rrs865 |

Rrs704

Features

Rrs443

Rrs492

Rrs740
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~1500 -1000  —500 0 500 1000 1500

Model output value

Figure 8. SHAP decision plot showing cumulative feature contributions from baseline (mean training
turbidity) to final predictions. Each line represents one observation’s prediction path, with colors
indicating the final predicted values.

The plot revealed distinct prediction regimes. For example, low turbidity predictions
(0-100 FNU) remained tightly clustered near zero, with minimal deviation even after incorpo-
rating all features. These paths showed that the low Rrs865/Rrs560 ratio values immediately
pulled predictions leftward by —300 SHAP units, and subsequent features made only mi-
nor adjustments, keeping final predictions below 100 FNU. Moderate turbidity predictions
between 100-1000 FNU showed gradual divergence from the baseline. The Rrs865/Rrs560
ratio provided positive contributions of SHAP units, followed by incremental additions from
Rrs783 and Rrs665. These paths exhibited more variation as they progressed through the fea-
ture stack, reflecting the model’s integration of multiple spectral signals to refine predictions
within this intermediate range. At high turbidity, predictions (>1000 FNU) demonstrated
dramatic rightward trajectories. The Rrs865/Rrs560 ratio alone often contributed to high
SHAP units, immediately pushing predictions toward extreme values. Subsequent features
(Rrs783 and Rrs665) provided secondary adjustments, while Rrs865 and Rrs704 offered minor
refinements. The remaining features (Rrs443, Rrs492, Rrs740, Rrs833, and Rrs560) contributed
negligibly, with paths showing no horizontal movement at these levels.

3.3. Model Performance Across Optical Water Types

The GBR model maintained robust performance across optically distinct water types
(Figure 9), classified following the established spectral criteria [31]. In this case, the
combined dataset containing both training and test observations was first classified as
brown waters when Rrs665 > Rrs560 or Rrs665 > 0.025. If neither condition was met, but
Rrs560 < Rrs490, the water was categorized as blue-green waters. Otherwise, the water
was classified as green water.
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Figure 9. Performance of the proposed turbidity model across optically distinct water types classified
using spectral criteria. Mean spectral reflectance signatures for blue-green (a), green (b), and brown
(c) waters, showing distinct optical characteristics across Sentinel-2 bands. Scatterplots comparing
model-derived and measured turbidity (in FNU) for the corresponding water types: blue-green (d),
green (e), and brown (f) waters, indicating model’s performance metrices across water types.

In oligotrophic blue-green waters (n = 10), the model achieved a strong correlation
(r = 0.85) with minimal bias (0.91 FNU) and low errors (RMSE: 1.77 FNU, MAE: 1.36 FNU),
though slight underestimation was observed (slope: 0.82). Green waters dominated by
Chl-a and suspended matter (n = 816) showed excellent agreement (r: 0.94, slope: 0.98)
with moderate errors (RMSE: 33.10 FNU, MAE: 6.46 FNU). Sediment-dominated brown
waters (n = 547) demonstrated exceptional predictive accuracy (r: 0.99, slope: 0.97) despite
the high absolute errors (RMSE = 83.09 FNU, MAE = 20.75 FNU), which are attributable to
the wide turbidity range of up to 2200 FNU.
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3.4. Model Application Across Diverse Geographic Settings

Model applications across four distinct aquatic systems demonstrated consistent
performance independent of geographic location (Figure 10). Lake Taihu, China’s third-
largest freshwater lake experiencing severe eutrophication and cyanobacterial blooms [52],

showed strong agreement (r: 0.91) across turbidity ranges from 0 to 250 FNU using data
from 2008-2011. The model’s application on the Red River (Vietnam), a major sediment-
laden river system with an annual suspended sediment flux exceeding 100 million tons [53],
exhibited a correlation of 0.80 for similar turbidity ranges (0 to 250 FNU) using field
measurements from the year of 2017.

]
o) o~
= o
o
Q.
£ o
o [le}
[&]
5 @
i) <
Q
o ©
o <
= ,
=)
pd
L
2
S
2
2 4
105.2 ! -52.6 -52.4 -52.2 -52.0 -1.5
2 ( { 2 10 30 100250 0 2 10 30 100 3151000
250
p— n =165 n=34 n =137 & n = 327 »
2 Slope = 0.91 ° Slope = 1.19 1600 |Slope = 0.95 20004 |Slope = 0.96
Z 2001 Bias = 2.07 FNU 16017 Bias = 0.97 FNU Bias = -1.64 FNU Bias=-7.91 FNU | 48
= RMSE = 11.12 FNU RMSE = 17.54 FNU RMSE = 77.97 FNU RMSE = 92.52 FNU| -
2150 |MAE =524 FNU 120 |MAE = 9.17 FNU 12001 [MAE = 16.66 FNU 15001 |MAE = 24.44 FNU
S r=0.91 r=0.80 r=0.90
Ne] ®
5 100 80 ,"’. 800 1000 e
= Pe ®
o ° P <
9 50 40 o o8 400 500 o &
0] &
o
2 o 0 Y hliL o e o
0 50 100 150 200 250 O 40 80 120 160 200 O 400 800 1200 1600 0 500 1000 1500 2000
Measured Turbidity (FNU)

Figure 10. Model performance across diverse aquatic environments. Lake Taihu: (a,e,i), Red River:
(b,£,j), French Guiana: (c¢,g k), and Gironde Estuary: (d,h,1). Top and middle panels: example Sentinel-
2 true-color composites and turbidity maps (FNU, land in black) from 3 March 2024, 14 November
2020, 7 September 2024, and 10 October 2021, respectively; bottom panel: scatterplots comparing
model-derived and measured turbidity (in FNU): Lake Taihu (2008-2011), Red River (2017), French
Guiana (2009-2017), and Gironde Estuary (2012-2023). Note: For Lake Taihu, Red River, and French
Guiana, the GLORIA convolved Rrs were utilized to retrieve model-derived turbidity measurements
and compared with co-located in situ turbidity measurements, whereas for Gironde Estuary, actual
Sentinel-2 imagery was utilized.

Coastal waters of French Guiana (North Atlantic coast), characterized by extensive
Amazon River sediment plumes and complex optical properties from CDOM and sus-
pended sediments [54], showed strong model performance (r: 0.9) despite these chal-
lenging conditions. The Gironde Estuary (France), Europe’s largest estuary with a well-
documented maximum turbidity zone, where suspended sediment concentrations can
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exceed 1000 mg/L [55], maintained high correlation (r: 0.98) even for extreme turbidity
values of up to 2000 FNU.

Turbidity maps generated for each system revealed characteristic spatial patterns con-
sistent with documented hydrodynamic processes: wind-driven resuspension gradients in
shallow Lake Taihu [56], downstream sediment transport patterns in the Red River delta, es-
tuarine circulation in the Gironde Estuary [57], and northwest-flowing coastal plumes along
French Guiana driven by the North Brazil Current [58]. These spatially coherent patterns,
aligning with known regional oceanographic and limnological understanding, confirm the
model’s ability to capture physical phenomena across diverse environmental settings.

3.5. Model Validation in an Independent Site

The independent validation results (Figure 11) demonstrated the GBR model’s excep-
tional generalization capability when applied to Albufera Lake, Spain. The model achieved
noteworthy performance metrics with an RMSE of 19.39 FNU and an MAE of 15.29 FNU,
representing an 83% reduction in RMSE compared to the test dataset (116.62 FNU). The
high correlation (r = 0.81) and minimal bias (9.46 FNU) confirmed the model’s ability to
accurately predict turbidity in this independent water body without site-specific calibration.

1407 | RMSE: 19.39FNU
MAE: 15.29FNU
Bias = 9.46 FNU

Pearsonr = 0.81
1201 | RMSE ratio: 0.17
Coverage: 100.0%

Predicted Turbidity (FNU)
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3

01, , oo
95% PI
o Predictions

201,

60 80 100 120
Measured Turbidity (FNU)

Figure 11. GBR model validation at Albufera Lake, Spain. (Left) Sentinel-2 RGB composite on 15
May 2023, (center): corresponding spatial distribution map of predicted turbidity (in FNU), and
(right): measured versus predicted turbidity during 2023-2025 with 95% PI (n = 20).

The uncertainty quantification analysis revealed a particularly robust model behavior
at Albufera Lake. All validation samples (100% coverage) fell within the 95% prediction
intervals established from the test dataset, indicating that the model’s uncertainty bounds
remain reliable when extrapolated to new independent data. The RMSE ratio of 0.17 (val-
idation/test) demonstrated that the model performed approximately six times better at
Albufera than on the heterogeneous test dataset, likely due to the lake’s more homogeneous
optical properties compared to the diverse water bodies in the training and test datasets.
This performance improvement, rather than degradation, suggested that the model suc-
cessfully learned generalizable relationships between spectral signatures and turbidity that
transferred well to lacustrine environments.

3.6. Performance of Automated Pipelines

The dockerized workflows demonstrated operational readiness through sustained
performance metrics (Table 4). For turbidity monitoring, the pipeline achieved near-real-
time capability through several optimizations. Processing time from satellite overpass to
product delivery consistently remained under 3 h, with a typical runtime of less than 3 min
per Sentinel-2 tile, excluding atmospheric correction. Leveraging SEP’s Kubernetes parallel
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cluster processing capabilities, turbidity mapping across the entire Spanish-Portuguese
coast (38 Sentinel-2 tiles) can be completed in under 3 min without atmospheric correction,
and within 30 min to 1 h with atmospheric correction.

Table 4. Average runtime per step for the operational turbidity monitoring system.

Processing Steps Description Avg. Runtime

Fetching Sentinel-2 imagery from
defined sources
DSF-based correction using

Satellite data download ~30-45 min/100 images

Atmospheric correction ACOLITE ~10-45 min/image
. Preparing input feature variables,
Feature extraction, and model and applying the pre-trained Few minto <1 h

implementation model to produce turbidity maps

Comparing predictions with

Validation and diagnostics observations, computing accuracy Few min/image
metrics, etc.

Saving trained model, metadata,

Output logging and logs

Few s/image

4. Discussion

In this study, a globally applicable turbidity monitoring system has been developed using
a Gradient Boosting Regression (GBR) model. GBR is a data-driven machine-learning (ML) tech-
nique, capable of capturing complex optical signatures across diverse aquatic environments at
10 m spatial resolution. The model’s superior performance (r = 0.95, bias = 1.32 FNU) (Figure 4)
across a 02200 FNU range substantially exceeded existing empirical algorithms [13,17], which
failed at high turbidity levels with near-zero correlations and systematic underestimation. This
performance gain stems from GBR'’s capacity to learn nonlinear spectral-turbidity relationships
through iterative error correction [41,59-61], rather than relying on predetermined mathematical
functions that cannot accommodate global optical variability.

Typically, turbidity increases reflectance in the visible and near-infrared (VNIR)
wavelengths, particularly in green (500-600 nm), red (600-700 nm), and NIR (~800 nm)
bands [62-66]. However, its spectral responses vary with sediment composition, phy-
toplankton abundance, and dissolved organic matter [67]. The physical interpretability
revealed through SHAP analysis (Figures 5-8) demonstrated that the model has internal-
ized these fundamental optical principles. The dominance of the Rrs865/Rrs560 ratio,
with its sharp transition at the ratio ~ 1.0 indicated the physical shift from absorption-
dominated to scattering-dominated optical regimes as particle concentrations increase.
Similarly, the model automatically accounts for the saturation of Rrs665 reflectance at
high turbidity levels (a known optical limit where multiple scattering prevents further
reflectance increases [17,65]), by reducing band weighting at extreme turbidity levels. This
learned representation of optical physics provides confidence in the model’s extrapolation
capabilities beyond its training domain.

The model’s validation at the Albufera Lake (Figure 11) and its performance across
different optical water types, i.e., blue-green, green, and sediment-rich brown waters, as well
as across different geographical settings (Figures 9 and 10), demonstrated a consistently high
predictive reliability. Although a slight underestimation in low-turbidity blue-green waters
was observed, exceptional performance was achieved in sediment-dominated waters. The
model’s performance from the eutrophic lakes Albufera [68] and Taihu [52] to the hyper-
turbid Gironde Estuary [55] confirmed that a single global model can capture site-specific
hydrodynamic processes without regional tuning. The spatial representation of turbidity
plumes (Figures 10 and 11) indicated the model’s sensitivity to underlying physical drivers.
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While region-specific models might achieve marginally higher local accuracy through reduced
complexity [26,69], the operational advantages of a unified global approach—consistency,
interoperability, and simplified maintenance outweigh minor performance trade-offs.

The successful integration of heterogeneous datasets (GLORIA and MAGEST) through
rigorous quality control and spectral harmonization addressed a fundamental challenge
in the global algorithm development: the lack of consistent, quality-assured training
data spanning diverse optical conditions. Though the proxy-derived GLORIA turbidity
values (Table 2, Figure A1) introduced quantifiable uncertainty (i.e., 37-44% relative MAE),
they enabled critical coverage of under-sampled environments. This pragmatic approach
balanced data quality with representativeness, a trade-off inherent in transitioning from
local to global monitoring capabilities.

Atmospheric correction remained another source of uncertainty, particularly in NIR
bands (Figure 1), where ACOLITE’s performance degrades at high turbidity levels [35].
This uncertainty in Rrs783 and Rrs865 (key bands for the GBR model) within the MAGEST
dataset propagated through turbidity estimates, suggesting that further improvements in
atmospheric correction algorithms would yield improved accuracy. Future investigations
should systematically compare existing correction processors across diverse atmospheric
and aquatic conditions to quantify and potentially correct these uncertainties. Additionally,
it is crucial to assess the impact of adjacency effects and bottom reflectance contributions,
both of which are prevalent yet challenging to quantify accurately. These factors can
significantly influence the retrieved water properties and, if not properly accounted for,
may introduce biases in the analysis. A comprehensive evaluation of these elements in
future analysis, i.e., evaluating and utilizing the RAdCor algorithm within the ACOLITE
processor, will further enhance the reliability of remote sensing observation and improve
the accuracy of the turbidity assessment.

The operational pipeline’s achievement—3 h processing time from satellite overpass
to turbidity product—represents a critical advancement for environmental monitoring
applications requiring timely information. The containerized architecture ensured repro-
ducibility while enabling seamless integration of future improvements, including new
training data, alternative sensors, or enhanced atmospheric correction algorithms. This
technical infrastructure transformed the algorithm from a research tool to an operational
capability suitable for routine monitoring programs [44].

However, data limitations at extreme turbidity ranges highlight priorities for future
development. The underrepresentation of oligotrophic waters (n = 10) (Figure 9) explains the
observed underestimation in clear conditions, while sparse sampling above 1500 FNU limits
confidence in hyperturbid environments (Figure 4). Recognizing that data sparsity, particu-
larly at extreme turbidity levels, poses a significant challenge, alternative solutions should be
explored. Approaches such as data simulations, data augmentation strategies, or advanced
ML techniques can help expand the dataset, ensuring a more comprehensive and repre-
sentative training set. Additionally, incorporating sensors with different spectral or spatial
characteristics can address current limitations in extending the observable turbidity range.

5. Conclusions

This study presents a globally applicable turbidity retrieval model developed from har-
monized global datasets (GLORIA and MAGEST) and Sentinel-2 observations using a Gra-
dient Boosting Regression model. The model successfully extends the measurable turbidity
range up to 2200 FNU, surpassing existing algorithms, while maintaining strong predictive
accuracy (r = 0.95, bias = 1.32 FNU). Its interpretability through SHAP analysis confirms
a physically consistent representation of optical behavior, with the Rrs865/Rrs560 ratio
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emerging as the dominant predictor across diverse aquatic environments. The model
demonstrates robust transferability across optical water types and geographic regions,
establishing its readiness for operational monitoring.

By combining open-source datasets, machine-learning transparency, and automated
processing pipelines, this research bridges the gap between algorithm development and
real-time implementation. The proposed system can enhance near-real-time global tur-
bidity monitoring, supporting evidence-based water management and environmental
response to climate change impacts and anthropogenic pressures. Future work should
focus on refining atmospheric corrections (e.g., adjacency effect adjustments), expanding
training datasets to oligotrophic and hyperturbid conditions, and integrating multisensory
data to further improve reliability and scalability. As environmental pressures intensify
and monitoring demands expand, the capacity for consistent, automated, and physically
interpretable turbidity assessment becomes increasingly critical for understanding and
mitigating impacts on aquatic ecosystems globally.
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correction, and Python libraries (e.g., numpy (v1.26.4), pandas (v2.2.2), sklearn (v1.5.1), matplotlib
(v3.9.1), seaborn (v0.13.2)) for model training, statistical analysis, and visualization. Additional open-
source tools, such as Dockers (v4.44.2 (202017)), were used for pipeline development. We would like
to respectfully note that this research was conducted as part of an Industrial Doctoral Programme in
collaboration with a private company. As such, while we have provided complete details of all analytical
procedures in Section 2 to ensure scientific reproducibility, we are unable to share internal scripts or
components that may be subject to commercial confidentiality. We trust that the level of methodological
detail provided in the manuscript meets the Journal’s standards, and we remain fully committed to
supporting reproducibility to the extent possible within the constraints of an industrial research setting.
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Abbreviations

The following abbreviations are used in this manuscript:

SeaWiFS  Sea-Viewing Wide Field-of-view Sensor
MODIS Moderate Resolution Imaging Spectroradiometer
MERIS Medium Resolution Imaging Spectrometer

MSI MultiSpectral Instrument
ML Machine-learning
FNU Formazin Nephelometric Units

GLORIA GLObal Reflectance community dataset for Imaging and optical sensing of
Aquatic environments

MAGEST  Monitoring the water quality of the Gironde Estuary

SHAP SHapley Additive exPlanations
Al Artificial Intelligence

Chl-a Chlorophyll-a

Rrs Remote Sensing Reflectance

TSS Total Suspended Solids

SDT Secchi-depth Transparency
QWIP Quality Water Index Polynomial
RMSE Root Mean Squared Error

MAE Mean Absolute Error

r Correlation Coefficient

SRF Spectral Response Function

API Application Programming Interface
DSF Dark Spectrum Fitting

Ccv Coefficient of Variation

CDOM Colored Dissolved Organic Matter
ENR Elastic Net

RFR Random Forest

GBR Gradient Boosting

XGBR Extreme Gradient Boosting
VNIR Visible and Near-Infrared

CI Confidence Intervals

PI Prediction Intervals

SEP Scientific Exploitation Platform

SIMBAD  Sentinel Imagery Multiband Analysis and Dissemination
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Figure A4. Linear and Spearman correlation analysis between in situ turbidity and Sentinel-2 band
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Table Al. Data used for model training and performance evaluation to support the findings of

this study:.
Country Site Name Water Body Type Water Type No. of Samples Turbl(%llil)bl){ange
Australia
Australia Burrinjuck Dam Lake Others 1 11.49-11.49
Australia Lake Burley Griffin Lake Others 2 10.23-13.67
Australia Lake Hume Lake Others 1 21.92-21.92
Australia Lake Pamamaroo Lake Others 7 102.56-151.02
Australia Lake Victoria Lake Others 2 17.49-22.85
Australia Wachtels Lagoon Lake Others 3 32.40-36.76
Australia Western Others Others 1 51.52-51.52
Treatment Plant
Belgium
Belgium English Channel Coastal ocean Sedl.m ent- 12 4.58-46.74
dominated
Brazil
Brazil Curuai Lake Lake Sediment- 14 3.92-37.90
dominated
Brazil Ibitinga Reservoir Lake Chl-a-dominated 15 3.23-50.60
China
. Sediment-
China Chaohu Lake . 40 12.52-339.40
dominated
China Dianchi Lake Chl-a-dominated 63 19.84-158.76
China Erhai Lake Chl-a-dominated 3 6.00-8.30
China Hou Lake Lake Chl-a-dominated 22 18.40-102.50
China Liangzi Lake Lake Chl-a-dominated 33 9.14-108.00
China Poyang Lake Lake Chl-a-dominated 12 7.18-30.60
China Taihu Lake Sediment- 165 1.89-212.09
dominated
China Wuhan East Lake Lake Chl-a-dominated 20 3.13-37.55
Estonia
. Chl-a and
Estonia Lake Holstre Lake CDOM.-dominated 1 9.73-9.73
. . Chl-a and
Estonia Lake Kaiavere Lake CDOM-dominated 1 9.66-9.66
. Lake Kooraste Chl-a and
Estonia Linajarv Lake CDOM-dominated 1 16.65-16.65
. Lake Nohipalu Chl-a and
Estonia Valgjarv Lake CDOM-dominated 1 2.20-2.20
. . Chl-a and
Estonia Lake Pangodi Lake CDOM.-dominated 1 4.07-4.07
. .. Chl-a and
Estonia Lake Peipsi Lake CDOM.-dominated 21 1.13-22.85
Estonia Lake Rouge Suurjarv Lake Chl-a and 2 2.57-3.92

CDOM-dominated
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Table A1. Cont.

