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Abstract

Coastal regions (including estuaries and deltas) are very complex environments with
diverse hydrodynamic and bio-geomorphological contexts and with important socio-eco-
nomic and ecological problems. These systems are among the most affected by human
impact through urbanization and port activities, industrial and tourism activities. They
are directly affected by the impact of climate change on sea level, storm surges frequency
and strength, as well as recurrence of coastal river floods. A sustainable future for coastal
zones depends on our capacity to implement systematic monitoring with focus on: (1) forc-
ings affecting coastal zones at different spatio-temporal scales (sea level rise, winds and
waves, offshore and coastal currents, tides, storm surges, river runoff in estuaries and del-
tas, sediment supply and transport, vertical land motions and land use); (2) morphological
response (e.g., shoreline migration, topographical changes). Over the last decades, remote
sensing observations have contributed to major advances in our understanding of coastal
dynamics. This paper provides an overview of these major advances to measure the main
physical parameters for monitoring the coastal, estuarine and delta environments and their
evolution, such as the water level and hydrodynamics near the shoreline, water/sediment
contact (i.e., shoreline), shoreline position, topography, bathymetry, vertical land motion,
bio-physical characteristics of sediments, water content, suspended sediment, vegetation,
and land use and land cover.
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Article Highlights

e The coastal areas (including the estuaries and deltas) are very complex environments
with diverse hydrodynamic and bio-geomorphological contexts and with important
socio-economic and ecological issues

e A sustainable future for coastal zones depends on our capacity to implement a system-
atic monitoring on forcing factors and coastal responses

e Satellite-based observations using different techniques (Optical imagery; Altimetry, Micro-
wave radar, Interferometric Synthetic Aperture Radar, Infrared, etc.) have provided major
advances in coastal dynamics with the measurement of different physical quantities

1 Introduction

There are several definitions of the coastal zone and, according to these definitions, the coast can
extend from a few hundred meters to several kilometers on either side of the land-sea interface,
and can include the continental shelf, the littoral zone (a narrow strip located~2 to 5 km from
the shoreline), the nearshore, deltas and estuaries. Thus, coastal systems, located at the land-sea
buffer zone, are very complex environments with diverse hydrodynamic, morphological, sedi-
mentological, and biological contexts: coastline with cliffs, beaches with sand, mud, gravel, or
pebbles, sand dunes, lagoon, bay, but can also present smoother, but very dynamic, transitions
with freshwater inflow from estuaries, deltas, coastal marshes, swamps, and wetlands.

These environments are influenced by significant water level variations controlled by
coastal and offshore currents, upwelling and downwelling, waves (with run-up and over-
topping), tides, storm surges, river and groundwater flow, sea level rise, and vertical land
movement. The combined effects of these complex phenomena on the spatial and temporal
variation of water levels and their impacts on flooding patterns and morphological changes
in coastal and estuarine regions are not well known and are therefore difficult to model.
This is largely due to the paucity of in situ water level observations. Despite this, the spa-
tial variability of hydrodynamics is generally studied by numerical simulations using mod-
eling tools, as well as by field studies dedicated to specific regions and processes.

In addition, coastal environments face major economic and ecological challenges. Coastal
areas are used for fishing, aquaculture, mineral extraction, industrial development, energy produc-
tion, tourism and recreation, as well as for waste disposal. Estuaries are partially enclosed areas of
water on the coast where salt water from the sea mixes with fresh water from rivers and streams.
These transitional waters are highly biologically productive ecosystems and perform many other
important ecological functions. For example, deltas, composed of huge masses of nutrient-rich
sediment deposited at the mouths of large rivers, are among the most fertile regions in the world.
These flat agricultural lands, which make up less than 1% of the world’s land, are critical to the
food security of more than half a billion people (Giosan et al. 2014). In addition, ecosystems such
as coastal wetlands provide critical ecosystem services, such as supporting fisheries by provid-
ing important spawning grounds, filtering pollutants and contaminants from coastal waters, and
protecting coastal developments and communities from storms, flooding, and erosion. However,
the role of intertidal wetlands in regulating water flows and mass exchange (i.e., nutrients, carbon,
salt) at the coastal boundary on a regional scale remains unknown.

Coastal areas are considered one of the environments most affected by human impact
and climate change. These systems are subject to widespread human use, with high popula-
tion density and significant port, industrial and tourism activities. In fact, few coasts in the
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world today escape the influence of anthropogenic pressures, although not all coasts are
inhabited (Buddemeier et al. 2002). This pressure increased dramatically during the twen-
tieth century, a trend that appears likely to continue into the twenty-first century. Coastal
population growth in many of the world’s deltas, barrier islands, and estuaries has resulted
in widespread conversion of natural coastal landscapes to agriculture, aquaculture, forestry,
and industrial and residential development (Valiela 2006). It has been estimated that 23%
of the world’s population lives both within 100 km of the coast and within 100 m above
sea level, and that population densities in coastal regions are about three times the global
average (Small and Nicholls 2003). Direct impacts include drainage of coastal wetlands,
deforestation and reclamation, and the discharge of wastewater, fertilizers, and contami-
nants into coastal waters. Engineering works, such as dams, channelization, and detour of
coastal streams, harden the coast, alter circulation patterns, and alter the supply of freshwa-
ter, sediment, and nutrients. Natural systems are often directly or indirectly altered, even by
soft engineering solutions such as beach nourishment and foredune construction (Hamm
and Stive 2002). Thus, coastal ecosystem services are often disrupted by human activities.