Country Site Name Water Body Type Water Type No. of Samples Turbl(céllilyUI){ange
. . Chl-a and
Estonia Lake Vortsjarv Lake CDOM.-dominated 7 11.09-17.69
. Chl-a and
Estonia Parnu Bay Estuary CDOM.-dominated 4 12.87-17.34
Finland
. .. Chl-a and
Finland Lake Vanttausjarvi Lake CDOM-dominated 1 2.37-2.37
France
Sediment-
France Arcachon Bay Coastal ocean . 17 1.64-1562.04
dominated
France Arcachon Bay Coastal ocean Others 1 1.42-1.42
France English Channel Coastal ocean Others 1 0.84-0.84
France Gironde River Estuary Sediment- 31 7.48-2124.59
dominated
France Gironde River River Sediment- 296 21.70-1953.84
dominated
. Sediment-
France Guiana Coastal ocean . 126 2.70-1673.86
dominated
France Guiana Coastal ocean Others 2 30.12-32.21
France Guiana Coastal ocean Others 2 32.31-69.19
France Guiana Coastal ocean Chl-a-dominated 7 10.28-258.20
Italy
Italy Garda Lake Clear water 0.57-5.00
Italy Iseo Lake Clear water 4 2.04-3.49
Italy Mantova Lake Chl-a-dominated 15 4.97-15.11
Ttaly Trasimeno Lake Sediment- 7 3.92-2457
dominated
Japan
Japan Lake Kasumigaura Lake Chl-a-dominated 84 8.87—-42.67
Japan Shirakaba Lake Chl-a-dominated 1 8.28-8.28
Japan Suwa Lake Chl-a-dominated 3 7.56-8.75
Netherlands
Netherlands (the) English Channel Coastal ocean Sed1.r11 ent- 12 1.92-58.40
dominated
Netherlands (the) ljsselmeer De Lake Chl-a-dominated 1 21.07-21.07
Oude Zeug
Netherlands (the) Loosdirechise Lake CDOM-dominated 1 14.68-14.68
plassen nr5
Netherlands (the) North Sea Coastal ocean Sed1.m ent- 24 1.45-21.09
dominated
South Africa
South Africa Bronkhorstspruit Lake Chl-a-dominated 4 7.02-11.66
South Africa Hartbeespoort Lake Chl-a-dominated 11 4.78-2179.62
South Africa Loskop Lake Chl-a-dominated 8 15.02-23.62
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Table A1. Cont.

Country Site Name Water Body Type Water Type No. of Samples Turbi(céiI:IyUI){ange
South Africa Roodeplaat Lake Chl-a-dominated 9 3.92-50.80
South Africa Theewaterskloof Lake Chl-a-dominated 10 8.90-25.53
South Africa Vaal Lake Chl-g-dominated 5 4.61-72.74

Spain

Spain Aguilar Lake Chl-a-dominated 1 8.54-8.54
Spain Alarcén Lake Chl-a-dominated 1 5.57-5.57
Spain Albufera Lake Chl-a-dominated 19 26.91-93.45
Spain Alcéntara Lake Chl-a-dominated 6 4.22-18.06
Spain Almendra Lake Chl-a-dominated 1 4.80-4.80
Spain Brovales Lake Chl-a-dominated 1 14.37-14.37
Spain Contreras Lake Chl-a-dominated 1 3.88-3.88
Spain Cortes Lake Chl-a-dominated 1 2.19-2.19
Spain Ebro Lake Chl-a-dominated 3 4.94-17 .46
Spain Giribaile Lake Chl-a-dominated 1 3.86-3.86
Spain Guadalén Lake Chl-a-dominated 1 8.71-8.71
Spain Navalcén Lake Chl-a-dominated 3 12.54-18.17
Spain Pinilla Lake Chl-a-dominated 3 4.44-8.15
Spain Rosarito Lake Chl-a-dominated 30 1.82-25.39
Spain Santa Teresa Lake Chl-a-dominated 1 3.85-3.85
Spain Santillana Lake Chl-a-dominated 1 8.98-8.98
Spain Terradets Lake ;sg:;‘aegd 2 10.47-29.56
Spain Ullivarri Lake D O?\i[l—l(_iao?iia ted 1 1.90-1.90
Spain Valuengo Lake Chl-a-dominated 2 12.37-20.70
Spain Vega de Jabalén Lake Chl-a-dominated 13.92-13.92

Sweden

Sweden Baltic Sea Coastal ocean Others 1 1.06-1.06

Sweden Lake Vénern Lake Others 2 1.25-1.29

Sweden Lake Vanern Lake Chl-g-dominated 1 2.31-2.31
Switzerland
Switzerland Lake Biel Lake Others 3 2.19-2.95
Switzerland Lake Geneva Lake Others 3 0.74-2.89

United Kingdom
United Kingdom
of Great Britain .
and Northern Bassenthwaite Lake Lake Others 1 1.49-1.49
Ireland (the)
United Kingdom
Oaflfjr?éiﬁ;i;n English Channel Coastal ocean (:ls(?r(iliirlilae’cr:c_l 9 1.74-102.27
Ireland (the)
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Table A1. Cont.

Country Site Name Water Body Type Water Type No. of Samples Turbl(céllilyUI){ange
United Kingdom
of Great Britain Windermere Lake Others 2 1.98-5.51
and Northern
Ireland (the)
Uruguay
Uruguay Embalse de Paso del Lake Chl-a-dominated 24 12.70-100.00
Palmar
Embalse de Paso del Sediment-
Uruguay Palmar Lake dominated 9 12.20-19.00
Lago Rincon del Sediment-
Uruguay Bonete Lake dominated 10 1.90-15.00
Uruguay Lago Rincon del Lake Clear water 1 14.20-14.20
Bonete
Viet Nam
Viet Nam Ba Be Lake Lake Chl-a-dominated 2 13.38-15.19
Viet Nam Gulf of Tonkin Coastal ocean Sed1.m ent- 23 21.71-127.52
dominated
. Ha Long Bay, Quang Chl-a and
Viet Nam Ninh Province Coastal ocean CDOM-dominated 7 12.01-14.29
Viet Nam Red River River Sediment- 34 36.95-115.40
dominated
Viet Nam Soai Rap River Coastal ocean Sed1.m ent- 6 35.97-207.05
dominated
Viet Nam West Lake, Hanoi Lake Chl-a-dominated 15 20.95-70.37
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Abstract: The optical complexity of coastal waters is mostly caused by the water discharged from
land carrying optical components (such as dissolved and particulate matter) into coastal bays and
estuaries, and increasing the attenuation of light. This paper aims to investigate the links between
in-water optical properties in four Swedish bays (from the northern Baltic proper up to the Bothnian
bay) and the land use and land cover (LULC) in the respective catchment of each bay. The optical
properties were measured in situ over the last decade by various research and monitoring groups
while the LULC in each bay was classified using the Copernicus Land Monitoring Service based
on Landsat 8/OLI data. The absorption coefficient of colored dissolve organic matter (CDOM) at
440 nm, acpom (440), was significantly correlated to Wetlands which may act as sources of CDOM,
while Developed areas (Agricultural and Urban classes) were negatively correlated. The Agriculture
class was also negatively related to suspended particulate organic matter (SPOM), whilst Coniferous
Forests and Mixed Forests as well as Meadows were positively correlated. SPOM seems thus to mostly
originate from Natural classes, possibly due to the release of pollen and other organic matter. Overall,
the methods applied here allow for a better understanding of effects of land use and land cover on
the bio-optical properties, and thus coastal water quality, on a macroscopic scale.

Keywords: land use and land cover (LULC); in-water optical properties; bio-optics; suspended
particulate matter; colored dissolved organic matter; chlorophyll-a; catchment area; water discharge;
land-sea interactions

1. Introduction

Seen from space, or from a plane, coastal waters are usually not blue but often yellow
or brownish, or even green or red during certain phytoplankton blooms. The yellow-brown
shades are mostly due to one of the main optical components often found in coastal waters:
CDOM, also referred to as “yellow substance”. It consist of humic and fulvic substances [1]
which have a complex chemical nature, consisting mostly of diverse polymers with aromatic
rings and long chains of alkyls [2]. Humic substances are derived from the decomposition
of plants and are ultimately drained into coasts by rivers and by runoff from land [1].
CDOM has a high absorption in the UV-blue spectrum which decreases with increasing
wavelength towards the red in a logarithmic manner. Thus, CDOM appears yellow to
brown. In addition to particle scatter and chlorophyll-a absorption, CDOM absorption is
one of the key inherent optical properties (IOPs) of seawater. Preisendorfer [3] defined the
IOPs as those optical properties that are independent of the radiance distribution, while
apparent optical properties (AOPs)—such as diffuse attenuation or Secchi depth—are also
influenced by the sun angle, and thus the radiance distribution.

Carder et al. [4] studied the nature of CDOM in the Gulf of Mexico and determined
that they could either be of a more humic character (i.e., larger molecules and a slope factor
Scpowm closer to —0.0011) when related to bogs, or a more fulvic character (i.e., smaller,
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i.e., more degraded molecules, and a slope factor closer to —0.0022). The Baltic Sea is rich
in dissolved organic carbon (DOC), the light-absorbing fraction of which is referred to as
CDOM. Harvey et al. [5] found that the slope factor Scpom Vvaries over the year, both in the
Gulf of Bothnia (with a high terrestrial input) as well as in the northwestern Baltic proper
(with a relatively low terrestrial input).

CDOM absorption is particularly high in the Baltic Sea compared to other seas and
oceans around the world [1]. This is due to the land-locked situation of the sea and the
low water exchange with the North Sea. Thus, CDOM is the main optical constituent
determining the light attenuation [6,7]. Another important optical component in coastal
waters is SPM, consisting of solid particles made up by both inorganic sediments (sand
and silt), by organic material (usually in minor proportions) and by phytoplankton. The
absorption characteristics of SPM are usually difficult to measure because it also scatters
light, especially its inorganic fraction [8,9]. Light scattering by particles depends on particle
composition, size and shape as well as the refraction index of the particles [10]. Because of
their high water fraction, phytoplankton have a relatively low refractive index of 1.02-1.07
while inorganic particles have a high refractive index ranging from 1.1 to 1.26 [11-14].
Inorganic SPM is usually found in coastal areas and indicates coastal influence [7,15].

SPM is often found in large proportions in coastal waters and may indicate physical
forcing such as wind-wave action, eddies and tidal currents, causing the resuspension of
sediments derived from discharge of particle-laden rivers [16,17]. The absorption properties
of non-algal organic SPM are similar to those of CDOM but with a different spectral
slope [18].

The study by Le et al. [19] evaluated the effect of LULC derived from remote sensing
data on the inherent optical properties of several estuaries in the northern Gulf of Mexico.
Initially, the authors derived eight main classes: Urban, Agriculture, Evergreen Forest, Decidu-
ous Forest, Water, Wetland, Pastures, and Barren Land. Next, they compiled the Urban and
Agriculture class into a ‘Developed’, and Evergreen Forest and Wetlands into a ‘Natural’ class.
They could then show that there were significant correlation between the optical properties
and the ratio of Developed to Natural LULC classification across six bays.

Our main hypothesis is that the dominant LULC characteristics also influence coastal
water quality in Swedish bays. The aim of this paper is thus to describe the optical char-
acteristics of four Swedish bays in relation to the LULC characteristics of the respective
catchment of each bay. First, the catchment area of each bay is defined based on the hydrol-
ogy. The LULC characteristics are then derived from remote sensing data, and are further
analyzed using an Open Source Geographic Information System (GIS). Subsequently, the
relationship between LULC cover and optical properties is evaluated via correlation analy-
sis. Furthermore, we hypothesize that catchments with a relative large percentage of bogs
are characterized by higher CDOM absorption.

The objectives of this study thus can be summarized in the following way: Firstly, we
will assess the nature of the CDOM absorption at 440 nm and the CDOM slope factor of
each bay in relation to the proportion of different natural land categories. Secondly, we will
evaluate if different land cover categories may have an effect on the SPM load, or on the
nature of the SPM found in the four coastal bays. Thirdly, we will investigate if LULC has
an effect on the levels of chlorophyll-a (Chl-a) concentration found in the bays, and, finally,
we will discuss if there are any relationships between LULC cover and bio-optical water
quality that are specific for Scandinavia and the high latitudes.

2. Materials and Methods
2.1. Site Descriptions

For the analysis, we selected four Swedish bays where measurement transects of
optical in-water variables (e.g., Chl-a, CDOM, SPM and turbidity) were performed over
the last decade by the Marine Remote Sensing Group (MRSG) and the pelagic Monitor-
ing Group (MG) at the Department of Ecology, Environment and Plant Sciences (DEEP),
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Stockholm University, and also during 2018 through a collaboration between MRSG and
the monitoring group from the Umed Marine Sciences Centre (UMF), Umed University.
Figure 1 indicates the two zones of this study: Zone I comprising the northern Baltic
proper and the Aland Sea, and Zone II in the northwestern Bothnian Bay. Optical measure-
ments were performed along transects through the different bays (see Section 2.2 below).
A numerical analysis of the land cover in the catchments surrounding those bays was
carried out using the Geographic Information System (GIS) open source software, QGIS. A
catchment is here defined as the natural drainage area, i.e., a zone where rain water flows
into streams, rivers, lakes and ground waters, and eventually ends up in certain water
bodies (basins) or bays. Section 2.1.1 aims at describing the selected bays and the main
surrounding elements (both natural and artificial) that affect these coastal water bodies
while Section 2.1.2 explains how the catchments were defined using hydrological data.

~ 60°N

Netherlands

L 520N Germany

Ukraine
28°E
1

GHE i
L

Figure 1. Overview of the Baltic Sea and its location within Europe. Zones I and II are areas of
interest for this study. Source: Baltic Sea catchment area and HELCOM Sub-basins 2018 [20] Country
boundaries: Natural Earth [21], European coastline shapefile: EEA [22], SMHI's sub-basin division
(havs-omraden_SVAR_2016 [23]). LD refers to Landsort Deep, the deepest part in the Baltic Sea
(459 m).
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2.1.1. Description of Each Site (Bay)

Braviken bay (Figure 2a) is a large east-west facing bay. Its topography is particularly
shallow with a depth gradient from its southern bank (mean depth: 10 m) to its northern
bank (mean depth: 40 m). The Swedish Water Archive divides the bay into 5 sub-basins:
Pampusfjarden (A), Inner Braviken (B), Mid-Braviken (C), Outer Braviken (D), Braviken's
coastal waters (E). Several sampling stations (BR1-BR9) of the MRSG (SU) are located along
a salinity gradient from the inner bay towards (A) the open sea (E). Many industrial sites
are established in the bay and several pulp industry premises are located on the shores of
Pampusfjarden and the bay also hosts Europe’s largest grain facility port for export which
leads to a lot of ship and boat traffic inside the bay.

Himmerfjarden bay (Figure 2b), is a narrow, elongated bay facing from north to south
and it is deeper than Braviken (40 m mean depth). In the inner bay, there is a sewage
treatment plant, which is the third largest in Stockholm County. Himmerfjarden bay con-
sists of several basins that are separated by sills, and is also fragmented by many islands
of various size which makes the water circulations more complex than in Braviken. The
water basins in HFj are called Naslandfjarden (W), Himmerfjdrden (X), Svardsfjarden (Y)
and Krabbfjarden (Z). Himmerfjarden bay surrounds a central island called Morko which
hosts recreational sites and natural reserves as well as summer houses. There is a salinity
gradient from the inner bay (W) out into the open sea (X), as well as a gradient of optical
properties [7]. The optical transects considered in this study starts at station H6 Néasland-
fjarden (W) going out to H2 in Svérdsfjarden (Y). Station Bl is located in Krabbfjarden
in the SW of the island Asko (which is a nature reserve and home of Asko Laboratory,
sustained by Stockholm University). Even though B1 is shielded by the island and not part
of the chosen optical transect, it has shown to have similar optical characteristics as station
H2 just inside Himmerfjarden bay [7]. This is why the optical variable of station Bl and H2
were combined and averaged in the analysis detailed below.

Osthammar bay (Figure 2¢) is very shallow and lies in the Aland Sea which is adjacent
to the most southern part of the Bothnian Sea. It can be regarded as a bay even though its
shape is more complex than those of the other bays of Zone I. Its main branch stretches
from SW to NE. Its sub-basins are: Osthammarfjarden (Q), Hargsviken (R), Galtfjarden
(S) and Singofjarden (T). The transect of measurement originates at station U22 towards
the outermost station U15, along an increasing salinity gradient. Station U18, U14, U13
and U11 lie in between. At the junction of the sub-basins Q, R and S there is a large island
called Virlingsd. The water flows from the inner Osthammar bay (Q) into R where the
municipality of Hargshamn is located with its large, industrial port. This part of the bay
is deeper than the passage flowing from Q to S-basin, which allows the passage of cargo
boats. The water flow is thus more important in the R-S than in Q-S passage. The second
inlet branch of the bay is called Edeboviken, where station U12 is usually sampled by the
pelagic Monitoring Group (MG) from Stockholm University, but it was rejected from the
analysis here because its optical properties have shown to be very different from U13. The
presence of Vaddoviken bay at the end of the transect might also influence the optical
characteristics of the last sampling station U15. The remainder of the bay, i.e., denoted
basins S and T (Figure 2c¢), are fragmented by many islands which makes the circulation of
water rather complex.

Raned bay (Figure 2d) is located in the western Gulf of Bothnia (Zone 1II, Figure 1),
where the waters in the surface layers are frozen during winter, and usually have a very
high content of CDOM from riverine sources [24]. The coastal waters are characterized
by a very strong coastal influence both after the ice thawing in spring and all during
summer. The sampling station RA1, RA2, RA6, RA7 and RAS are located in 4 sub-basins,
stretching from the inner bay towards the outer bay: Ranefjdrden (L), Gussofjarden (M),
Tistersofjarden (N) and Fjuskofjarden (O).
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Figure 2. The four Swedish bays, their sub-basins and sampling stations (different coloured circles in
different bays) (a) Braviken, (b) Himmerfjirden, (c), Osthammar (d) Ranea. Note (a—c) are situated
in Zone I (see also Figures 1 and 3a) and (d) is situated in Zone II (Figures 1 and 3b). Maps
generated in QGIS using predefined shapefiles (European coastline shapefile [22]), SMHI's sub-
basin division (havs-omrdden_SVAR_2016 [23]). Recurrence layer—Global Surface Water, Surface
elevation—Copernicus EU-DEM- v1.1; Sentinel Hub [25]).
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Figure 3. Water course network and catchments of (a) Zone I: Braviken bay (light and dark green),
Himmerfjarden bay (light and dark purple), Osthammar bay (orange); (b) Ranea bay, located in Zone
II in Swedish Lapland (see also Figure 1 for situation of Zones I and II). Maps generated in QGIS
using predefined shapefiles (European coastline shapefile [22]). Recurrence layer—Global Surface
Water, Surface elevation—Copernicus EU-DEM- v1.1; Sentinel Hub [25]), Water course network [26].

2.1.2. Selection of Catchments

The catchments surrounding the bays were selected based on the Vattenweb (in
English: water web) of the Swedish Meteorological and Hydrological Institute (SMHI,
Norrkoping, Sweden), that can be used to assess the Current Hydrological Status in a
certain catchment area [26], as mentioned above, a catchment is defined as an area from
which rain and river water flows into other downstream waterbodies. We initially selected
both the greater catchment zone for each bay (shapefile haro_y_2016_3) as well as the
sub-catchments directly surrounding the bays (shapefile aro_y_2016_3). Eventually, these
areas were merged as to constitute the greater catchment zone of interest for each of the
4 bays, respectively (see Figure 3a,b). The average discharge value for each month over the
period 1991-2021 and the size of each catchment was derived for each discharge basin, and
summarized in an Excel spreadsheet for further analysis.

2.2. Optical Transects

The MRSG performed two satellite validation campaigns in Braviken bay on board
R/V Electra during 1-2 July 2021 and 28-29 April 2022. Optical measurements were taken
along transects with a salinity gradient (Figure 2a) from the inner bay (A) out to the open
Baltic Sea (E). The data from the field campaigns in 2021 and 2022 were merged with other
transects from past expeditions performed over the last decade in the four bays (Figure 2,
Table 1). The MRSG has trained the pelagic monitoring groups at Stockholm and Umea
Universities on how to perform optical measurements (e.g., CDOM, SPM and turbidity)
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and the groups share their optical protocols and also intercompare their methods [27]).
Table 1 provides a summary of the measurements performed, including dates, operating
group and number of samples gathered. Altogether, n = 116 stations were sampled for
this study, including measurements of Chl-a, SPM, SPIM, SPOM concentrations, turbidity,
Secchi Depth, CDOM absorption, acpom, and the CDOM slope factor, Scpom. The largest
collection of data comes from the Himmerfjdrden area.

Table 1. Overview table of the number of stations (1) used in the final analysis. The full dataset can
be found in Supplementary Table S2.

Bay
Braviken Himmerfjarden Osthammar Réanea
Aol Aol n =4 (MRSG) Aueust n =4 (MG) 1 =4 (MRSG and MG
2(1)’22 1 =5 (MRSG) 2(1)’1 g SPM, SPIM, 2(;‘521 SPM, SPIM, SPOM July 2018 UMEF) SPM, SPIM, SPOM
SPOM missing missing not valid
Jul n =6 (MRSG) A t Jul n =4 (MG) n =4 (MRSG and UMF)
28231 SPM, SPIM, ;(;0’1‘;5 n=>5 (MG) 25;1 SPM, SPIM, June 2018 SPM, SPIM, SPOM not
SPOM missing SPOM missing valid
. _ n=4(MG) n =4 (MRSG and UMF)
‘gglrél S” =8 (ﬁiﬁ) July 2017 1 =4 (MRSG) A;O‘O’Z‘(l)“ SPM, SPIM, May 2018 SPM, SPIM, SPOM
CDOM & SPOM missing not valid
n =2 (MG) n=4MG)
August turbidity, May  _ 4 (MRSG) July SPM, SPIM,
2013 L 2012 2020 .
Scpom missing SPOM missing
n =2 (MG) : n =4 (MG)
July turbidity, April 3 MRrsg)  Ausust SPM, SPIM,
2013 L 2012 2019 ..
Scpom missing SPOM missing
n=2(MG) n=4MG)
JZL(;II; turbidity, A;Ogll(l)St n =8 (MRSG) ggi}é Scpom, Aacpom, SPM,
Scpowm missing SPIM, SPOM missing
August n=2(MG) July _ August n=4MG)
2012 Scpowm missing 2007 n =13 (MRSG) 2010 turbidity missing
June n=2(MG) July n=6(MG)
2012 Scpom missing 2010 turbidity missing

Total stations sampled:
n=29

Total stations sampled:
n=41

Total stations sampled:
n=34

Total stations sampled:
n=12

2.2.1. Water Sampling and Measurement Protocols

Note that the procedures below follow the Optical Measurement Protocols of the
Marine Remote Sensing Group. During the field work, the samples were gathered 20-30 cm
below the water surface with a sturdy sampling bucket with a pip. The bucket was
rinsed twice with sea water before sampling as to avoid contamination. The sampling
bottles were also rinsed twice with sea water and then filled with sea water from the
bucket. The same standard protocol was applied for all other field campaigns by the
MRSG but other laboratories sometimes have slightly different protocols. Nonetheless,
intercomparison workshops are held regularly to make sure that the measurements between
groups are comparable.

SPM, SPIM and SPOM Measurements

Depending on the Secchi depth reading, 1-2 L of sea water were sampled for SPM
measurements. The measurements were performed using the gravimetric method [7,28].
This method consists of filtering a certain quantity of natural water through microfibers
glass filters (GF/F filters) of 47 mm diameter and with a nominal pore size of 0.7 pm. Before
filtration, the filters were pre-rinsed with ultra-pure water (UPW), combusted and pre-
weighed (tare weight) with a high-precision scale (Satorius MP3 microbalance—=1 ug).
Each sampling bottle was gently mixed before filtration to ensure even distribution of
suspended material. All filters were rinsed at the end of the filtering process with 100 mL
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UPW for removal of salt residuals. After filtration, each filter was placed in a numbered (by
etching), clean square aluminum foil (10 x 10 cm). Then, the filters were dried overnight
at 60 °C. The filters were subsequently stored in a desiccator in order to keep them dry
until weighing. The dry weight of SPM was derived by subtracting the tare weight from
the dry weight. In order to derive SPIM, the filters were combusted for 5 h at 480 °C, and
were weighed again. The organic fraction was then derived from the weight difference
between the total SPM (dry weight) and the SPIM (combusted weight), assuming all
organic matter has been combusted. The handling of the filters sometimes leads to the loss
of filter bits. Therefore, triplicate filters were taken for every station as quality control of
the measurements. Outliers were removed if the standard deviation was more than 20%.
For every field campaign between 5 and 10 blank filters were processed in the same way
except that ultra-pure water (UPW) was used (0.5 L) instead of sea water, and their average
weight was then used to correct for handling errors. In the Bothnian bay, the rinsing with
UPW was sometimes omitted by mistake by the local monitoring group, and during the
data quality control (i.e., comparison against the measured turbidity values), the samples
were found to be invalid and therefore had to be omitted from the final analysis.

Turbidity Measurements

Turbidity was measured during field campaigns with a portable turbidity meter (Hach
Lange 2100Qis, HACH LANGE GmbH, Diisseldorf, Germany). The calibration of the
device is performed using standard formazin solutions of known turbidity (10, 20, 100,
800 FNU). Formazin Nephelometric Unit (FNU) is a unit equivalent to NTU but is measured
in the near infrared (NIR) rather than using white light. The standard calibration solutions
are provided by the manufacturer. Before performing a measurement, one gently mixes
a sample [16]. It is important to wait for 10 s before starting the measurement in order
to remove air bubbles that could cause extra scattering, and thus wrongly increase the
turbidity value. Each turbidity sample was measured 5 times and the values were averaged
and corrected for the average turbidity value of ultrapure water (UPW) which was also
measured 5 times.

CDOM Measurements

The CDOM samples were collected in 250 mL amber glass bottles and the samples
were filtered through 0.22 pm membrane filters using glass filtration unit fitted with a metal
mesh to avoid clogging of the filtering unit. The filtrate was then transferred into 100 mL
amber glass bottles and stored in a refrigerator at 4 °C for up to 3 months. The absorption
spectra of CDOM was measured by scanning the sample in a Shimadzu UVPV-2401 dual
beam spectrophotometer (Shimadzu Corporation, Kyoto, Japan). Before scanning, the
samples were removed from the refrigerator and allowed to reach room temperature
(overnight). The absorption spectrum was measured in the range from 350 to 800 nm in
cylindrical quartz cuvettes (10 cm). First, a baseline was performed, using both cuvettes
filled with UPW. The cuvette in the back was then used as a reference (UPW) while the
front cuvette was filled with the respective water sample and scanned. The absorbance was
measured from 190 to 850 nm (in 1 nm steps). The absorbance at 700 nm was then used to
correct for measuring errors, and the spectral absorption for CDOM was derived from the
following relation, according to Kirk [1]:

acpom(?) = In(10)ODA)L™!, [m~"] @

where OD(A) being optical density (absorbance), L being the optical path length of the
cuvette in meter, here 0.1 m. Note that the OD is measured in logarithmic values (Ln10).
The CDOM absorption at 440, acpop, is then derived per meter after log transformation.
Then, the whole absorption spectrum is log transformed and the slope of the derived line
(in the range of 350-500 nm) corresponds to the slope factor of CDOM, Scpoum.
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Chlorophyll-a Measurements

0.2-0.5 L of sea water were filtered onto 25 mm diameter GF/F filters. Filtering was
performed on board ship and the filters were flash-frozen in liquid nitrogen and stored
for up to 2 months. Each sample was filtered and measured in triplicates. Before the
spectral analysis, the samples were placed in 5 mL of 90% acetone solution and sonicated
for 30 s for destruction of the cell walls and extraction in acetone. The samples were then
centrifuged for 10 min at 3000 rpm so that all particles could settle in the bottom of the
polypropylene test tube and thus avoid the effect of scattering on the absorption spectrum.
After 30 min of extraction, the samples were transferred into 1 cm quartz cuvettes and
scanned against 90% acetone (350-850 nm) in a UVPC-2401 dual beam spectrophotometer
(Shimadzu Corporation, Kyoto, Japan). The spectra were then processed in Excel (2019)
with the algorithms and coefficients provided by Strickland and Parsons (trichromatic
method) [29] in order to derive the Chl-a concentration in ng’l. This method has shown
to be within 10% error during an inter-calibration performed by the ESA MERIS Validation
Team [30] and within 2-10% when compared to the Swedish monitoring groups [27]. The
method has also been intercompared regularly with HPLC measurements [27,30].

2.3. Land Use and Land Cover Analysis

The land use and land cover (LULC) of each bay was analyzed in QGIS (version
3.26.2 ‘Buenos Aires’), an open-source Geographic Information System (GIS). Data from
two sources were used to define the extent of the catchment of each bay. Firstly, shapefiles
from the Swedish Hydrological Meteorological Institute (SMHI), provided the polygons
shapefiles of the Swedish catchments (Haro) and sub watersheds (aro) around the different
bays of the study using SVAR version 2016_3 [23]. Maps of the different catchment areas
are shown in the results section in Figure 3. The final catchment area selection was not
trivial and was performed with regard to modelled hydrological data from the SMHI's
Water Web [26].

Secondly, we used the CORINE Land Cover 2018 (CLC2018) dataset derived from
Landsat-8 satellites images [25] for the LULC classification. These products are based on
data from 2017 to 2018 and have a 100 m resolution with a thematic accuracy of >85%. They
are generated regularly in 6-yearly cycles. The CLC2018 dataset was published in 2020
and provided initially 44 land cover categories (see Supplementary Table S1) which were
further aggregated into 10 classes for this study. The following operations were performed
to process the data in QGIS:

e  Reprojection of CORINE into the same geographical projection as for the Catchment
shapefile EPSG3006 SWEREF99 TM used by the Swedish Meteorological and Hydro-
logical Institute, SMHI, Norrkoping, Sweden [23].

Fixing geometries of CORINE data via the vector operation “fix geometries”.
Reducing the number of Level 1 attributes from 44 to 10 categories (so called Code 18).
Aggregating the original 44 to 10 polygons of the same Level 1 class.

Intersection of the dissolved LULC polygons with the catchment boundaries in order
to exclude information outside the areas of interests.

e Eventually, computation of percentage area per category of Level 1.

All 11 urban classes from the original 44 classes were thus aggregated under the class
Urban. All arable land, permanent crops and heterogeneous agricultural areas (consisting
of 10 classes) were aggregate into Agriculture. The class Pastures was left as designated
by CORINE. It may differ from the Agriculture class due to the manure from cattle, and
also from the class Meadow which refers to land that is covered by different natural grass
types and bushes. All open spaces with little or no vegetation were assembled into one
class: Barren Land. The four shrub/herbaceous vegetation classes were aggregated into one
Meadow class. All 5 wetland categories were aggregated into a Wetland class. Similarly, the
5 water subcategories into one Water class. Deciduous Forest, Coniferous Forest and Mixed
Forest were left unchanged.
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2.4. Combining Optical and LULC Data

All data were collected and processed in Excel for further analysis. A first analysis
was performed in order to operate a data quality check. From the geographical coordinates
of a given station the horizontal distance from an outlet was derived (in km) with the aim
to make the transects within the 4 bays comparable. The outlet was chosen to be either a
defined river mouth (cf. Osthammar and Réned), or the innermost station usually sampled
by the respective monitoring or research group (cf. station H5 and BR5 in Himmerfjarden
and Braviken). A new data sheet was then compiled for each optical parameter, and various
plots were made to visualize the data, either season-wise or regardless of the time of the
year. It allowed to identify outliers and observe variability between the bays as well as
seasonal variability, and to choose which variable to focus on.

Finally, the stations were aggregated based on their horizontal distance from the outlet.
The mean horizontal distance from the outlet ranged from approximately 15 & 5 km in the
different areas. Any innermost or outermost station making the mean distance deviating
from this range were rejected from the study in order to make the datasets comparable.
The optical properties in each transect were then averaged by taking the mean values from
geographic middle stations, the rationale being that this allows for a comparison of the
different bays of different sizes, and across different times of year. Note that the derived
optical products are thus averaged over space and time for every transect. Eventually, the
optical variables were plotted each against a LULC information, such as a percentage of a
given land cover, or a ratio of several land covers which helped to identify the main trends.

Additionally, a correlation matrix was prepared to identify possible links between
LULC class and optical variables. The correlations in the matrix were then tested using
a significance test based on the p-value test (¢ = 0.05). The workflow of the analysis is
summarized in Figure 4.

In-water optical variables LULC classification

Creation of the optical dataset: Downloading of existing shapefiles
+  Collection and gathering of in-water optical «  European LULC Classification = Copernicus Corine
variables from different working groups CLC2018
*  Main catchments and small watersheds -5SMHI
Pre-analysis: SVAR2016

+  Plot optical variable against distance from outlet + Watercourse network -SMHI SVAR2016
Data quality check and rejection of outliers
+  Awveraging of optical variables at the mid-point of

each transect

Processing in QGIS:
«  Categorization of 4 Swedish catchment areas into 10
classes of LULC

\ J
|

Correlation Matrix Analysis

+  Defining the natural and developed classes for our dataset
+  Finding trends between LULC classes (and discharge) and in-water optical variables

Plotting optical variables against land cover characteristics
Displaying evidence that the variability in the optical properties of coastal waters can be (partly)
explained by the variability of LULC found in the drainage catchments

Figure 4. Workflow diagram of the data processing method.

Le et al. [19] had observed in their study that groups of LULC categories could be
assembled in order to relate them to optical properties on a macroscopic scale. They
derived a Natural category (Coniferous Forest + Wetland) as well as a Developed category
(Urban + Agriculture). Eventually, they inferred that the Ratio Developed/Natural category
showed interesting results when comparing to the optical properties of various estuaries
in their study. As a first step, such group categories and ratios were also derived and
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tested for this study but were also adapted with regard to our correlation matrix and
typical trends observed in Swedish bays (see results of the correlation analyses and trend
analysis below). The natural class used here, denoted Natural*, was thus merged to in-
clude Coniferous Forest + Wetland + Meadows while the developed class, denoted Developed*,
included Urban + Agriculture + Pastures (although the latter was so small in % area that
it did not show any effect on the results; see below). Finally, the ratio of Developed* over
Natural* was denoted Ratio*. Correlations were applied between optical properties and the
final LULC categories as well as the grouped categories Natural*, Developed* and Ratio* as
defined above, and also between optical properties and the discharge values derived for
the different bays from the Current Hydrological Status on the SMHI Water Web [26].

3. Results
3.1. Derived Catchment Areas and Description of Their Hydrology

The derived catchment areas varied from only 993 km? for Osthammar bay to 23,368 km?
for Himmerfjarden bay (Figure 3). Due to the large differences in surface area and hydrology,
the monthly and yearly discharge varied considerably in and between bays (see Figure 5
and Table 2). Himmerfjarden has the lowest yearly discharge with approximately 49 m3s~1,
followed by Osthammar bay with approximately 95 m3s~!. Braviken bay and Rénea bay
show a substantially higher yearly discharge of approximately 766 m3s~! and 725 m3s~!,
respectively. It must be noted that in Rénea the monthly discharge is much lower from
January to March (approximately 20 m3s~1), while there is a very high peak stretching over
April to June due to the ice melt in spring.

The Braviken catchment (Figure 3a) is composed of two parts—its greater catchment
(light green) and its surrounding catchment (dark green). The Motala river is connected to
Lake Vittern and leads into Pampusfjarden (area A, Figure 2a) passing through Motala,
Linkoping, and eventually Norrkoping. Lake Vittern, with a total surface area of 1912 km?
is the second largest lake of Sweden and the sixth largest lake in Europe.

It thus generates a considerable monthly freshwater flow of approximately 50 m3s ! at
its source in Motala, gathering even more discharge water on its way to Norrkoping where
the water flow reaches approximately 100 m3s~! in winter and spring, and approximately
50 m3s~! in summer and autumn (Figure 5). Vittern also exhibits downstream connections
with the Gota Canal, while one section flows down into Lake Vanern and another into the
Baltic Sea, but the water flows are negligible when compared to Motala river (less than
1m3s~1).

The water in Himmerfjarden bay originates by approximately 50% from the streams
of its surrounding catchment (dark purple) and ca. 50% from its greater catchment (light
purple), collecting all the discharge water into Lake Malaren (Figure 3a). Unlike the greater
catchment of Braviken, it is not connected by a natural river but with the Sédertélje Canal,
named after the town it passes through. This canal is regulated by locks and has a very low
and almost constant flow of freshwater of approximately 5 m3s~!. During events of floods
and heavy rainfall, the locks can be opened up to alleviate the flooding risk in Stockholm
City and the discharge jumps then suddenly up to 100 m3s~!, but these kinds of events are
quite rare and did not occur during any field campaign considered in this study.

The Osthammar bay receives its waters from various streams and small rivers (Figure 3a).
The catchment includes many small lakes and minor bogs which explains why the water
outflow is only approximately 4 m3s~! on a yearly average.

The landscape in the Rénea catchment is highly influenced by a myriad of various
streams, converging into the Ranea river (Figure 3a). The shape of the monthly discharge
curve along the year is remarkably different from the catchments of Zone I (Figure 5b).
A major peak in mid-May can be observed induced by the thawing of sea ice and snow.
It gives rise to a very large monthly discharge of approximately 320 m3s~!. The inflow
of freshwater decreases to approximately 50 m3s~! during July, and then progressively
further down to ca. 20 m®s~! during the winter months.

1
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Figure 5. Changes in the monthly discharge averaged over the years 1991-2021 for (a) Himmerfarden

and Osthammar bays, and (b) for Rane4 and Braviken bay. The values were derived from the SMHI

interactive map (SMHI, Hydrologiskt Nuldge, Vattenwebb—in English: Current Hydrological Status,

Water Web), available online [26] by summing up all the contributions of the smaller watersheds and

greater catchments contributing to the discharge in the considered bay.

Table 2. Overview of the average monthly and cumulative yearly discharge (1991-2021).

Average
Bay Surface Monthly Star.ldsfrd Min Max .Yearly
Area . Deviation Discharge
Discharge
Himmerfjarden 23,370 km? 7.9 +£241 5.3 11 95.4
Osthammar 993 km? 4.1 +3.18 0.5 8.4 49.1
Braviken 16,400 km? 63.9 +28.60 38.1 106.2 766.4
Réanea 5670 km? 60.4 +83.16 19.7 319.5 725.1

3.2. Results of the LULC Analysis

Figure 6 shows the map of Himmerfjarden bay and its closer catchment area before
and after the LULC analysis was applied.
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Figure 6. Image of the closer Himmerfjarden catchment area before and after LULC analysis. Maps
generated in QGIS using predefined shapefiles (European coastline shapefile [22]. Recurrence layer—
Global Surface Water, Surface elevation—Copernicus EU-DEM- v1.1, downloaded from the Sentinel
Hub [25]; Water course network (vattendragslinjer natverk): SVAR (Svenskt Vat-tenARkiv [26]).

The results of the LULC classification for all four bays are listed (as % coverage) in
Table 3 and shown in Figure 7 (see also enlarged images in Supplementary Figure S2c,d).
The catchment areas of Himmerfjarden bay (Figure 7c) and Braviken bay (Figure 7d) exhibit
quite similar land cover profiles, except that Himmerfjdrden is more artificially developed
due to its slightly more important Agriculture and Urban classes The Ranea estuary stands
out with a much more Natural profile (Figure 7a). In this part of Swedish Lapland, the flora
is not only dominated by Coniferous Forest but also by vast Meadows (13.2%) and Wetlands
(19.1%). Osthammar, located slightly to the North of Stockholm archipelago, displays an
intermediate profile between that of Rdned, Himmerfjarden bay and Braviken bay. On
the one hand, Agriculture (11.3%) is the third most important class, but to a lesser extent
than for Braviken bay (20.0%) or Himmerfjarden bay (23.2%). On the other hand, its Forest
coverage is more similar to that of Ranea bay.

Table 3. The variability of LULC in the wider catchment areas of four Swedish bays. Values were
obtained after processing of Copernicus CORINE_2018 data in QGIS. The main LULC classes are shown
in bold. Classes for which the surface area was 0-3% across all bays were rejected from further analysis
(marked in light grey) as they did not have a visual impact on the correlation analysis (see below), and
therefore were assumed not to have a significant effect on the optical properties in the coastal bays.

Coniferous Mixed

Urban  Agriculture Torest Torest Meadow Wetland Water

Braviken 2.6% 20.0% 47.3% 4.3% 2.5% 1.0% 18.4%
Himmerfjarden  4.4% 23.2% 47.4% 6.5% 4.0% 1.5% 10.6%
Osthammar 2.9% 11.3% 56.2% 14.3% 8.1% 0.7% 3.7%
Réned 0.3% 1.5% 52.4% 8.6% 13.2% 19.1% 3.8%
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Figure 7. Landcover maps for the greater catchment areas of (a) the Ranea bay, (b) the Osthammar
bay, (c) the Himmerfjarden bay, and for (d) the Braviken bay. Note that the same figures are shown
enlarged in the Supplementary Figure S2a—d (1 map per page). This allows for a more detailed
assessment of the LULC in the greater catchment of each bay.

Table 3 also shows that the leading LULC class in each catchment area is the class
Coniferous Forest. This is very typical for Swedish forests which are dominated by spruce and
pine which together make up approximately 80% of tree coverage [31]. Overall, Agriculture
was the second most important land cover type except in the more pristine area Rénea in
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the northwestern Bothnian Bay. Furthermore, Mixed Forest made up 4.3% to 14.3% across
all catchments, while the Water class was also important in the catchments of Braviken
(18.4%) and Himmerfjarden (10.6%) due to the influence of Lake Vittern (Braviken) and
the combined influence from Mailaren and Hjdlmaren (Himmerfjarden).

3.3. Ranges of Optical Properties in Each Bay

Table 4 gives an overview of the minimum and maximum values of the optical
properties in each bay, as well as the median and the number of observations ().

Table 4. Ranges of optical variables (shown in bold) in the four different bays. The median values of
each optical variable in each bay are highlighted in bold.

Chl-a SPM SPIM SPOM Turbidity acpomM SCDOM
ug L1 g m™3 g m~3 g m~3 FNU m~!

Himmerfjarden Min 1.32 0.48 0.18 0.28 0.58 0.30 —0.021
Max 13.70 2.69 1.36 1.59 1.96 0.80 —0.014
Median 4.17 1.65 0.61 0.92 1.29 0.46 —0.018

N 36 31 31 31 20 37 37
Braviken Min 2.90 2.12 1.41 0.27 1.24 0.42 —0.019
Max 25.05 6.77 4.90 2.55 7.48 1.62 —0.017
Median 6.90 4.00 2.86 0.96 3.21 0.92 —0.018

N 29 23 23 23 23 29 19
Osthammar Min 2.30 1.75 0.26 1.49 0.93 0.60 —0.018
Max 89.88 14.54 3.89 13.59 7.25 2.46 —0.010
Median 7.97 6.24 0.68 4.29 3.16 0.91 —0.017

N 34 6 6 6 24 27 27
Réned Min 0.55 0.64 1.15 —0.018
Max 5.69 8.90 5.18 —0.016
Median 2.21 1.34 1.71 —0.017

N 12 12 12 12

3.4. Investigating the Nature of CDOM Due to LULC

Figure 8 displays CDOM absorption at 440 nm, acpopm (440) against the distance from
the outlet for each respective bay (data from all seasons and years included). The maximum
CDOM values were found in Rdnea (up to approximately 6 m~!) during the transect in
May 2018, which corresponds to the snow and ice thawing period. At that time of the year
the average water catchment discharge, Q, is approximately 300 m3s~! (Figure 5b). The
results from the correlation analysis of LULC categories vs. acpop and Scpom, respectively
are shown in Table 5.

Table 5. Correlation matrix for CDOM absorption at 440 nm, acpop, and spectral slope coefficient.

Significant correlations are marked in bold characters after the p-value test (with significance level
o = 0.05). Natural classes: Natural* = Coniferous Forest + Wetland + Meadows; Developed classes:
Developed = Urban + Agriculture; Ratio* (Dev/Nat): the ratio of developed to natural classes (Dev/Nat).

Water  Coniferous Forest =~ Mixed Forest ~Meadow  Wetland  Agriculture

Scpom —0.744 0.585 0.387 0.984 0.916 —0.980
acpom —0.510 0.421 0.166 0.882 0.933 —0.944

Urban Pasture Discharge Dev* Natural* Ratio*
Scpom —0.878 —0.767 0.829 —0.985 0.998 —0.975
acpom —0.980 —0.648 0.815 —0.964 0.931 —0.926
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Figure 8. CDOM absorption at 440 nm, acpops, in four Swedish bays: (a) Rdnea bay, (b) Osthammar

bay (c) Braviken bay and (d) Himmerfirden bay. Values are plotted against horizontal distance from

the outlet (in km). All transects were plotted within each bay regardless of the season. The different

colors in each plot refer to different days for the respective in situ transects.

In Figure 9a one can see how acpop is related to the ratio of Developed to Natural classes
in the wider catchment areas. The lower the proportion of developed areas, i.e., Ratio*
(Dev/Nat), the higher the CDOM absorption. The results show that Ranea bay has the most
natural catchment with a Ratio* (Dev/Nat) of approximately 0.023, followed by Oshammar
bay (0.235), Braviken (0.47) and Himmerfjarden bays (0.535). Figure 9b shows that the
average CDOM slope factor per transects is also dependent on the ratio of developed to
natural areas, and there is a negative trend over the four bays, although Himmerfjarden
shows a large spread of data. Seasonal variability can be here rejected as explanation as
both the highest (August 2010) and lowest value (August 2017) were both obtained during
measurements in summer. The large variability in Himmerfjarden bay is likely to be due to
the influence of Himmerfjarden Sewage Treatment Plant situated in the inner bay, where
nitrate is treated by bacterial breakdown [31]. In addition to breaking down nitrates, the
bacteria may also use CDOM as a substrate, and break down the larger humic acids to
fulvic acids. On the other hand during periods of flooding, untreated stormwater may
enter the bay, and thus giving rise to larger humic acids. The decreasing trend from Ranea
to Braviken in Figure 9b indicates that more natural LULC types will generate more humic
acids, whereas the more developed bays tend to have a lower spectral slope factor, and

thus contain a higher proportion of fulvic acids.

Figure 10 shows that there is a clear difference in the spatial trend of acpom across the
bays between spring and summer. acpopm is especially high in the Bothnian Sea during
spring presumably due to the high coastal runoff after the spring melt, bringing in high

concentrations of larger humic acids [5].
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Figure 9. (a) CDOM absorption at 440 nm, acpoy, against the LULC category Ratio* (Dev/Nat),
i.e., the ratio of developed to natural classes; all transects for all seasons. (b) Averaged slope factor
per transects against Ratio* (Dev/Nat) per bay; Raned (Ra), Osthammar (Osth), Braviken (Br) and
Himmerfjarden (Hfj)—all transects for all seasons.
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Figure 10. (a) CDOM absorption at 440 nm, acpoy, against the LULC category Ratio* (Dev/Nat), i.e.,
the ratio of developed to natural classes; average value per transect and bay in summer, and (b) the

average value per transect and bay in spring; Rénea (R4), Osthammar (Osth), Braviken (Br) and
Himmerfjarden (Hfj).

3.5. Investigating the Nature of Particulate Material with LULC

Overall, the suspended particulate matter (SPM) and turbidity correlation analyses
did not show such clear trends as CDOM absorption and slope across the different areas of
interest, apart from suspended particulate organic matter, SPOM (Table 6), which showed
a positive significant relationship with the LULC classes Coniferous Forest, Mixed Forest and
Meadow, and thus with the Natural* classes, while it showed a negative relationship with
Agriculture, and the ratio of developed to natural classes (Ratio™).

Table 6. Correlation matrix for SPM, SPOM and turbidity. Significant correlations are high-
lighted in bold characters after the p-value test (with significance level x = 0.05). Natural classes:
Natural* = Coniferous Forest + Wetland + Meadows; developed classes: Developed = Urban + Agricul-
ture; Ratio* (Dev/Nat): the ratio of developed to natural classes (Dev/Nat).

Water Coniferous Forest Mixed Forest Meadow Wetland Agriculture
SPM —0.274 0.739 0.588 0.538 —0.991 —0.895
SPOM —0.848 0.999 0.979 0.964 —0.824 —0.963
Turbidity 0.164 0.379 0.185 0.125 —0.839 0.618
Urban Pasture Discharge Natural* Dev* Ratio*
SPM —0.884 0.714 —0.978 0.646 —-0.925 0.866
SPOM —0.344 0.060 —0.586 0.991 —0.941 —0.978
Turbidity  —0.999 0.945 —0.973 0.256 —0.672 0.672
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3.6. Investigating the Dependency of the Chl-a Concentration on LULC

The correlation matrix (Table 7) shows significant negative correlations for Chl-a
with the classes Agriculture, Wetland, and developed classes (Dev¥), as well as the ratio of
developed to natural classes (Dev/Nat).

Table 7. Correlation matrix for Chl-a concentration with LULC categories. Significant correlations
are shown in bold numbers after the p-value test (with significance level « = 0.05). Natural classes:
Natural* = Coniferous Forest + Wetland + Meadows; developed classes: Developed = Urban + Agriculture;
Ratio* (Dev/Nat): the ratio of developed to natural classes (Dev/Nat).

Water  Coniferous Forest  Mixed Forest ~ Heaths Wetland  Agriculture

Chl-a  —0.616 0.938 0.849 0.816 —0.968 —0.997
Urban Pasture Discharge Natural* Dev* Ratio*
Chl-a  —0.644 0.398 —0.828 0.886 —1.000 —0.991

Figure 11 displays the average Chl-a values for a given field campaign plotted against
the ratio of developed to natural classes (Dev/Nat) LULC. The Raned bay clearly stands out
with its relatively low chlorophyll-a concentrations, both in spring and summer. This is
likely to be related to the high CDOM absorption with very large values found in coastal
areas of the Bothnian bay (Figure 8a). Indeed, the strong light attenuation by CDOM in this
area has been shown to limit the growth of phytoplankton and algae, and instead to favor
bacterial production [23]. Since the Ranea measurements clearly stand out when compared
to the other bays, it has been rejected from the correlation matrix for the remainder of the
analysis. The motivation for this is that the relatively low Chl-a levels here are most likely
due to light limitation by CDOM rather than caused by different LULC categories.
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Figure 11. Chl-a concentration in four Swedish bays—Ranea (Ra), Osthammar (Osth), Braviken (BR)
and Himmerfjarden (Hfj)—against the ratio of Developed to Natural (Dev/Nat) LULC.

4. Discussion
4.1. LULC Classification

The land use and land cover (LULC) analysis is central in this study, focusing initially
on analyzing the variation in LULC from one Swedish bay to another. Our LULC clas-
sification (Table 3) gave a similar result as the one performed by Franzén et al. [32] who
classified the sub-catchment area around Himmerfjarden with 57% forest, 33% land, 4%
lake and 5% urban areas. We decided to use the great catchment in our study, assuming
that the optical properties in the whole catchment are carried downstream, and therefore
influence the optical properties of the bay. Gullstrand et al. [33] classified Braviken with
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49% forest, 18% agriculture and 20% water which, again is quite similar to our classifica-
tion (Table 3), even though we decided to include the greater catchment rather than just
the surrounding catchment of the bay. As the bays also differ in their surrounding and
catchment areas, it is likely that the bio-optical properties are influenced by the variation in
the land cover and land use in each area. Table 3 shows that the leading LULC category
in each catchment area is the category Coniferous Forest, followed by Mixed Forest. The
dominance of Coniferous Forest is very typical for Swedish forests [34]. Our LULC analysis
also confirms previous work showing that catchments in boreal regions are mostly covered
by Coniferous and Mixed Forest [35], carrying high concentrations of terrestrial dissolved
organic matter (DOM) downstream during the productive seasons. Additionally, there are
usually wetlands and bogs in boreal areas, which have the tendency to hold large quantities
of organic matter [36]. CDOM usually increases in spring after the ice melt, followed by a
decrease in summer and an increase, again, during autumn [5,37]. Said Al-Kharusi [38]
proposed that recent advances in remote sensing technology, GIS and modelling could
improve our understanding of CDOM in inland waters on large geographic scales. The
same has been demonstrated here for the distribution of CDOM in coastal waters.

4.1.1. Influence of LULC Classification on acpop and Scpom

As shown in the results section, acpoym and Scpoar are both positively related to
Wetland, and the Natural* LULC classes while they are negatively correlated to Agriculture
and the Developed classes. Zheng et al. [39] found positive correlations for acpoym and Scpom
with the natural categories Forest and Grassland in the yellow river basin. An explanation
why we did not find a significant positive correlation with Forest might be that our forests
are mostly dominated by coniferous trees. Dead plant material is slowly degraded to
humic substances by bacterial breakdown [1]. During droughts, it accumulates on land,
and during floods and the spring melt it is washed into lakes and coastal waters [38,40,41].
The minimum range of CDOM values (approximately 1 m~!) is found in Himmerfjarden
bay (corresponding to the average value in the middle of the transect). Note that Zone
I does not exhibit any strong peaks in discharge for the thawing in spring, based on the
hydrological data from SMHI [26]; see Figure 5.

The results shown in Figure 10a,b clearly indicate a seasonal variability in the CDOM
absorption. The results show a steeper (decreasing) average slope in spring than in summer.
According to the correlation matrix (Table 3), Wetland and Meadows showed significant
and positively correlated coefficients with the CDOM slope factor. With an increasing
proportion of wetlands and meadows, the humic types of CDOM thus seem to increase as
indicated by a CDOM slope closer to —0.0011 [4].

We also find that the categories Agriculture, Developed and also Ratio* each show a sig-
nificant, negative correlation with Scpom. The influence of developed categories is more dif-
ficult to interpret. One explanation could simply be the degradation of CDOM in natural en-
vironments, either by UV light (a phenomenon called photobleaching, or fading) and degra-
dation by bacteria [1]. Indeed, CDOM is naturally broken down progressively—chemically
or physically—in these ways. For instance, Hulatt et al. [42] found that photo bleaching can
cause a significant increase in the spectral slope factor (by 0.004 nm 1), that is to say that
CDOM tends to be progressively more broken down into smaller fractions, and thus tends to
have a more fulvic profile (i.e., a slope closer to —0.0022). Therefore, Agriculture and other
developed categories might influence the CDOM slope factor by enhancing the decomposi-
tion of CDOM. Williams et al. [43] found that dissolved organic matter (DOM) in streams
influenced by agriculture was more labile and more accessible to microbial degradation than
DOM found in wetland streams, supporting lower rates of microbial activity. Such result
suggests that the Developed* classes of LULC will be likely to stimulate bacterial breakdown
of CDOM, and thus be more likely to generate a higher content of smaller fulvic acids.
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4.1.2. Influence of LULC Classification on SPM

As mentioned before, there were no obvious relationships between total SPM and
LULC cover. However, for suspended particulate organic matter (SPOM) significant and
robust relationships were found for the classes Coniferous and Mixed Forests, as well as
Meadows and the categories Natural* and Ratio* (see Table 6) while the Agricultural class
showed a negative but significant correlation. One could explain the positive correlations
with predominantly natural categories by the fact that they generate a lot of pollen in spring
and summer. Pollen constitutes indeed an important fraction of SPM in natural waters [44]
and in the Baltic Sea [45]. Viennet [44] focused his study on morpho-granulometry analysis
as to investigate the nature, origin and transfer of SPM. He found that SPM consists of three
main categories: mineral particles (silica sands and clays), organic matter (coal, carbonized
OM), peat and loam (humus-containing soil) and other biologic matter (phytoplankton
and pollen). This may therefore explain the occurrence of strong relationships between
SPOM on the one hand, and forests on the other hand. Pawlik and Ficek [45] found that in
many areas of the central Baltic Sea, pine pollen can constitute up to 50% of the SPM in the
1.25-250 um size range during spring.

Agriculture was found to be negatively correlated with SPOM (but not with SPIM) and
agricultural land thus seems to act as sink of organic matter. Wetland showed a significant
negative correlation with total SPM. Such a result was also found by Le et al. [19] and is
coherent with the hypothesis that bogs may act as sinks for suspended material which
may fall out and settle. Furthermore, plants and their roots may act as physical barriers
preventing erosion, and thus also decreasing the SPM concentration.

Some of the findings regarding SPM are contradictory to the literature. For example,
one may hypothesize that the inorganic fraction (suspended particulate matter, SPIM) would
be positively correlated with the Urban and Agriculture classes as shown in Le et al. [19] in
the Gulf of Mexico. This relies on the assumption that developed areas give rise to more
exposed soils or barren land, allowing for more runoff of sediments and other particulates
into rivers and, eventually the sea. However, considering SPM and SPIM, we did not find
any significant relationships to any of the investigated LULC types. This may partially be
due to the fact that the Urban class only made up a very small percentage in each area of
interest (ranging from 0.3% to 4.4%), which is rather low compared to the main categories
and therefore seems to have an insignificant effect. Also, given that our study is in a
completely different vegetation zone, the results from the study by Le et al. [19] in the Gulf
of Mexico, with very large and continued high runoff and larger Urban proportions (as well
as a lack of seasonal influence), cannot be simply assumed to also apply to high latitudes.

By using SMHI’s subbasin division and water course maps it was possible to map
the water flow for the four catchments for comparison, and also to use the hydrological
information to define the catchment areas. Hannerez and Destouni [46] had shown that
approximately 20% of Sweden’s coastal catchment areas were unmonitored. However, the
catchment areas of the four bays chosen in this study belong to the well-monitored ones. It
must also be noted, that the bays in Zone I all had a relatively continues discharge over
the year (with some variations), while Raned showed an extremely strong discharge in
spring/early summer (Figure 5a,b), while its urban category is negligible (0.3%). Thus, the
nature of our dataset does not allow to properly investigate the effect of the Urban class.

4.1.3. Influence of LULC Classification on Chl-a

We found a non-significant negative relationship with Chl-a concentration for the
Urban class (Table 5) which, again, may be related to the generally small surface areas of
the urban classes in our catchment areas. The negative correlation between Wetland and
Chl-a may indicate that Wetland acts as a sink. Indeed, wetlands are often used as a measure
to mitigate the effects of eutrophication. For example, wetlands and reed belts are used
as buffer zones around the Baltic Sea coasts in order to fix carbon (and nutrients), and to
reduce nutrient leakage into the Baltic Sea. Reed has the potential to sequester nutrients
and to stabilize soils, as well as to reduce heavy metals [47]. By growing reed one can
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therefore reduce erosion and drainage of SPM, and at the same time reduce the drainage
of nutrients if the reeds are harvested, and for example used as cow feed. Furthermore,
underwater seagrass meadows can also act as nutrient and sediment traps [48], and are
therefore also important for the reduction in Chl-a and SPM contents in coastal bays.

5. Conclusions

It was the aim of this paper to investigate the influence of land use and land cover
on the optical properties of four Swedish coastal bays, spanning from the northwestern
Baltic proper to the northwestern Bothnian Bay. As there is little information on IOPs
available from most of the bays, we focused on those optical properties that have been
quite well sampled over the last decade: chlorophyll-a, CDOM, SPM and turbidity. The
catchment areas of each bay were defined using GIS in combination with a hydrological
model. Correlation analysis was then used to relate land cover type to the optical properties
in the coastal bays, and the correlations were tested for significance.

This macroscopic study of the four Swedish bays with their respective catchments lead
to some compelling findings. Land use and cover analysis allows to investigate the nature
of CDOM in the Baltic Sea. For instance, with a GIS analysis assessing the percentage of
land cover, one can then approximate the slope value of CDOM, Scpom: approximately
—0.019 for Natural/Wetland covered watershed and approximately —0.015 in more developed
catchments. Given that only limited information exists regarding the specific IOPs such as
Scpom in Swedish coastal areas, CDOM estimates based on LULC classification may show to
be useful in the local or regional adaptation of bio-optical and/or remote sensing algorithms.
This study shows that the CDOM absorption mean value for a given bay can also be
approximated by mapping the extent of Natural land cover (Wetland and Meadow). Moreover,
the strong correlation found between SPOM and Meadow, Mixed Forest and Coniferous Forest
seems to indicate that SPOM mostly originates from pollen. Last but not least, this study
also confirms the role of Wetlands, which seem to be a primary terrigenous source of CDOM
with high humic character and also seems to provide a physical barrier for SPM, acting as
buffer zones and trapping sediments. The correlation analysis for Chl-a showed different
patterns and were usually opposite to the findings in Le et al. [19], indicating that complex
biological factors may rule Chl-a production, and that these results do not generally apply
to ecosystems across different vegetation zones (warm-temperate to subtropical vs. boreal)
and may also strongly depend on the nature of the dominant LULC categories. Suspended
particulate matter and turbidity were the least conclusive parts of this study and require a
consideration of other parameters related to physical forcing (e.g., bottom depth of lakes and
bays, wind speed and weather condition for a given transect) which was beyond the scope of
the study. In further studies, one could also weigh each watershed by its average discharge
value, and thereby account for the relative contribution of each area to the total discharge,
and also relate it to the volume of the respective bay. Furthermore, one could investigate the
influence of different types and locations of crops on the optical properties of coastal waters.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1s16010176/s1, Supplementary Figure Sla,b. Enlarged figures of
water flow in the catchments of Zone I and Zone II. Supplementary Figure S2a-d: Enlarged figures of
land cover maps of all four bays. Table S1: Corine land cover classes. Table S2: Bio-optical dataset
used in this study.
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Abstract: More than 30 years of observations from an international suite of satellite altimeter missions
continue to provide key data enabling research discoveries and a broad spectrum of operational
and user-driven applications. These missions were designed to advance technologies and to answer
scientific questions about ocean circulation, ocean heat content, and the impact of climate change on
these Earth systems. They are also a valuable resource for the operational needs of oceanographic and
weather forecasting agencies that provide information to shipping and fishing vessels and offshore
operations for route optimization and safety, as well as for other decision makers in coastal, water
resources, and disaster management fields. This time series of precise measurements of ocean surface
topography (OST)—the “hills and valleys” of the ocean surface—reveals changes in ocean dynamic
topography, tracks sea level variations at global to regional scales, and provides key information
about ocean trends reflecting climate change in our warming world. Advancing technologies in
new satellite systems allows measurements at higher spatial resolution ever closer to coastlines,
where the impacts of storms, waves, and sea level rise on coastal communities and infrastructure
are manifest. We review some collaborative efforts of international space agencies, including NASA,
CNES, NOAA, ESA, and EUMETSAT, which have contributed to a collection of use cases of satellite
altimetry in operational and decision-support contexts. The extended time series of ocean surface
topography measurements obtained from these satellite altimeter missions, along with advances
in satellite technology that have allowed for higher resolution measurements nearer to coasts, has
enabled a range of such applications. The resulting body of knowledge and data enables better
assessments of storms, waves, and sea level rise impacts on coastal communities and infrastructure
amongst other key contributions for societal benefit. Although not exhaustive, this review provides
a broad overview with specific examples of the important role of satellite altimetry in ocean and
coastal applications, thus justifying the significant resource contributions made by international space
agencies in the development of these missions.

Keywords: satellite altimetry; radar altimetry; applications; operational oceanography; user communities;
ocean surface topography; SWOT; Sentinel-6; Jason-3

1. Introduction

For nearly 30 years, a series of satellite altimeter missions, led by the National Aero-
nautics and Space Administration (NASA) and its partners at the French space agency,
Centre National d’Etudes Spatial (CNES), have measured ocean surface topography—the
“hills and valleys” of the ocean surface influenced by gravity, ocean currents, heat content,
and other dynamic geostrophic forces—to produce a continuous time series of data. Along
the way, other national and international partners, including the National Oceanographic
and Atmospheric Administration (NOAA), the European Space Agency (ESA), and the
European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT), have
joined the missions. These and other partnering organizations continue to make important
contributions to the missions that strengthen and enhance the science and operational
returns of the significant investments made in these satellite systems. With scheduled
launches through 2025, and future missions planned in the next decade, the benefit to
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research fields and to applications for the societal benefit of these continued missions and
partnerships can be expected to grow.

Future missions in development, with advancing technologic capabilities, will extend
the continuous record of consistent and calibrated data into the future. Applications for
societal benefit that leverage these valuable, long-term datasets continue to expand beyond
the science objectives that drove the initial development of the missions. An effort is
underway by NASA and its partners to advance awareness of the utility of satellite data
assets and to grow the user community. The benefits to applications from these altimetry
mission data and information products include weather prediction, coastal impact (storm
surges and coastal currents) assessments, fisheries management, marine transport, and
disaster risk management related to sea level change and flooding (both coastal and inland),
among many others. Identifying existing and potential uses of the data in operational,
scientific, and other realms validates the significant resources dedicated by international
space agencies to these missions. As the impacts of climate change continue to affect coastal
regions around the world, the importance of satellite altimetry and its user communities
can only be expected to increase.

This paper will communicate and illustrate the value of these missions to decision
makers and scientific and operational organizations. We provide historical background
on a joint U.S. and European satellite mission series primarily utilizing altimetry mea-
surement systems for ocean and land surface water body targets, describing the impetus
of these missions in the larger space agency exploration and technology development
context. We then focus on the user communities and specific operational and non-research
“applications”—that is, the utilization of the data in various operational and/or practical
modalities—to illustrate the broad use categories and specific examples of these applica-
tions. We conclude with a view to potential contributions of the extended altimeter and
new technologies missions planned.

2. A Legacy of Ocean Altimetry Missions

The heritage of missions building this long-term record of data began with the launch
of the flagship TOPEX/Poseidon in 1992. Jason-1 followed in 2001, with Jason-2 launching
in 2008. Between three and five years of overlap in the satellite operational lifetimes of
these missions provided for continuity and validation of the data record. Jason-3 launched
in 2016 and remains operational. Sentinel-6 Michael Freilich (S6MF) launched in 2020 and
is now the reference mission for the Jason series of satellite altimetry missions. Launched
in December 2022, the Surface Water and Ocean Topography (SWOT) satellite contains
advanced technologies designed to provide significantly higher resolution observations.
The next satellite in this series, Jason-CS/Sentinel-6B, is planned for launch in 2025 with
NASA, NOAA, ESA, EUMETSAT, and CNES continuing their partnership (Figure 1).

The measurement method of radar altimetry involves two geometric measurements:
(1) the distance between the satellite and the sea surface as determined by the round-trip
travel time of a microwave pulse emitted downward from the radar and reflected back to
the spacecraft from the ocean and (2) multiple independent tracking systems precisely com-
puting the satellite’s location relative to a fixed coordinate system on Earth. The resulting
data yield highly accurate measurements of sea surface topography relative to a reference
ellipsoid. Sophisticated instrumentation, processing, and modeling systems, along with
complex data assimilation techniques, are required to produce validated data products [1].

In addition to sea surface height (SSH), these missions also provide surface height data
on large lakes and rivers that fall under the satellite ground tracks, as well as significant
wave height, surface wind speed, and some sea ice height and thickness information. More
information on these missions, including links to mission partner websites, can be found at
sealevel,jpl.nasa.gov (accessed on 3 August 2023).
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Figure 1. NASA, along with CNES, NOAA, EUMETSAT, ESA, and other international partners,
developed and launched a series of satellite altimetry missions beginning in 1992 with the launch of
TOPEX/Poseidon. This was followed by the Jason series of missions, including Jason-1 (launched
2001), the Ocean Surface Topography Mission/Jason-2 (OSTM/Jason-2, launched 2008), and Jason-3
(2016), SOMF (2020), and most recently, the SWOT mission (2022). International partnerships will
extend the time series of ocean surface topography as well as land water measurements into the next
decade with the launch of Sentinel-6B (planned launch 2025) and beyond with new planned missions.
(Image: NASA.)

S6MF ensures the continuity of sea level observations by providing ongoing mea-
surements of global sea level rise—a key indicator of climate change. It also supports
operational oceanography by improving forecasts of ocean currents, as well as wind and
wave conditions. Due to the nature of the nadir altimeters on the heritage satellite missions,
data in coastal regions have been limited to approximately 40 km from the coast [2]. With
new digital altimeter technology and dedicated onboard processing, more precise measure-
ments of SSH are possible. The dual frequency (C- and Ku-band) Poseidon-4 nadir radar
altimeter on this satellite uses an interleaved mode to improve performance compared to
the heritage instruments. The special processing of data from this instrument (unfocused
synthetic aperture radar processing) will provide information on coastal ocean dynamics
(coastal currents, for example) within a few kilometers of the coast.

The recently launched SWOT mission contains an exciting new technology—a
Ka-band radar interferometer (KaRIn)—that will collect data across a 120 km wide
swath, with a gap in the center for a nadir altimeter track. The nadir altimeter will
continue the data record from the Jason series satellites. Globally, measurements will
be taken both over the ocean and freshwater areas. SWOT will resolve lakes that are
at least 250 m x 250 m in size, rivers 100 m wide and larger, and ocean features in the
sub-mesoscale (10-100 km in extent). Improvements in resolution with SWOT will
allow researchers and application user communities to monitor changes in land surface
hydrology between 78 degrees north and south latitudes at unprecedented levels of
detail—up to 10 times higher than the current 25 km multi-mission nadir-altimeter-based
ocean data products (Figure 2). SWOT will provide the first measurements of both of
these parameters with a single satellite mission.
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Figure 2. Comparison of the 25 km merged, multi-mission sea surface height anomaly (SSH-A)
Level 4 data product from Copernicus Marine Environment Monitoring Service (CMEMS) with
SWOT first light SSH-A imagery on 21 January 2023 shows the detection of structural features at
about a 10-times-higher resolution for an area of the Gulf Stream off North Carolina. Image credit:
NASA /JPL-Caltech, CNES, and CMEMS.

3. From Research to Applications

Satellite missions are generally conceived of and funded with research and/or tech-
nology development objectives as a focus. They are designed to advance technologies and
to address scientific questions related to ocean circulation, ocean heat potential, tides, and
climate change and to advance and improve models in these and other areas. They can also
be used to address operational needs of oceanographic and meteorological institutions that
provide information to a wide variety of user communities, such as fishing and shipping
fleets who can use it to optimize routes and operations, and for disaster management.

Global sea level rise exemplifies and is one of the more obvious and impactful con-
sequences of climate change in the ocean. Coastal communities worldwide are already
experiencing significant effects from both event-driven ocean inundation (i.e., storms at
sea), as well as from high tide flooding or “sunny day” flooding where average sea lev-
els in low-lying regions are simply more prone to flooding as sea levels continue to rise.
Impacts to coastal regions from climate-driven increases in the frequency of storms and
associated storm surges are exacerbated by rising sea levels and have a real cost to coastal
communities [3]. Neumann et al. [4] estimated that coastal infrastructure adaptation costs
for shoreline protection and nourishment along the continental U.S. coastline could reach
as high as $254 billion through 2100. Community resilience planning to address these
increasing threats may be improved by access to better data and models of coastal ocean
dynamics, the development of which is heavily reliant on satellite remote sensing [5,6].

Before the launch of TOPEX/Poseidon, tide gauges were the only reliable mechanism
for measuring trends in global sea levels. Although the tide gauge record over the last
century is not definitive (due to poor spatial sampling, sensitivity to land motion and
coastal effects, and other factors), some studies suggest a rate of 1.5 mm per year over this
period, indicating a global average sea level rise of 15 cm (6 in) in the 20th century [7]. The
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satellite record (Figure 3) is now observing up to 4 mm (0.16 in) per year, resulting in nearly
a 10 cm (4 in) rise since 1992 alone.

SATELLITE DATA: 1993-PRESENT RATE OF CHANGE

Data source: Satellite sea level observations. /‘\ 3 3
Credit: NASA Goddard Space Flight Center '
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Figure 3. Global average sea level change from 1992 to 2022. The rate of rise in sea level accelerated

from 2.8 mm per year in the 1990s to 4.0 mm/year in 2022 as measured by satellite altimeters.
Credit: NASA.

The implications of this dramatic increase in both the absolute rise and the rate of rise

in sea level on coastal communities can be significant, particularly in developing countries
where the adaptive capacity is more limited [8,9]. Some factors are outlined below:

Increased flooding: Rising sea levels exacerbate the risk of coastal flooding, making
low-lying areas more vulnerable to storm surges and high tides. This puts coastal
properties, infrastructure, and human lives at greater risk [9].

Coastal erosion: Rising sea levels contribute to the loss of beaches, dunes, and coastal
ecosystems from erosion. This can impact ecosystem health, tourism, and recreational
activities, as well as the beauty and economic viability of coastal regions [10,11].
Infrastructure vulnerability: Critical infrastructure such as roads, bridges, ports, and
other utilities in coastal regions are at higher risk from rising sea levels. These assets
may require costly upgrades, relocation, or protection measures to mitigate impacts
and ensure long-term functionality [8,12].

Displacement and relocation: More coastal and island communities will face the
daunting task of relocation due to increased flooding and the loss of habitable land as
sea levels rise. Displaced populations face challenges in finding alternative housing,
as well as potential social and economic disruptions [12].

Environmental impacts: Coastal ecosystems (i.e., wetlands and estuaries) are critical
habitats for numerous species and provide valuable ecosystem services. Threats from
sea level rise include habitat loss, altered biodiversity, and possible cascading effects
on marine and terrestrial ecosystems [13].

Socioeconomic consequences: Coastal communities are often centers of economic activ-
ity (tourism, fisheries, and commerce) that can be disrupted, leading to financial loss,
job reduction, and decreased property value. Strain on local civic budgets can result
from the need for investment in adaptation measures and disaster recovery [11,14].
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Addressing these issues requires comprehensive strategies that include coastal plan-
ning, adaptation and mitigation measures, and sustainable development practices [15-17].
Collaboration between governments, communities, and stakeholders is crucial to effec-
tively manage the challenges posed by accelerating sea level rise [9,18]. And, importantly,
informing and educating people in these communities on the connection of these impacts
to long-term climate change drivers may promote better governance and more thoughtful
personal and civic choices and foster a sense of collective responsibility in addressing the
underlying causes of sea level rise and climate change [19].

4. User Communities

Traditional satellite altimeter missions offer valuable information on water heights
over the ocean and over large lakes, reservoirs, and rivers. The new technology and higher
resolution measurements from SWOT will greatly expand the number of surface water
bodies that can be viewed and monitored [20], as well as vastly improve the resolution
of ocean circulation features [21]. The data can be used to assess and monitor sea level
change and the coastal impacts that result but can only be truly impactful if they reach and
are successfully utilized by relevant user communities. NASA and its partners recognize
the importance of engaging and supporting both (1) communities of practice—those who
already possess capacities for using remote sensing data and, in particular, altimetry
data— and (2) communities of potential—those who could benefit from the use of satellite
altimetry data but are unaware of, or lack the knowledge, technical skill, or other resources
to best leverage, these observations. Investment in outreach, training, educational resources,
and tools to support analysis and interpretation of these data is of utmost importance in a
successful data user engagement strategy.

NASA and its partners can help to inform communities about challenges such as sea
level rise, coastal flooding, and other impacts related to climate change and natural pro-
cesses affecting regional coastal communities globally. One key approach is the continual
measurement of water heights over the ocean and large lakes and rivers. With the launch
of SWOT, monitoring of dynamic ocean topography features and an even greater number
of lakes and reservoirs at significantly finer scale will be possible.

The user communities for these satellite missions include oceanographers, climatol-
ogists, coastal managers, private sector organizations, and decision makers at various
levels of government. These groups can make informed decisions related to climate change
adaptation and mitigation, such as identifying coastal areas at risk from sea level rise (both
directly from wave action and indirectly from saltwater intrusion into coastal groundwater
aquifers) and planning coastal infrastructure projects, including those designed to protect
coastal communities. A key component of outreach to data users is encouraging the use of
data and information products from these missions via active engagement and by support-
ing and training individuals and organizations in the existing and potential altimetry data
user communities.

S6MF is continuing to chart the rise of sea level more precisely than previously possible,
allowing researchers to understand how climate change is reshaping coastlines and the
accelerating rate at which this is occurring. As more than 600 million people live in
coastal areas that are lower than 10 m above sea level—a number projected to rise to one
billion people by 2060 [22]—and given that many coastal regions include facilities and
infrastructure critical to commerce, recreation, military installations, and transportation,
understanding the impacts and trends of sea level rise will allow improved assessments of
threats to vulnerable coastal regions.

Impacts from Hurricane Sandy in 2012, described as one of the most damaging
hurricanes ever to make landfall in the U.S., and Hurricane Harvey in 2017, which caused
$125 billion in damage (second only to Hurricane Katrina, 2005, in cost) were exacerbated by
intensified storms coupled with sea level rise. Recent examples of high tide flooding along
the Atlantic coast of the United States in November 2021 [23] illustrate a troubling trend
that is increasingly common due to a higher relative sea level in many coastal communities.
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This “nuisance flooding” is expected to increase in frequency over the coming decades,
according to the NOAA report “State of High Tide Flooding and Annual Outlook” [24].
For U.S. coastal communities, high tide flooding events are likely to reach 7-15 days by
2030 and 25-27 days by 2050 [25].

The data collected from satellite altimeter missions have tremendous potential to
inform decision making and improve the quality of life for people around the world.
Measuring water surface topography over the globe enables a wide range of practical
applications with tangible benefits to society. These include planning for the impacts of sea
level rise on coastal communities as discussed above, supporting operational oceanography
and safety at sea, improved flood modeling, transboundary water information sharing,
weather and climate forecasting, water resources management, and decision support,
among others.

In 2014, a U.S. presidential executive order established the National Plan for Civil
Earth Observations (the National Plan) to promote the use of observing system data and
information products in 12 identified societal benefit areas [26]. Altimetry data may be
useful in informing at least half of these. The use of altimetry data contributes to the
following societal benefit areas of the National Plan:

e  Biodiversity—understanding and conservation of biodiversity, fisheries management,
and marine protected areas.

e  C(Climate—understanding and assessment of sea level rise and global ocean heat content
using climate records from altimetry.

e Disasters (hazards)—storm surge from coastal storms, hurricane intensity forecasts,
and improved tsunami wave models.

e Ocean and coastal resources—storm surge modeling, sediment transport, and
water quality.
Water resources—climate-related impacts to the Earth’s water cycle and resources.
Weather—seasonal forecasts of the numbers and strengths of hurricanes expected in a
given hurricane season, as well as intensity forecasts of individual hurricanes.

5. Applications Areas

Select applications relevant to coastal and ocean management issues are highlighted
below, with some examples of user communities already engaged in the use of the data.

5.1. Operational Oceanography—Simultaneous Operation of Multiple Missions for Operations

Unique capabilities for ocean operations are enabled by the long data record and the
development of data merging techniques. Operational oceanography is a critical applica-
tion of satellite altimetry missions and provides essential support to a range of maritime
operations. Near-real-time, high-resolution global sea level data products and maps are rou-
tinely produced by CNES via a multi-mission production system [27]. Figure 4 illustrates
an example of this operational data system, called SSALTO/DUACS (the CNES/CLS multi-
mission ground system/operational data system). These near-real-time, high-resolution
global sea level anomaly maps from the simultaneous operation of multiple missions are
routinely produced and distributed publicly via the CMEMS data portal as part of the Euro-
pean Copernicus Program (marine.copernicus.eu, accessed on 3 August 2023). The system
provides real-time information about ocean currents, sea surface temperature, and other
important variables and can, thus, help to improve maritime safety and support search
and rescue operations. In addition, the data can be used to improve weather and climate
forecasting, which is critical for agriculture, transportation, and other industries that are
heavily dependent on accurate weather predictions both in coastal and inland zones.

The SSALTO/DUACS system also allows for the development of unique capabilities
that can help address operational challenges in marine sectors. The generated maps are
routinely assimilated in ocean models and used in setting initial and boundary conditions.
The resulting forecasts of ocean state are then utilized to forecast conditions for maritime
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operations, including the optimization of shipping routes, the assessment of sea state for
risk to offshore infrastructure, and oil spill tracking.

Sea level anomalies Max: 117.0
Global Min:-117.2
13/05/2023 Average: 9.717
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Figure 4. Global sea level anomaly map produced as part of an operational system developed by
the French space agency (CNES) and the Collecte Localisation Satellite (CLS) and distributed by
the European Copernicus Marine Service. The SSALTO/DUACS system processes data from the
altimeter missions Jason-3, Sentinel-3A, Satellite with ARgos and ALtiKa (SARAL), CryoSat-2, Jason-1
and -2, TOPEX/Poseidon, Envisat, Geosat Follow-On (GFO), European Remote-Sensing Satellite-1
and -2 (ERS-1 and -2), and Geodetic Satellite (Geosat) to provide a consistent and homogeneous
catalog of products for applications, both for near-real-time applications and research studies. Credit:
European Copernicus Marine Service.

5.2. Fisheries Management and Biodiversity—Tracking Marine Life

Over the past two decades, there has been a proliferation in the use of remote sens-
ing data in a range of marine ecological management applications focusing especially
on fisheries [28-34], aquaculture [35], biodiversity conservation and marine protected ar-
eas [36-38], coastal ecosystem monitoring, and marine spatial planning [6,39]. Fisheries and
biodiversity applications in particular have involved the integration of key ocean variables
from a series of multi-sensor satellite measurements with biological data to (1) characterize
species habitat suitability and preferences based on observed distributions and environ-
mental variable value ranges [40-45]; (2) quantify relationships between environmental
factors and spatiotemporal variability in species abundance distributions [46-53]; and
(3) identify species associations with dynamic mesoscale oceanographic features that serve
as hotspots of enrichment and biological productivity that are the target of commercial
fishing activity [54-56]. The latter includes eddies [57-59], Lagrangian fronts [32,60],
geostrophic currents [61-63], and convergence and upwelling zones [64—66].

Such applications have been enabled by the increased availability of an extensive
series of global ocean surface topography measurements that are the consequence of
continuity in satellite altimetry missions conducted by multiple agencies over 30 years.
These include data on sea surface height anomaly (SSH-A), geostrophic current velocity,
eddy kinetic energy, and derived products on Lagrangian fronts, filaments, and gradients
that are applied synergistically with complementary satellite observations on sea surface
temperature, chlorophyll-A concentration, surface wind velocity and curl, and satellite
surface salinity. The extent of the coverage of this suite of remotely sensed essential ocean
variables has facilitated fishery applications spanning the world’s oceans basins, including
multiple regions of the Pacific [45,47,67-69], Atlantic [59,64,70], and Indian Oceans [41,71];
the Southern Ocean [61,72]; inland seas such as the Mediterranean sea [57,62,73] and the
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Arabian Sea [48]; and the Gulfs of Mexico [50] and California [74]. They involve the
integration of remote sensing environmental observations with in situ biological data of
different kinds, including predominantly fishery-dependent species catch; fishing effort;
derived indices of relative population abundance (catch per unit effort—CPUE); systematic
scientific surveys undertaken predominantly for early life history and recruitment studies
of larval ichthyoplankton stages; electronic satellite tagging data of individual animal
movements [51,67,68,75]; automatic identification system (AIS) and vessel monitoring
system (VMS) data on fishing fleet dynamics [52,76]; and even fish population genetic
information [74]. Analyses of collocated satellite environmental and in situ biological data
for fisheries and other ecological applications predominantly involve the use of statistical
modeling techniques, such as general additive models (GAM); Bayesian approaches, non-
linear time series, non-parametric approaches, multivariate methods, the computation of
synoptic habitat suitability indices (HSI), and the application of GIS tools [49,70].

Fishery applications involve the use of satellite altimetry data that span a wide range
of biological taxa and include both target and incidental bycatch species. They range prin-
cipally from highly migratory large pelagic fish species such as tunas [41,42,46,53,77] and
swordfish [45,70] to small pelagics like sardine [47,57], mackerel, [44,45], and saury [60],
in addition to invertebrate species of commercial importance such as squid [40,43,78]
and lobster [79,80]. Habitat analyses of by-catch species at risk and the degree of their
population overlap with capture fisheries have included elasmobranch species [38,51,75],
marine turtles [67,68], marine mammals [59,81], albatross, and petrel bird species [72].
Multivariate remote sensing data, often in conjunction with regional ocean and coastal
circulation models that assimilate altimetry, have also been applied for some demersal
species such as rockfish, cod, and walleye pollock to examine larval transport, repro-
ductive subsidy, and recruitment from spawning areas and thus the extent of coupling
between spatially extended metapopulations in relation to the location of marine protected
areas [61,63,74,82,83].

Successful operational uses of altimetry in conjunction with data from other satellite
sensors in fisheries and ecological conservation applications include the routine provision-
ing of potential fishing zone (PFZ) advisories and map products indicating by-catch risk
likelihood for both target species and those protected or vulnerable to incidental capture
in a given fishery. Such forecasts are based on the availability of near-real-time satellite
data and empirical quantitative relationships between species abundance distributions
and remotely sensed environmental variable ranges and mesoscale oceanographic features,
such as eddies and fronts. PFZs have been developed for both offshore and coastal fisheries
in several regions and have shown to be effective in directing fishing effort to areas with
higher resource concentrations, thus maximizing the efficiency and revenue of fishing
operations by reducing fuel costs [31,40,69,84-87]. PFZ advisories for the Bay of Bengal
and Andaman Sea indicating the locations of eddies from sea level anomaly data were
shown by experimental fishing to significantly increase catch rates within eddies relative
to traditional control fishing areas [58]. Similar approaches have been used to mitigate
by-catch and have involved the use of remote sensing data to help minimize the overlap
of fishery operations with likely times and areas of aggregation of protected species. The
NOAA TurtleWatch product [67], focused on the North Pacific subtropical frontal zone, is
an example that has been successfully adopted and applied to reduce Hawaii’s longline
fishery interactions with protected loggerhead turtle populations in that region. NOAA’s
WhaleWatch [88] and EcoCast [89] tools are successful examples of a more generalized
framework developed for the California Current ecosystem that routinely make available
remote sensing data and habitat distribution model results to reduce the by-catch of several
pelagic species, including sharks, turtles, seals, and whales.

The breadth and growing extent of applications discussed indicate that remote sensing
more generally has an important role to play in supporting emerging ecosystem-based
fisheries management and dynamic ocean management frameworks that explicitly incor-
porate information on environmental variability. The potential utility of satellite ocean
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surface topography data in this application space is expected to increase further with new
missions providing observations at unprecedented spatial resolution. Future data from
the SWOT mission, launched in December 2022, will enable the detection and tracking
of sub-mesoscale features, providing unique insights on the spatial dynamics of marine
populations in relation to their environment that will further enable ecological assessment
and management applications.

5.3. Weather and Climate Forecasting—Improved Accuracy

Data from altimetry missions have proved to be a critical component of global climate
studies and key to understanding the Earth’s delicate climate balance. They provide
information and insight on short-term climate events such as the El Nifio and La Nifia
phases of the El Nifio Southern Oscillation (ENSO), as well as longer-term climate events
such as the Pacific Decadal Oscillation (PDO). Figure 5 illustrates the ENSO cycle pattern
from the altimeter era. Altimeter data products are used by hundreds of researchers
and operational users around the world to monitor ocean circulation and improve our
understanding of the role of the ocean in climate and weather [90]. Initial and boundary
conditions derived from the state of the ocean surface and the hydrologic conditions of
catchment areas are used in numerical models to improve the quality of weather and
climate forecasting. SWOT will enable more accurate weather and climate forecasting,
especially seasonally.

El Nino Index

YEAR

Figure 5. El Nifio and La Nifa are two phases of the ENSO, a climate pattern in the Pacific Ocean
that results from interactions between wind patterns and ocean circulation. This graph shows the
ENSO phase in the Pacific Ocean. Red shading indicates El Nifio events when water in the index area
is generally warmer, and the value of the time series is positive, and blue shading indicates La Nifia
conditions when the water is cooler, and the value is negative. Credit: NASA MEaSUREs/PO.DAAC.

Satellite altimetry missions are vital for the monitoring and forecasting of extreme
weather events such as tropical cyclones and hurricanes. Near-real-time data from these
missions are used to produce sea level anomaly maps, which can provide critical infor-
mation for forecasting storm surges and predicting the impact of these events on coastal
communities [91]. These data are used to assess and monitor the impacts of severe weather
events such as hurricanes and floods and to provide critical information that can support
emergency response efforts. Altimetry data are routinely assimilated into weather models
to forecast ENSO events, as well as at the National Hurricane Center to forecast hurricane
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intensity [92]. Global water resource impacts from climate change can be measured and
modeled with decades-long climate data records from nadir altimeter missions.

5.4. Improved Flood Modeling—Coastal Flooding from Upstream and Downstream

The satellite radar altimeter record demonstrates the ability to observe water level
variations of lakes, rivers, and floodplains on land, including in coastal regions. River dis-
charge from these regions to and across the coastline can be estimated from a combination
of satellite estimates of rainfall and hydrologic modeling [93]. Subsequent interactions with
river delta and estuary systems, which contain complex hydrologic regimes resulting from
upstream flow and downstream tidal influences, can also be assessed. Combining satellite
altimetry in data assimilation frameworks can improve predictive abilities of models to
help assess flood hydraulics and the risk and impacts to coastal regions from upstream
and downstream conditions [94]. Reprocessing Jason-1 and Jason-2 data has provided a
gridded sea level anomaly data set close to the coast (within 20 km) to better assess coastal
impacts of sea level change [95]. SWOT will bring the data to within a few kilometers of the
coast. Nuisance flooding, flooding from land, and coastal erosion during extreme events
can be assessed using these tools and can provide valuable information for coastal planners.
These methods can be made more effective by combining satellite with in situ data and
models to improve forecasts.

Satellite remote sensing also provides indirect measurements to predict or forecast
river discharge. When information about upstream water levels is available, the accuracy of
flood potential on downstream river reaches can be better assessed. Hossain et al. [93]
describe a system developed for the Flood Forecasting and Warning Center (FFWC;
http:/ /www.ffwc.gov.bd, accessed on 3 August 2023) of the Bangladesh government
to use satellite altimetry as “virtual” gauging stations that can supplement in situ gauging
capacity. Data from the Jason series satellites was used to demonstrate a higher sampling
of data from upstream locations to improve the accuracy of river levels downstream.

As sea levels continue to rise and the frequency of coastal flooding increases, the use
of satellite altimetry data is becoming increasingly important to understand the impacts
and trends that will affect coastal regions. By engaging with user communities, NASA and
its partners can ensure that the benefits of satellite altimetry are realized by a wide range of
stakeholders, including those in coastal communities, who are particularly vulnerable to
the impacts of climate change.

5.5. Hazards—rFloods and Insurance

In addition to improvements in flood modeling, assessments of real or potential
property damage and economic losses from floods and coastal impacts of sea level rise
can be mitigated when hazards are better anticipated. Risk assessment methods used by
property insurers can be informed by satellite remote sensing. Satellite altimetry data can
be used to assess flood risk and determine insurance premiums for properties located in
flood-prone areas, for example. Insurance companies can gather information about the
elevation of the land and coastal and inland water levels to identify potential flood zones.

Several scientific studies have explored the role of satellite altimetry in decision
support for coastal hazards and change. For example, a study by Woodworth et al. [96]
used satellite altimeter data to investigate global and regional sea level changes and their
implications for coastal flooding. Cazenave and Llovel [97] explored the role of satellite
altimetry in the measurement of global sea level rise and its implications for coastal hazards
and change. These changes include the impact of human activity on deltaic systems,
including dam and reservoir construction and river diversion for agriculture. These
activities upset the natural equilibrium of many deltas, exacerbating impacts from sea
level rise, among other complications. Similarly, the International Altimetry Team [98]
highlighted the importance of satellite altimetry data in supporting decision making for
coastal hazards and change, including the identification of areas at risk from sea level rise
and the development of adaptive management strategies.
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Hurricanes and typhoons represent many challenges to coastal communities including
extreme winds, rain, storm surges, and flooding. These, typically tropical, storms form over
warm water and are the most powerful storms on Earth. Forecasting the impact of these
events can save lives and mitigate losses to property in coastal regions by providing accurate
predictions of storm structure and storm-induced surface waves. The societal impact of
hurricanes is strongly related to the strength of the storm measured in “categories” from
1 (with sustained winds between 74-95 miles per hour) to 5 (sustained winds of 157 mph
or greater). Higher-category storms have a greater potential to cause significant damage to
property and infrastructure and to threaten lives and public safety.

OST data are used for both seasonal forecasts of the numbers and strengths of hurri-
canes expected during a hurricane season and for forecasts of the strength of individual
hurricanes. When hurricanes pass over warm ocean features, they can strengthen. Al-
timetry data are routinely used by the U.S. NOAA National Hurricane Center to improve
hurricane intensity forecasts. A NOAA research area that assesses tropical cyclone heat
potential (TCHP) shows that storms and hurricanes can intensify when they travel over
warm ocean features (Figure 6) [99].

NOAA/AOML Upper Ocean Analysis dufing Typhoon Nida May 2004 | 2005/08/28
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Figure 6. These images illustrate altimetry combined with sea surface temperature data and a
two-layer model to show ocean heat potential. On the left is Typhoon Nida (2004), which intensified
from a category 2 to a category 4 in a 10 h period when it crossed a region of warm water off the east
coast of the Philippines. This warm water essentially fueling the storm can be characterized by its
tropical cyclone heat potential (TCHP) derived from sea height anomaly and sea surface temperature
fields. On the right, Hurricane Katrina (2005) ramped from category 2 to category 5 as its path passed
over the warm water of the Gulf of Mexico Loop Current. TCHP maps are produced in near real
time in all seven basins where tropical cyclones occur and are distributed daily on the web. Credit:
NOAA AOML.

Researchers studying Hurricane Ike (2008) and Superstorm Sandy (2012) compared an
atmosphere-wave-ocean model to Jason-1 and OSTM/Jason-2 satellite data and were able
to determine the processes that influence hurricane-generated surface waves near the coast.
This provided information about changes in ocean waves with water depth, directional
changes in waves as they were deflected off the bottom, and changes in wind fetch (the
distance over which wind has blown unobstructed) over land. The information could then
be used to predict ocean surface waves at landfall three to five days in advance of a storm
hitting the coast, thus providing a valuable storm surge forecast tool [100].
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5.6. Additional Applications

In addition to the coastal and ocean practical and operational applications described,
there are several important research applications of satellite altimetry data that have
operationalization potential.

5.6.1. Tsunami Detection

Satellite altimeter data can support tsunami detection and tracking as they provide
valuable information about sea surface height [101]. By continuously monitoring the
ocean surface, satellite altimeters can detect and measure anomalies in sea level caused by
underwater earthquakes and landslides, volcanic eruptions, or other seismic events that
may trigger a tsunami [102]. Altimetry data can be used by scientists and meteorologists
to assess the size and energy of tsunami-triggered ocean surface disturbances when the
spacecraft ground track coincides with an event. The tsunami propagation can be modeled
and combined with other data (i.e., seismographic data and ocean buoys) to provide coastal
authorities an opportunity to issue timely and accurate warnings [103]. Despite limitations
due to spatial and temporal sampling, it has been found that satellite altimetry could be
used to directly detect tsunamis in the open ocean and to improve model predictions [104].
Given higher spatial and temporal resolution from their combined measurements, the
S6MF, Jason 6B and C, and SWOT missions may be able to further improve on the current
state of tsunami detection.

5.6.2. Geodetic Applications

High-precision sea surface height measurements from satellite altimetry combined
with satellite-derived gravity data contribute to ocean geodetic studies and mapping the
ocean floor. By combining altimetry data with other satellite-based positioning systems
(i.e., GPS), marine navigation can be optimized to avoid hazards such as shallow waters or
underwater obstacles [105]. Additionally, ocean circulation is influenced by ocean bottom
topography [106]. Coastal bathymetry influences currents and other near-shore processes,
including erosion, sediment, and even larval transport. Such information is thus integral to
marine spatial planning and the management of coastal zones (see Section 5.2).

5.7. Decision Support—Reducing Environmental Risk and Contributing to Public Policymaking

Decision support is a vital application of satellite altimeter data, with the potential
to reduce environmental risk and contribute to public policymaking. With the inevitable
effects of climate change such as altered weather patterns and rising sea level, coastal
and inland environments, infrastructure, and ecosystems are expected to be significantly
impacted. Predictions of a steady increase in sea level rise and storm frequency and
intensity [107], coupled with changes in land use and population increases, pose significant
planning challenges for coastal communities. While significant resources have been directed
to predicting the potential consequences of climate change, emphasis is required to develop
rational approaches to guide decision making under uncertainty. There is also a need to
develop and assess alternative adaptive strategies to manage coastal hazards and change.
The use of measurements from land hydrological systems and from ocean data closer to the
coasts, combined with in situ and other remote sensing assets, can support the development
of data and information products that meet evolving user requirements [98].

Satellite altimetry data can provide an essential foundation for effective coastal man-
agement. The data can be particularly useful in supporting decision making related to
coastal issues. By providing accurate information about sea level rise and coastal flooding,
these data can help to support coastal planning and infrastructure development [108]. For
example, the data can be used to identify areas that are most at risk of flooding and to
develop strategies for protecting critical infrastructure such as ports, airports, and power
plants. They can be used to facilitate the development of early warning systems for coastal
hazards such as storm surges and flooding, which can help to save lives and minimize
economic losses. Using the data to monitor changes in sea level and combining that in-

205



Remote Sens. 2023, 15, 3939

formation with coastal erosion over time can provide critical information for long-term
planning and adaptation strategies. User communities, including coastal planners, emer-
gency management officials, and infrastructure developers, among others, can benefit
greatly from these data for use in their management activities.

6. Conclusions

Continuity in satellite altimetry missions via partnerships among international space
agencies for over three decades has been instrumental to the development of an essen-
tial climate data record on aspects of land and ocean water surface topography. Such
observations have been fundamental to our improved scientific understanding of global
ocean circulation, sea level rise, and water cycle processes more generally. However, they
are also increasingly contributing to a growing number of practical decision-support and
operational uses of altimetry data that extend the primary technology development and
research objectives of these satellite missions.

As we have discussed here, such applications for societal benefit span a number of
topical areas including ocean state for marine transport, coastal impact assessment and
planning, fisheries management, weather prediction and climate studies, flood hazards,
tsunami early warning, and disaster risk management, among others. Several of these
applications are quite mature, leveraging over 30 years of altimetry data. Particularly when
used synergistically with time series of observations on essential ocean variables from
other Earth-observing satellite constellations (e.g., sea surface temperature, ocean color
radiometry, ocean vector winds, ocean surface salinity, and gravimetry) for direct use or as
model inputs, the potential to support a larger number of practical operational applications
involving improved predictive capabilities increases further. Study regions can extend
beyond coastal and oceanic realms to valuable hydrology and land-based applications of
satellite altimetry, which can be dedicated review topics in their own right. Both existing
and emerging applications relating to surface water topography are likely to be further
enabled by the suite of significantly higher spatial resolution data over the oceans, coasts,
and land (rivers, lakes, and wetlands) from the recently launched SWOT mission with
its novel, wide-swath KaRIn interferometric radar that complements and extends the
important contributions of nadir altimeter measurements.

It is important to acknowledge that there are certain limitations to the use of satellite
altimetry for coastal applications and studies of sub-mesoscale processes even for the open
ocean. While some of the constraints to legacy nadir altimeter spatial coverage are ad-
dressed via the implementation of merged, multi-mission satellite altimetry data products
from systems such as SSALTO/DUACS, coverage is still limited off of coasts, and the native
resolution of altimetry datasets (typically one quarter degree) restricts the size of features
that may be resolved or modeled. The coastal proximity of data coverage of the pre-Sentinel
6 missions is limited to about 20 km from the coast [108]. However, data from the newer
satellite altimetry missions seek to address these limitations, thus further catalyzing both
innovative science and applications. The U.S.—European Sentinel 6 Michael Freilich satellite
uses advanced radiometer techniques and instrumentation to make observations closer
to the coast, and SWOT will reach as close as a few kilometers from many coastlines and
resolve sub-mesoscale features in unprecedented detail. Future missions and technological
advances combined with data processing and model development may narrow the gap
between data coverage and the coast even further.

Rising sea levels are widely acknowledged to be linked to climate change and are
acutely impactful in coastal regions. The improved monitoring of coastal zones will help
decision makers better understand changes affecting these highly dynamic areas stemming
from sea level rise, local oceanic and atmospheric processes, ground subsidence, and other
anthropogenic-forcing factors [109]. The continued monitoring of coastal and ocean areas
from satellites, including altimeter observations, will help improve our knowledge, more
generally, of Earth’s water cycle and ocean circulation. As observational and modeling
capacities and collections of unique data on water storage and fluxes are enhanced and
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made more available, an improved understanding of the physics that drives surface water
dynamics and related other ecosystem processes will result. Water resources, natural
hazards (hurricane forecasting, floods, climate change, etc.), health (threats of water-borne
diseases), biodiversity, the agricultural sector, energy (including electricity production,
offshore production facilities, and renewables)—these areas and many more can benefit
from both continued satellite monitoring and new altimetry mission sensor technologies
that advance our understanding and capabilities even further.

As we continue to gather more data and refine our understanding of the world’s oceans
and coastal areas, remote sensing data will play an increasingly important role in improving
our ability to manage and protect our critical natural resources, manage responses to climate
change, and support operational and private sector activities. Identifying existing and
potential uses of the data and information products from these missions in both scientific
and operational capacities validates the significant resources dedicated by international
space agencies to these projects. Here, we have sought to communicate and illustrate the
value of these missions to decision makers and scientific and operational organizations.
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Abstract: The Oceans from Space V Symposium, held in Venice, Italy, on 24-27 October 2022,
devoted special sessions to sea level rise, as described by a series of satellite altimeters, and to
remediations of consequent calamities in vulnerable mediterranean seas. It emerged that various
aspects of climate change can be modelled in time as a Single Exponential Event (SEE), with a similar
trend (a 54-year e-folding time) for CO, concentration in the Earth’s atmosphere, global average sea
surface temperature, and global average sea level. The sea level rise record, combining tide gauges
data starting in 1850, as well as more recent altimeter data, for the last 30 years, is already 25 cm above
historical values. If the curve continues to follow the exponential growth of the simple SEE model,
it will reach about 40 cm by the year 2050, 1 m by 2100, and 2.5 m by 2150. As a result, dramatic
impacts would be expected for most coastal areas in the next century. Decisive remediations, based
on geo-engineering at the basin scale, are possible for semi-enclosed seas, such as the Mediterranean
and Black Seas. Damming the Strait of Gibraltar would provide an alternative to the conclusion that
coastal sites such as the City of Venice are inevitably doomed.

Keywords: oceans from Space V; SEE model; sea level rise; satellite altimetry; geo-engineering;
Mediterranean Sea; Gibraltar Dam; City of Venice; MOSE project

1. Introduction

A friend recently told me her son had bought a water-front lot, but was worried about
building a cabin on it. He had heard alarming news about future sea level rise. She asked
for my advice. All I could say was that the only way of knowing the future for certain
is to wait and see, but in this case, we can be fairly sure of what the immediate future
holds. I suggested her son go ahead and build his cabin, and enjoy the coast (his lot is on
Hornby Island, British Columbia, along the magnificent Pacific coast of Canada), but to
be prepared for a global rise of almost half-a-metre in the first half of this century, and a
full metre rise, or even more, by 2100. Hornby Island is far from flat, and unless he has
bought a coastal marsh, he should be able to handle this. For other parts of the world, the
danger is much more immediate, and will have vastly greater impact”.

Sea level rise is now a common topic for routine talks, in the wake of a growing public
concern for the impending consequences of climate change, and for scientific conferences
alike, in search of a holistic approach to its causes, effects, and remedies. The Oceans from
Space V Symposium [1], held in Venice, Italy, on 24-27 October 2022, was no exception. The
conference, the fifth in a series held at 10-year intervals since 1980 (with the latest delayed
two years by the COVID-19 pandemic), aimed to review progress in the use of satellites
to study the oceans [2]. Special sessions were devoted to the assessment of sea level rise
by virtue of altimetric techniques [3], as well as to possible remediations to the expected
damages on the coastal environment of marginal and enclosed seas [4] (a subject to be
reviewed by Appendix A, in particular for the special case of the Mediterranean Sea and
Black Sea). At the same time, as in previous editions, attendees had a chance to witness
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first hand the increasing impact of sea level variations on the City of Venice, as well as the
city’s response, most recently entrusted to the movable barriers of the MOSE (acronym of
the Italian MOdulo Sperimentale Elettromeccanico, alluding in a secondary meaning to the
biblical character Moses, or Mose in Italian, who is credited for parting the sea), capable of
sealing off the Venetian Lagoon from the Adriatic Sea, and now nearly operational [5].

Symposium participants were able to tour the MOSE control station, on the artificial
island built in the middle of the Venetian Lagoon’s main opening on the Adriatic Sea,
from which the system is operated (see Appendix B for details on Venice, its periodic
floodings known as Acqua Alta, and the MOSE project). Raising the movable barriers from
the bottom platform, they were told, can provide temporary defence against short-term
flooding events, which are due to the combined effects of tides and wind. However, the
MOSE is not designed to protect against the long-term sea level rise due to climate change.
Taking inspiration from the MOSE field trip, the conference sessions devoted to altimetry
and sea level rise were somewhat expanded to discuss (a) impacts of sea level rise on
semi-enclosed marine basins, with the Mediterranean Sea and Black Sea providing the
most classical of examples; (b) the ecological danger of widespread coastal reinforcements,
which might be adopted in the effort to prevent erosion and flooding; and (c) possible
future actions that might be undertaken to protect coastal sites, infrastructures and urban
settlements, of which Venice represents the archetype. The present review aims to provide
a record of the main presentations delivered during these sessions and of the ensuing
discussion themes as a contribution to the development of a public debate, advocated by
several conference participants.

Global average sea level is indeed rising at an alarming rate [6]. In general, the media
tend to over-emphasize immediate dangers of climate change, recently presenting the
Thwaites Glacier in Antarctica, e.g., as “Doomsday Glacier” [7], possibly able to raise sea
level in steps, causing sudden floods at uncertain times. But, in fact, observations of global
sea level rise have, up to present, closely followed an unambiguous growth rate, pointing
inexorably upwards into the future. A target rise of about 1 m by 2100 seems to be generally
agreed upon in the literature [8], and such a value implies an exponential increase. This
can be represented by the Single Exponential Event (SEE) model introduced during the
Oceans from Space V Symposium (to be set out in the following section), which climate
change indicators appear to be following precisely, and which shows no sign of sudden
surges, or of slowing down. The parameters considered here, atmospheric concentration
of carbon dioxide (CO5,), global mean Sea Surface Temperature (SST) and sea level can
all be seen following the same trend (see Figures 1-3). This analysis is discussed in the
following, where some of the key factors related to the changing level of the oceans [9] are
reviewed. The sea level record, as defined in the last few decades by a number of altimeter
space missions [10], is also reviewed. Finally, the main aspects of the Oceans from Space V
discussion on impacts and defenses foreseeable (for the Mediterranean basin) is reported.
More details about the envisioned geo-engineering possibilities and problems, and the
particular case of Venice, will be deferred to the closing Appendices.

2. Single Exponential Event Model

It is becoming increasingly evident that the world is facing a major climate change
disaster [11], driven by the ever-growing concentration of greenhouse gases in the Earth’s
atmosphere, attributable to anthropogenic causes [12]. The rate of change of atmospheric
CO; concentration can be simulated by a simple mathematical model of the expected
(exponential) form, which also provides a good approximation for a number of related
parameters (i.e., global average SST and sea level, as will be seen later in this section),
with a comparable e-folding time. The SEE-type trend has been ascribed to the impact of
increasing anthropogenic pressure, as already debated in the scientific literature for almost
a century [13]. The initial tendency was partly driven by the surge in human population,
which was exponential up to about 1990, but has been significantly slower since then [14].
Industrial development and CO, production, however, have not slowed down. As a result,
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the Keeling Curve [15], plotted in Figure 1 as monthly averages of CO, concentration, with
annual cycle removed, together with a best fit exponential for comparison, continues to
show the same growing trend, in spite of all international efforts, led by the United Nations
(UN), aiming at the reduction of human-caused carbon emissions [16].

Such efforts formally got under way with the establishment of the United Nations
Framework Convention on Climate Change (UNFCCC), following the “Earth Summit”—in
fact, the United Nations Conference on Environment and Development (UNCED)—held
in Rio de Janeiro, Brazil, in 1992 [17], and continued with the 1997 Kyoto Protocol [18]
and its 2012 Doha Amendment [19]. More recently, the Paris Agreement, reached by the
parties to the UNFCCC at the 21st Conference of the Parties (COP), held in Paris, France, in
2015, originated a five-year cycle of “increasingly ambitious climate action” carried out by
participating countries [20]. As a consequence, since 2020, countries have been submitting
their first national climate action plans, or Nationally Determined Contributions (NDCs).
However, given the UN’s Intergovernamental Panel on Climate Change (IPCC) warning
of “more severe climate change impacts, including more frequent and severe droughts,
heatwaves and rainfall”, should global warming cross the 1.5 °C threshold, the 27th COP,
held in Sharm el-Sheikh, Egypt, in 2022, called for accelerated action and requested parties
to “revisit and strengthen the 2030 targets in their NDCs, to align with the Paris Agreement
temperature goal by the end of 2023” [21]. But, in the meantime, CO, concentrations shown
by the Keeling Curve continue to rise, exhibiting the same exponential growth rate, with
no effect apparent from these efforts.
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Figure 1. The Keeling Curve, showing the 19562022 evolution of CO, concentration [ppm] in the
Earth’s atmosphere (red line: CO, concentration monthly averages, seasonal cycle removed; public
data obtained from [22]); compared to the best-fit exponential curve of the SEE model (black line).

2.1. The Keeling Curve

Data collection at the Mauna Loa Observatory—located on the north flank of the
Mauna Loa Volcano, on the Big Island of Hawalii, at an elevation of 3397 m above sea level—
on which the Keeling Curve is based, started in 1958 and continues through the present,
albeit from a nearby station, with updates published regularly [23]. Actual measurements
at the original facility stopped following the late 2022 eruption of Mauna Loa’s Volcano,
when a lava flow across the road leading to the site cut both access and power lines.
Thanks to an emergency set-up, the same atmospheric sampling has been resumed at a
temporary facility, using existing infrastructures on Maunakea, a dormant volcano located
approximately 21 miles north of Mauna Loa [24]. Both observation points lie above
the local marine temperature inversion layer, which separates the lower portions of the
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atmosphere from the above-standing cleaner troposphere. These remote locations, offering
undisturbed conditions, with minimal influences of vegetation or human activity, are ideal
for monitoring air constituents that can affect climate change. Thanks to the continuity of
such measurements, well over 60 years of continuous CO, observations are now available,
showing occasional minor dips and bumps due to volcanic eruptions and El Nifio events,
but staying depressingly close to the same exponential, in spite of the growing concern
about the Earth’s climate and the consequent UNFCCC-led actions recalled earlier in
this section. So far, at least judging from the trend of the Keeling Curve, ongoing human
activities apparently continue to generate the exponential greenhouse effect driving force [8].
The exponential best-fit, shown in Figure 1, gives an e-folding time of 54 years, with a
baseline value of 269 ppm in the pre-industrial era, consistent with estimates of peak
concentrations reached during warm interglacial periods in the last 800,000 years [25],
based on Antarctic ice core data [26]. Concentrations have recently reached 420 ppm,
1.5 times the pre-industrial value. As of today, in 2023, the CO, amount is still growing
exponentially, with no signs of any significant down-turn. By the year 2100, the SEE
scenario reaches a value of 905 ppm, over three times the pre-industrial level.
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Figure 2. The 1850-2022 global monthly average SST anomaly [°C], as computed by the UK Hadley
Centre, with 0.35 °C added to change anomaly reference date from the 1961 to 1990 period to the
distant past (red line: SST anomaly monthly averages; HADSST4 public data set obtained from [27]);
compared to the best-fit exponential curve, assuming the SEE 54-year e-folding time (black line).

2.2. Global Average Sea Surface Temperature

In comparison to the Keeling Curve for CO, concentration, the global average SST
data from the UK Hadley Centre (HADSST4) shows more short-term and long-term varia-
tions [28], but with a longer data series, starting in 1850 (Figure 2). An exponential with an
e-folding time of 54 years (also shown in Figure 2) again gives a good fit, with warming of
1.5 °C (the value that UN’s IPCC reports [29] warn not to exceed) by 2046, 2 °C by 2062,
and just over 4 °C by 2100. If the SEE model is taken as a prediction, this is clearly the
most significant change of all those affecting sea level rise, given the most recent record
temperatures reached in some basins of the northern hemisphere (e.g., in the summer of
2023 for the Mediterranean Sea [30]). Continued exponential growth, to 10 °C in 2150 and
26 °C in 2200, represents a run-away greenhouse effect that would eventually sterilize the
Earth, in a Venus-like fashion [31]. Indeed, additional sources of CO;, like the increasingly
common wildfires raging in several regions of both the northern and southern hemispheres,
must now be adding to the problem.
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2.3. Global Average Sea Level

The global average sea level, as measured by satellite altimeters since the early
1990s [32], shows a similarly rising exponential curve (Figure 3), with the same e-folding
time of about 54 years already introduced earlier. The more precise satellite data record is
still rather short, so the e-folding time value is not yet well-determined, but the 54-year
apparent figure is somewhat confirmed by the Reconstructed Sea Level [33], based on tide
gauge data (also shown in Figure 3), going back to before 1900. The rise has amounted
to 16 cm by the year 2000, and 24 cm by 2020; small amounts so far, but enough to start
causing erosion and floods, locally and around the world [34]. The satellite altimeter data
exhibit dips of up to 1 cm in years 2010 to 2016, which have been explained as large-area
rain events, when water evaporated from the oceans has taken several months to flow
back from land [35], but continues to follow rather precisely the SEE model. The difference
between model and observed values for the period 1993 to 2022 shows a standard deviation
of 2.5 mm, while the level has increased by 10 cm.
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Figure 3. Global average sea level [m], as derived from tide gauge measurements before 1993 (red
dots: reconstructed sea level based on [36], public data obtained from [37]), and by satellite altimeters
after 1993 (red line: public data obtained from [38]), with 0.145 m added to change the height reference
date from 1993; compared to the best-fit exponential curve (black line), assuming the SEE 54-year
e-folding time.

These numbers are starting to attract widespread attention, though the rise is not yet
large enough to cause the alarm that it deserves. The SEE model represents a continuing
exponential rise, to 1 m in 2100, 2.6 m in 2150, even to 6.6 m in 2200. Of course, there’s
no way to be certain that the actual rise will continue to follow the model curve into the
next century, but the present trend is clear and gives a good indication of what future to
expect in the next few decades. If the model continues to be realistic, then sea level rise will
have to be recognized as a really serious problem by the same national and international
bodies mentioned above, which are now trying to reduce climate change, as well as by the
general public at large (although global warming per se, rather than just rising sea levels,
will probably continue to be the issue attracting the most attention).

3. Satellite Altimetry Data Record

Historical sea level changes cover a broad spectrum of space and time scales, resulting
from complex processes taking place within the Earth system, as well as to external forcing
due to both natural phenomena and anthropogenic factors [39]. In the last three decades,
spaceborne instruments have detected accelerations in sea level rise, and in the evolution
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of other indicators of climate change, which are to be expected when the planet warms,
based on current understanding of Earth’s history and climate physics [40]. Most of the
observed global sea level rise (in excess of ~3.3 mm/year, in the satellite measurements
record; see following paragraphs) is estimated to come from the melting of land-based ice,
which adds to the ocean’s volume (/2.1 mm/year), and from the thermal expansion of
ocean water as it warms (~1.3 mm/year) [41]. Changes in land-water storage (e.g., due to
the enlargement of surface reservoirs or the depletion of underground aquifers), as well
as changes in global precipitation patterns, also make small contributions [42]. Vertical
land motions, due to subsidence and/or to rebounding of the Earth’s crust since the end of
the Last Glacial Maximum, contribute to site-specific, regional variations in sea level [43].
The amount and speed of sea level rise also varies by location, and from near-coastal to
open ocean areas, mainly due to the Earth’s uneven distribution of mass, as well as to the
changing physical properties of seawater and its dynamics [44]. In the present climate
change context, both models and observations seem to agree that the dominant trend of
sea level rise over most of the globe will follow the exponential increase exhibited by the
global average curve (Figure 3). Prominent exceptions will occur wherever glacial isostatic
adjustment is significant, either from the last ice age, as in Northern Europe, or from the
ongoing land ice melting, over Greenland and Antarctica.

3.1. Relative Sea Level

Before the satellite altimetry era, tide gauges, which record the height of the water
level with respect to a local land reference, were the only means to directly observe sea level
variability [45]. Such measurements, limited to specific and unevenly distributed coastal
sites, show relative changes due to the combination of absolute water level variations
and local or regional vertical land movements. To derive absolute sea level changes from
tide gauge records, these have to be corrected, in general by using global positioning
systems [46]. Various methods are available to process tide gauge records over long periods
and provide long-term mean values in which shorter-term variations are greatly reduced, so
that local changes in sea level can be estimated to an accuracy at or below the cm level [47].
This renders the coverage of such in situ sensors invaluable, at least at their specific location,
in following the evolution of average sea level, and of other coastal processes as well. The
strong heterogeneity in tide gauge locations worldwide represents a main limitation at
the global scale. Nevertheless, these data are also useful to validate numerical models
and even to detect errors or drifts in altimeter datasets [48]. Reconstructed sea level data
can also be obtained, combining the tide gauges data (and/or other in situ data) with
satellite altimeters data, in order to estimate the pre-satellite era sea level. For example,
an Empirical Orthogonal Function (EOF) can be fitted to the satellite record in order to
generate an algorithm that uses tide gauge data back in time to extrapolate past global sea
levels [49].

3.2. Geocentric Sea Level

Unlike tide gauges, satellite altimetry from the Earth’s orbit can provide a measure
of geocentric sea level variations [50]. Altimeters map the sea surface by measuring the
satellite-to-surface return travel time of successive radar pulses in order to determine the
height of the satellite above the water, i.e., its altimetric range. The difference between
altimetric range and satellite altitude above a reference surface gives the height of the sea
surface with respect to the same reference surface. The altimetric range must be corrected
to mitigate effects caused by atmospheric refraction, sea state, and instrumental biases; a
number of corrections due to different geophysical effects are also taken into account [51].
The proximity of land contaminates the return signal of the altimeter, so algorithms are
used to provide corrections in coastal zones [52]. The measurements are collected along the
ground tracks, the projection of the altimeter orbits on the Earth’s surface, in any weather
conditions and regardless of the time of overpass. Covering the oceans with repeated tracks,
at repetition rates of some days, satellite altimeters can provide (quasi) global monitoring
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of sea surface height to an accuracy of 1 to 2 cm. Combining data from several satellites,
by removing their respective biases, a continuous time series between mission can be
obtained [53]. This provides unprecedented, detailed insights in the redistribution of water
masses, thermal expansion and contraction, currents and eddies, thermohaline density
variations, ocean—atmosphere coupling, and impact of fresh waters, including melting ice
sheets and glaciers.

3.3. Satellite Altimeter Missions

For the last three decades, a string of diverse but coherent altimetry missions has
been measuring routinely climate-related sea level dynamics, at both regional and global
scales. A remarkable international group of space agencies is behind the realization of
such a long-term series of satellite altimeters, and it includes the US National Aeronau-
tics and Space Administration (NASA) and National Oceanographic and Atmospheric
Administration (NOAA); the European Space Agency (ESA) and European Organisation
for the Exploitation of Meteorological Satellites (EUMETSAT); the French Centre National
d’Etudes Spatial (CNES); the Indian Space Research Organization (ISRO); the Canadian
Space Agency (CSA); and the United Kingdom Space Agency (UKSA). Their early attempts
to collect data on the structure of the sea surface, i.e., its elevation (with respect to the geoid)
and roughness (as a function of winds, waves, wakes, slicks) started with the very first gen-
eration of ocean-viewing satellites, namely, Skylab in 1973 and Geos-3 in 1975 [54], carrying
a suite of (active) microwave sensors, in particular altimeter and Synthetic Aperture Radar
(SAR) prototypes. The 1978 SEASAT mission, also carrying a radar altimeter, as well as a
number of other microwave sensors, explicitly aimed to validate the feasibility of global
ocean monitoring by satellite, and to define the requirements of future operational satellite
systems for ocean remote sensing [55].

More than a decade later, a series of follow-up quasi-operational altimeter missions
begun to develop [56]. The sequence was initiated by the European ERS-1 and ERS-2,
launched in 1991 and 1995, respectively, and by the American-French TOPEX/Poseidon,
launched in 1992. American—European cooperative missions were continued by the Jason
satellite series, i.e., Jason-1 in 2001, the Ocean Surface Topography Mission OSTM /Jason-2
in 2008, and Jason-3 in 2016. Next came the all-European Envisat, in 2002 [57]; the Indian-
French altimetry mission SARAL/ALLtiKa, launched in 2013 [58]; and, again, the European
Sentinel 3A and Sentinel 3B, in 2016 and 2018, respectively; and Sentinel-6 Michael Freilich
(S6MF) in 2020 [59]. Sentinel-3A and 3B (together with CryoSat-1, lost in 2005 due to a
launch failure, and Cryosat-2, launched in 2010 [60]) were the first satellites to operate SAR
(Delay-Doppler) mode altimeters, achieving major refinements, over both open ocean and
coastal zone, improving the accuracy of measurements, mapping previously unresolvable
features, and providing measurements closer to the coast than ever before. S6MF has
ensured continuity of such observations. With the new digital altimeter technology and
dedicated onboard processing of S6MF, more precise measurements of sea surface height
are possible, as well as information on coastal ocean dynamics within a few kilometers of
the coast.

Finally, the short-lived American—French, with Canadian and British contributions,
Surface Water & Ocean Topography (SWOT) latest altimetry mission, with enhanced
technologies for higher resolution data, was launched in late 2022 [61]. It will be followed
by Sentinel-6B, scheduled for launch in 2025. SWOT, with new Ka band radar interferometer
technology and a nadir altimeter, provided the first high-resolution measurements of both
marine and other surface water features, obtained with a single satellite mission, resolving
lakes of 250 m? in size, rivers 100 m wide, and sub-mesoscale ocean features.

The current time series of global mean sea level rise has been created essentially
using Topex/Poseidon, the three Jason series, and S6MFE. These have produced the unique,
long-term, continuous time series of data, constituting the later, post-1992 part of the graph
shown in Figure 3 [62]. While the historical data record indicates that sea level rose by
about 15 cm on average, between 1900 and 1993, the altimetry-based global mean sea level
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has risen on average at a rate of 3.3 & 0.3 mm per year, between the years of 1993 and
2022. This corresponds to a post-1990 average increase of almost 10 cm over the following
30 years, clearly showing acceleration of the rise. Moreover, the altimeter-derived sea level
rise has been around 2.6 mm per year, between 1993 and 2008, but the rate of rise has grown
to 4.2 mm per year, considering the period from 2007 to 2022 [35].

The SEE model curve, shown in Figure 3, displays an exponential increase, which
has reached 25 cm above pre-1900 values in 2022 and will reach 40 cm by the year 2050,
followed by 1 m by 2100 and 2.5 m by 2150. Institutions responsible for satellite al-
timetry in both the US and Europe have in the past suggested a much more moderate
rise by publicizing only the linear best-fit trend of the satellite record. Until this year,
2023, websites of the US NOAA [63], the University of Colorado [64], and the French
AVISO [65] all prominently displayed only a linear rise rate, close to 3.5 mm per year.
This gives a much less alarming picture, but promotes a value from 15 years in the past
(mean date of the satellite record is 2008) and suggests linear extrapolation for future pre-
diction, to about 50 cm by 2100 and 85 cm in 2200, much less than the rise suggested
by exponential growth. The most recent update of the NOAA website now emphasizes
acceleration, and the University of Colorado website links to this. Only the French AVISO
website continues to promote the linear rise. Presumably, this will be updated soon.

4. Coastal Areas: Impacts and Defenses

In the next 10 to 100 years, the dramatic effects of global sea level rise are expected to
seriously affect most of the world’s coastal regions (while in regions such as Greenland, or
Antarctica, and nearby areas, the effects of significant glacial rebound will tend to prevail,
as land ice melts so that loading plus gravitational attraction are removed). If the SEE
scenario outlined above, showing exponential rates of sea level rise, continues to prove
correct, then relatively soon, most of the world’s coasts, which are not natural rock, will
be either heavily reinforced artificially, or heavily eroded. One implication is that most of
the present beaches are going to be lost [66]—a perspective that might be acceptable, as
long as the coastline’s changing structure were capable of evolving until it reaches a new
equilibrium. But, of course, concern arises for the consequent anthropogenic stiffening of
coastal environments, artificially reinforced or outright covered with concrete, to protect
existing formations, which hinders the natural system’s ability to adjust and adapt to the
changes. In addition, there exist already large amounts of coastal infrastructures, along
several stretches of coastline, worth retaining for environmental, cultural, or economic
reasons (e.g., the City of Venice). A widespread discussion should be initiated on possible
actions to be taken, including how to preserve some unchanged, natural coastline for future
generations, as well as how to plan the future of presently modified coastline, which will
have to be either abandoned or defended.

While sea level rise impacts and responses will need to be considered for all shorelines
worldwide, the coastal areas of marginal and enclosed seas, especially those exhibiting high
residential density, abundance of historical and cultural sites, and great economic value,
due to local maritime activities such as tourism, commerce, transportation, aquaculture and
fisheries, will represent special cases to be notably considered. The cluster of semi-enclosed
basins in the Mediterranean region (Figure 4) embodies such a critical hotspot, where
geography and history combine to create the cradle of (western) civilization [67]. At the
same time, the basins” morphology offers an almost unique opportunity to study possible
remediations to uncontrolled sea level rise, which near Gibraltar will be close to the global
average [44], based on environmental engineering at the basin scale. A possible solution—
proposed at the Oceans from Space V Symposium—to provide long-term, sustainable, and
possibly affordable protection for all coastlines of the Mediterranean Sea, and Black Sea
as well in fact, would be to close the Strait of Gibraltar with a dam, thereby regulating the
water through-flow to and from the Atlantic Ocean and ultimately controlling sea level
within the whole basin.
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Figure 4. The semi-enclosed Mediterranean Sea, Black Sea, and Red Sea. The Mediterranean Sea is
connected to the Atlantic Ocean by the Strait of Gibraltar; to the Black Sea by the Bosphorus; and to
the Red Sea by the Suez Canal (all identifyed by red circles). The location of the Lagoon and City
of Venice is also shown. The colour coding of sea areas indicates approximate bathymetry, from
shallower waters (lighter blue tones) to deeper waters (darker blue tones), while that of land areas
indicates vegetation cover (green tones) and desert areas (yellow and brown tones).

The notion of a Gibraltar Dam is not new. In the 1930s, for example, such a dam
was proposed by Herman Sorgel as part of the Atlantropa Project, designed to lower the
Mediterranean Sea level by up to 200 m, in order to gain new coastal lands and allow power
generation from the resulting inflow at Gibraltar and the Bosphorous [68]. In 1958, Scientific
American published an article by Henry Stommel, which mentioned the “entertaining
fantasy” of controlling climate by building a Gibraltar Dam, blocking the deep outflow
from the Mediterranean Sea and thus achieving climatic modifications that might possibly
improve the planet for human habitation [69]. In 1977, a controversial paper by Roger
Johnson, published in the EOS Transactions of the American Geophysical Union (AGU),
claimed that damming the Strait of Gibraltar would prevent the onset of a new ice age,
triggered by an increased salt outflow from the Mediterranean Sea, which in turn was a
consequence of building the Aswan Dam on the river Nile [70]. More recently, in 2015,
a precursor of the present review, published in Natural Hazards, revived the issue by
advocating “a sea surface height control dam at the Strait of Gibraltar”, aimed to stabilize
the Mediterranean Sea and Black Sea at the present level, thus preventing the future loss of
countless coastal sites of great economic and cultural value [71]. The debate was resumed
once again at Oceans from Space V, during two ad hoc Sea Level Rise sessions, foreseen by
the Symposium program for this very purpose, of which the present review constitutes a
concise report.
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The Strait of Gibraltar has been blocked in the process of continental drift, during the
Messinian stage (the uppermost stage of the Miocene, in the geologic timescale), between 7.2
and 5.3 million years ago (Ma), with catastrophic consequences for the marine environment
of the inner basins [72]. In the latter part of this stage, the connection between Atlantic
Ocean and Mediterranean Sea was progressively restricted by tectonic movements, until its
total closure during the Messinian salinity crisis, starting from 5.9 Ma [73]. Consequently,
the Mediterranean basin went into a cycle of repeated partial desiccations, turning into
a deep desert surrounding a number of residual extensive brine pools. After the Strait
of Gibraltar precursor closed for the last time, around 5.6 Ma, the Mediterranean basin
dried out almost completely within a thousand years [74]. The Messinian salinity crisis
ended 5.3 Ma, when the Atlantic breached the closure once again and rapidly filled up the
Mediterranean basin in what is known as the Zanclean flood [75].

A modern, artificial closure of the Strait of Gibraltar would require a careful evaluation
of its effects, difficult international agreements, long realization plans, and relatively high
costs (see [71] and references therein). If such a project could ever be realized, the long-term
stability of water levels, as well as of the resulting new environmental equilibrium, would
require an appropriate water flow management. Both positive and negative effects would
result. On the positive side, the closure would allow an effective regulation of sea level
and provide coastal protection throughout the inner basins, as well as a significant power
generation potential and a land link between Europe and Africa. Adverse effects would
include still unknown results of limiting the water exchange with the Atlantic Ocean;
rising salinity in the Mediterranean Sea and possibly stronger stratification in the Black
Sea; changes in nutrient cycling and ensuing ecological repercussions, including disrupted
migration patterns of various species; and the need for maritime traffic to go through locks
at both Gibraltar and Suez. No particular intervention would be required for the Black Sea
sub-basin, where no alternative protection could be obtained by damming the Bosphorous,
since the large freshwater inflow would eventually, and rather quickly, raise the water level.
Appendix A offers a summary of this entire topic, as discussed during the Sea Level Rise
sessions at Oceans from Space V, together with additional details and proper referencing
for most of the issues above.

The general idea of responding to the effects of climate change with some form of
“geo-engineering”—where a negative connotation might be given to the idea of solving a
human-induced problem by tampering even more with nature, only to cause even worse
side effects [76]—leads to important ethical considerations. Indeed, any plan for large-
scale interference with Earth sub-systems implies the risk of unintentional disruptions
of some natural balance and may result in a dilemma that such disruptions could be
more damaging than the very damage they were meant to offset. Some geo-engineering
proposals, in particular when related to climate change remediation, have been highly
controversial, due to the large uncertainties about their effectiveness, their possible side
effects, and just the outright possibility of unforeseen consequences [77]. However, the risks
of adopting such interventions must be seen, eventually, in the context of the outcome of
continuing climate change without them [78]. The proposed Gibraltar Dam does represent
a major modification of environmental equilibria, but this is in response to the on-going
global, albeit unplanned, “geo-engineering” that has so significantly increased the CO,
concentration in the Earth’s atmosphere and altered the climate in the first place.

A second ethical point to be noted is that a group of countries could unilaterally
implement geo-engineering plans, which may be beneficial for themselves, but hurt others.
Damming the Strait of Gibraltar to lower sea level in the Mediterranean basin would help
riparian countries to safeguard their coastlines, and ease expected problems [79], but it
would impose some level of hardship on low-lying countries in the rest of the world. In
fact, should the Mediterranean Sea level stop rising in the future, the global ocean rise rate
would increase by 0.8% (corresponding to the Mediterranean basin’s share of the world’s
ocean area). This seems a relatively small fractional increase, but in principle it would add
to the existing sea level problem worldwide (e.g., an 8 mm rise in global sea level for a drop
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of 1 m in Mediterranean Sea level). In this respect, the construction of a Gibraltar Dam
has been labeled as “colonial” geo-engineering, in that Mediterranean countries would
protect themselves at the expense of other countries, which would simply have to suffer
the consequences of such imposition. This argument could be rejected on the basis of
its relative scale: in fact, if even a microscopic rise is forbidden, then all flood protection
becomes illegal, as in all cases water is being diverted to somewhere else, only to become
somebody else’s problem. Moreover, the Mediterranean basin is the only large marine
area that could be dammed in this way (with the exception perhaps of the Red Sea and the
Persian Gulf, although similar measures have been proposed also for the North Sea and
Baltic Sea [80]), so there is little danger that similar solutions would proliferate, though
major coastal defenses must be expected elsewhere, around the world. And, in the end, the
whole climate change problem could be called “colonial”, in that an initially small group of
developed countries have already discharged their CO, waste into the Earth’s atmosphere
to further increase their own economic development, causing hardship to all (including
themselves).

5. Concluding Remarks

The unfolding changes in the Earth’s climate due to greenhouse gases emissions will
have enduring consequences for the natural ecosystem—which, in some cases, may last
up to one hundred thousand years [81]. They will also have immediate effects on human
society. So far, commitments to cut emissions have proven unable to achieve the goals
set by international agreements [82], so that various kinds of interim measures have been
proposed [83]. While reducing emissions remains the foremost immediate priority, at least
in the (very) long run, contingency plans would also be advisable to deal with the resulting
changes that are already in progress, including sea level rise [84]. Instead of trying to
modify the entire Earth’s climate, though, as some of the geo-engineering plans recalled
earlier would do, perhaps locally targeted interventions should be employed, aimed at
specific high-leverage locations [85]. For sea level rise, future actions may encompass both
traditional coastal protection and focused, regional, basin-scale geo-engineering.

As discussed at Oceans from Space V (more information on the conference and its
contents can be obtained as indicated in the Supplementary Materials endnote), the sim-
ple SEE model proposes that climate change can be represented as a single exponential
event in time, with a similar shape (a 54-year e-folding time) for indicators such as CO,
concentration, average global SST, and global average sea level as well. An international
suite of satellite altimeter missions has contributed a continuous 30-year time series to
the long-term record of sea level observations. So far, the altimetry component indicates
that global average sea level is rising at an increasing rate, and this suggests that the
exponential increase, which has already reached 25 cm above historic values, will climb to
about 40 cm by the year 2050, 1 m by 2100, and 2.5 m by 2150. Future satellite missions will
help clarify the issue by extending the data record into the next decade and beyond [86].
Measurements at higher resolution and closer to coastlines, where the impact of level rise
on coastal communities and infrastructures is expected to be the most significant, will also
have relevance. But for now, the global altimeter measurements closely follow a growing
exponential, indicative of a runaway greenhouse effect. Should this continue to be true, big
changes are to be expected for the world’s coastal regions [87]. To bring this situation back
under control, at some point in the next two decades a concrete response will be required,
in order for the curves of the various indicators to start bending down, below the present
growth rate. This may include ambitious, possibly even daring, regional geo-engineering
plans, to ensure that coastal icons such as the city of Venice may be spared.

Of course, managing sea level rise at its very source, mitigating and then reversing
climate change by reducing the concentration of CO, in the Earth’s atmosphere, offers
the advantage of benefiting the entire planet, while a management strategy that aims just
at local coastal protection represents an every-man-for-himself approach that may leave
others behind. But still, local, targeted interventions, focusing on specific areas, do offer
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a softer alternative to global-scale geo-engineering. With enough research on all aspects
of the proposal, it is plausible that damming the Strait of Gibraltar may prove itself as a
solution that is both effective and achievable in order to protect in a single stroke the whole
Mediterranean and Black Seas. A large amount of data collection, modeling, planning,
testing, as well as of technological and logistical development, not to mention public
discussion and political debate, will be needed before such a project is undertaken. The
hypothesis that emerged from the Oceans from Space V debate, reported here (Appendices
A and B) in some detail, can only be the starting point for a long incremental process of
design upgrades that will be required, before the international community can agree on the
merits of such a solution. Perhaps, after careful consideration, basin-scale geo-engineering
may reveal to be not so viable, after all, while site-specific coastal protection, coupled to
inland retreat where no protection measures would prove feasible or economical, may
emerge as the proper answer. We shall SEE . ..
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Appendix A
The Pillars of Hercules: Damming the Strait of Gibraltar

The Pillars of Hercules have stood for centuries at the separation of the Mediterranean
Sea and the Atlantic Ocean [88]. They are commonly identified with the high mountain
relief standing on both sides of the Strait of Gibraltar, and they are forever linked to the
demigod Hercules—or Heracles, as he was known in the ancient Greek world—who ven-
tured beyond the outer limits of the known world to perform one of his Twelve Labors [89].
According to Greek mythology, also shared by Etruscans and Romans, the Strait was
opened by the hero himself in the mountain range that joined Africa and Europe. Both
Seneca and later Pliny the Elder, in the first century AD, recall how Hercules decided not to
go around the obstacle, but rather split the mountains with a blow from his sword, and
then passed through the narrow strait. Conversely, in the preceding century, Diodorus
Siculus, favoring an alternate school of thought on this matter, held that instead of smash-
ing through an isthmus to create the Gibraltar opening, Hercules actually narrowed an
existing, larger strait to prevent sea monsters of the Atlantic Ocean from entering the
Mediterranean [90]. This second mythological hypothesis seems to point at a similar labor
which faces mankind today: how to prevent the Atlantic Ocean itself from entering the
semi-enclosed seas at the southern edges of the European continent, engulfing their coasts,
submerging their riches, destroying their valuable infrastructures. The sea-level-rise mon-
ster is here, menacing to burst into Mare Nostrum, nullifying any effort to properly manage
its present near-coastal environment.

The Pillars of Hercules Foundation—a vitual non-governamental organization born in the
wake of the Oceans from Space V Symposium, held in Venice, Italy, in October 2022 [91]—was
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created to continue the debate started during the conference on climate change and its
clear consequences for sites of the Venice class. Now that sea level rise is starting to be
increasingly seen as a real and immediate danger, the advantages offered by regulating
water flows at the Strait of Gibraltar (Figure A1), to provide protection for all coastlines of
the Mediterranean and Black Seas, appear clearer than ever. The main outcome emerging
from the 2022 Venice discussions is that the idea of countering the rising sea water level
with a dam—for one of the few places in the world where a long-term, large-scale defense
against sea level changes might indeed be practical—should be studied in greater detail.
Planning and construction of a dam closing the Mediterranean Sea would be a major project,
requiring complex negotiations and international agreements, not to mention significant
resources. But most of all, the environmental impacts of controlling sea level in a semi-
enclosed basin with a dam need to be carefully assessed. Certainly, such a project could not
be undertaken any time soon, but discussions should start as early as possible in order to
quantify uncertainties and impacts, benefits and drawbacks, alternatives and costs. The
present paper should be seen as a contribution to this debate, aimed at highlighting what
is known, or not known, about the southern European Seas, and what are the chances of
mitigating problems foreseen in future sea level rise scenarios.

The Gibraltar Dam—a barrage, actually, meant to stabilize sea level with a relatively
minor sea-level difference between its two sides, rather than a wall of concrete holding back
water with a height difference of many metres—would be positioned along the Camarinal
Sill, crossing the shallowest channel in the western part of the Strait. It should be designed
to initially cause a height difference between its two sides of about 1 m, allowing inflow of
Atlantic water to balance surface evaporation in the inner basin, and possibly a residual
deep outflow from the Mediterranean itself. Such a design would need to accommodate
the fact that height differences could increase significantly in future years, even up to 10 m
within a century or so. The barrage would be built of loosely piled rock, dropped from
ships or barges, or from the dam itself, with an angle of repose small enough to ensure
stability. Since the structure would need to be designed so as to be stable in the event of at
least moderate earthquakes, an angle of repose from 30° to 20° has been suggested [92],
with the smaller angle giving increased dam stability. It could be on the order of 100 m
wide at the top and about 10 m in height above the outer ocean level, to protect against
high tides and storm surges. Being positioned west of the narrowest part of the Strait, it
would be about 25 km long, following a shallow water line where the maximum depth is
284 m (rather than 800 m in the narrowest part of the Strait). Simple geometry gives an
approximate required volume of rock, ranging from 1.23 km? at an angle of repose of 30°,
to 1.45 km3 at 25°, and to 1.78 km? at 20° (about the same order of magnitude as the whole
Rock of Gibraltar).

A cost estimate can be derived by comparison with large-scale mining operations. For
example, 1.5 km3, or 5 billion tons, of rock is about half the volume of material mined from
the 4.3 x 3.0 km? wide, 0.9 km deep Chuquicamata copper mine in northern Chile [94].
The total value of the copper extracted from this mine can be estimated at USD 50 billion.
By comparison, if the dam is not built, the estimated total cost of coastal defenses could
be considerably higher [95,96]. At the global scale, with about 200 million people living
within coastal floodplains—and with 2 million km? of land and USD 1 trillion worth of
assets lying less than 1 m above current sea level—sea-level rise is considered to be one of
the major socio-economic hazards associated with global warming [97].

Power generation would also be possible at the dam, especially as the water level
difference across the two sides increases in future years, offsetting over time the construction
and maintenance cost of the infrastructure. A further major benefit of the dam would be
a land link between Europe and Africa. Security for illegal immigration would need to
be handled, but a major road and rail corridor between Spain and Morocco should help
reduce the economic gap between Western Europe and North Africa. At present, both
countries have royal commissions charged with designing an underground rail tunnel
under the Strait [98,99] to improve this transport link. A tunnel would have to contend
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with the unstable geology of the Strait. The surface link provided by the dam (along the
same route as the tunnel) would be simpler, safer, and of much higher capacity. The dam
would face the same unstable geology, and could be subject to occasional slumping, but
assuming it is built of loose rock, it should be relatively easily repaired.
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Figure Al. The Strait of Gibraltar, connecting Atlantic Ocean and Mediterranean Sea. Panel
(a): location of the Strait at the westernmost end of the Mediterranean basin (black circle). Panel
(b): bathymetry of the Strait and surrounding area, from [93]. Contours are shown at 150 m intervals.
The red line indicates the approximate position for a barrage, along the Camarinal Sill, in the western
part of the Strait. Panel (c): depth profile along the shallowest water line proposed for the barrage.

Unfavorable effects of the dam would include the disruption of present water flow
patterns, rising salinity, changes in nutrient cycling, and still unclear biological impacts.
Partially blocking the inflow of surface water from the Atlantic Ocean would cause sea
level behind the dam to drop, because evaporation in the Mediterranean region exceeds the
sum of river inflow and precipitation [100]. Sluices would be needed to allow and control
water inflow to compensate for this drop. Evaporation would cause Mediterranean salinity
to increase. Under present climate conditions, this average salinity increase is estimated at
about 0.01 psu per year, or 1 psu every 100 years. This slow trend would eventually cause
serious effects, but should give sufficient time (several hundred years) for climate change
problems to be solved.

The outflow of deep, saline water into the Atlantic Ocean might also need to be
preserved [101]. Numerical models of the global ocean, in which the exchange through
the Strait of Gibraltar could be modulated at will, should be able to clarify this matter.
Modeling of the Mediterranean itself would show the impact of changing stratification
and vertical mixing patterns, affecting both oxygen ventilation of deeper layers, patterns of
nutrients dynamics, and primary/secondary production. It remains to be seen whether
fish and marine mammal migrations could be maintained via the dam openings (i.e., the
sluices above). Ultimately, though, without a dam to control sea level rise, the trend to
increase coastal reinforcements would lead to a catastrophic degeneration of a large part of
the coastline, with dramatic impacts on the entire basin’s flora and fauna [102].

Shipping would need to be regulated at the dam with locks, possibly built together
with port facilities located to the north and to the south of the barrage, west of Tarifa, Spain,
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and east of Tangier, Morocco, for redundancy. Locks would also be needed for the Suez
Canal. These could be installed in both the south and north sections of the waterway,
allowing the central Bitter Lakes to return to the higher salinity that previously blocked
invasive species from the Red Sea [103]. The locks would increase transit times for marine
traffic, reducing the competitiveness of the Mediterranean shipping route. Moreover,
undetected passage of submarines would become impossible, but that may prove not to be
such a negative occurrence.

Appendix B
Saving the City of Venice

A barrage in the Strait of Gibraltar, regulating water exchanges with the Atlantic
Ocean, together with proper locks in the Suez Canal, could protect all coastal environments
and infrastructures throughout the Mediterranean Sea and Black Sea, eliminating the need
for any other coastal defense against rising sea levels. A recent report by UNESCO [104]
concluded that, due to the connection of the Mediterranean to the global ocean through the
Strait of Gibraltar, the MOSE system of movable barriers is inadequate to defend the City
of Venice on the long term [105]. The report states that “the sea will eventually rise to a
level where even continuous closures will not be able to protect the city from flooding”,
and that “the question is not if this will happen, but only when”.

Closing Gibraltar is an alternative to the conclusion that cities such as Venice are
inevitably doomed. Clearly, this proposal needs to be studied and discussed. But it is
also clear that a significant length of unchanged, natural Mediterranean coastline would
be preserved if the dam were built. The dam would protect many historic cities and
archeological sites which were designed for the low tidal range of the Mediterranean basin,
and which have survived (with a few notable exceptions) thanks to the relatively stable
sea level of the most recent centuries. The exponential increase in global sea level, which
has already reached 25 cm above historic values, will reach 40 cm by the year 2050, 1 m by
2100, and 2.5 m by 2150. The present systems to prevent flooding in the City of Venice will
find it hard to operate with an additional sea level rise of even 40 cm.

The MOdulo Sperimentale Elettromeccanico (MOSE), now nearly operational, is Venice’s
response to the recurring episodes of Acqua Alta, which combine storm surges and high
astronomical tides (up to 187 cm, on 13 November 2019 [106], second highest only after
the 194 cm record of 4 November 1966). These episodes cause repeated, picturesque, but
devastating flooding in the city. The MOSE movable barriers rest on the bottom of the
Venetian Lagoon openings (the three Bocche di Porto, i.e., Lido, Malamocco, and Chioggia)
and can be raised from a control station on the artificial island built in the middle of
the Bocca di Lido (Figure A2). Their closure seals off the Lagoon from the Adriatic Sea,
preventing any water level rise in the city’s historical centre, and in all other Lagoon sites.
The MOSE, however, is designed to provide short-term defense from Acqua Alta, not from
the long-term rise due to climate change. Ultimately, even if all Mediterranean coastlines
were protected against the global sea level rise by a dam at Gibraltar, Acqua Alta would still
occur in Venice, and the MOSE would still be required. The combination of MOSE and the
dam would seem the best, and probably the only, long-term solution.

In the past 100 years, natural land subsidence lowered the City of Venice by 3 cm,
and water pumping from underground aquifers caused additional lowering by 9 cm. In
the same period, global sea level rise amounted to 13 cm. The total relative rise of about
25 cm is expected to grow by an additional 50 cm by the end of the century. By that time,
a climate-change-driven sea level rise of 1 m and a possible 2 m Acqua Alta could give a
grand total of 4 m! This would be well beyond the capability of the MOSE, which was
designed to handle exceptional surges of up to 3 m, and to be closed only a few times
per year. As of today, in 29 months of MOSE test operations, there have already been 44
closures, about 20 per year, a rate almost 10 times higher than expected [107].
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Figure A2. Location of the Venetian Lagoon’s three main inlets, or Bocca di Porto (Lido, Malamocco,
Chioggia), where the MOSE floodgates are located (red circles).

The book “Venice shall rise again”, subtitled “Engineered uplift of Venice through
seawater injection” [108], promotes the idea of raising by about 30 cm a circle of land
~3.5 km in radius, centered under Venice, with lesser uplift out to a distance of ~25 km.
An obvious danger is that differential uplift could damage buildings, but the authors point
out that the reverse procedure, i.e., the extraction of water for urban usage, has caused a
drop by a significant fraction (about 30%) of the planned rise, without significant damage.
Measurements of subsidence in the years 1950 to 1970 provide data on the differential
movements due to extraction, and hence those to be expected during injection. The cost
estimate appears to be modest, in comparison to that of MOSE, but, so far, the idea has not
been pursued further.

Action to save Venice, if it is to include major projects like a Gibraltar Dam, requires
active support by the entire Mediterranean community. Indeed, other countries are facing
similar problems, due to the present and foreseen sea level rise. Egypt is a prime example,
where the entire Nile delta is in danger of disappearing, while coastal cities, such as
Alexandria, are struggling with the combined effects of sinking land and rising sea. It
seems that an unprecedented level of collaboration would not be unlikely in the region.
In the Mediterranean and Black Seas, the Gibraltar Dam would be a possible alternative
to the massive intervention on coastal landscapes and infrastructures required by global
sea level rise. But the present standard reaction to proposals to initiate a public debate
on the subject appears to be quiet disbelief, probably directed more at the international
cooperation needed for success, rather than at the reality of the coming sea level rise.
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