In addition, coasts and estuaries are strongly affected by climate change, including sea
level rise and increases in the intensity and occurrence of extreme events (such as storm
surges, coastal river flooding, flooding) in some regions (IPCC 2014, 2021). Large waves
generated by ocean storms also cause a rise in water level (setup) and generate a large run-
up (e.g., Senechal et al. 2011) that can result in significant flooding. In addition, there can
be strong interactions between tide, storm surge, waves, sea level rise, and flooding (Idier
et al. 2019), which adds an additional level of complexity. In fact, there is a combination of
several processes that can lead to very significant flooding if these processes occur at the
same time: storm surge, wave, high tide, coastal river inundation, groundwater inundation,
and sea level rise. On the other hand, many of the world’s coastlines are eroding and there-
fore retreating. For example, by the end of the century, nearly half of the world’s sandy
beaches could disappear almost entirely due to human-induced erosion exacerbated by cli-
mate change (Vousdoukas et al. 2020). In the delta example, the combination of sea level
rise, subsidence, shoreline retreat, sediment starvation, and extreme weather events, cou-
pled with rapid population growth and increasing human impact on river basins and natural
resources, threatens delta communities (IPCC 2019). These effects are likely to be domi-
nant in the twenty-first century. In addition to erosion and flood damage, these environ-
ments are subject to significant changes in water quality especially during extreme floods,
with increased turbidity from the river to the sea; this creates a turbidity plume affecting
the hydrodynamic conditions of tidal currents and waves in coastal areas.

In summary, the consequences of human impact and climate change in these environ-
ments are numerous, diverse and important, and are defined as multiple risk areas: flood-
ing, erosion (retreat of the coastline), morphological and sedimentary change, change in
water quality (pollution), property damage, reduction of beach area and on tourism. As a
result, the design and management of coastal infrastructure (harbors, dikes, etc.) as protec-
tion against the sea must be reviewed, with considerable costs. According to the Organisa-
tion for Economic Co-operation and Development (OECD 2005), the material damage to
coasts affected by hydro-meteorological phenomena in 2005 was estimated at 3000 billion
dollars (5% of the world’s annual GDP) and could increase tenfold by 2070.

A sustainable future for coastal areas depends on our ability to monitor hydrodynamics,
including quantifying current rates of sea level rise and vertical land movement, but also to
monitor the morphology, sedimentology, and biology of these diverse environments that are
impacted by a variety of natural and anthropogenic environmental changes. This monitoring
must include different scales of time and space, in order to understand, predict and manage
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the evolution of these environments. Satellite data are based on different techniques (opti-
cal imagery, altimetry, microwave radar, interferometric synthetic aperture radar, infrared,
etc.) allowing to measure different physical quantities. In order to find the best compromise
between coverage and spatial, temporal and spectral resolution for the monitoring of coastal
environments, a multi-sensor approach must be favored. Key spatially derived physical
parameters for monitoring coastal and estuarine environments and their evolution include
water level and hydrodynamics, water/sediment contact (i.e., shoreline), shoreline position,
topography, bathymetry, vertical soil movement, biophysical characteristics of sediments,
water content, suspended sediments, vegetation, land use and cover.

2 Hydrodynamics in the Coastal Areas

As already specified above, coastal environments are affected by large variations in water
levels, controlled by offshore currents, wind-induced shelf circulation, waves, tides, storm
surges, sea level rise, and stream and groundwater flow. Remote sensing observations pro-
vide essential information on the spatial variability of water surface elevations under differ-
ent hydrodynamic conditions. Over the past two decades, satellite radar altimeters, measur-
ing sea level variations, have provided major advances in ocean dynamics (Fu and Chelton
2001; Stammer and Cazenave 2018) but have encountered numerous problems in coastal
environments, resulting in rapid degradation of data accuracy as they approach the coast.
In addition, nadir altimetry missions, such as the TOPEX/POSEIDON and Jason series,
have inter-track spacing and temporal resolution that limit their ability to map smaller-scale
coastal features, such as shelf tides, coastal tides, wind effects, and storm surges (Arbic
et al. 2014). However, the upcoming NASA/CNES SWOT mission, to be launched in 2022,
will cover nearly the entire ocean surface with an unprecedented spatial resolution of 1 km
and with revisit ranging from 2 (at the equator) to 7 (at high latitudes) times per 21-day
cycle (Morrow et al 2019), will provide a new perspective for measuring sea level and for
better understanding hydrodynamics (and the interactions between offshore currents, wind-
driven shelf circulation, waves, tides, storm surges, sea level rise, and stream and ground-
water flow on water level) in coastal areas.

As one approaches the coast, the major challenge with radar altimetry is that the models
used to adjust the recovered echoes and derive the geophysical parameters to be applied
to the altimeter measurements assume that the orientation of the scatterers illuminated by
the pulse hitting the sea surface is randomly distributed (Brown 1977). This is not always
true in the coastal zone: due to the size of the radar footprint, spurious returns from land
elevated at the coast or mirror reflections from the water (e.g., due to sheltered areas) are
present in the received echoes (Gomez-Enri et al. 2010). The sea area affected by these
signal disturbances can vary considerably depending on the type of coastline, sea state,
and altimeter used, but generally extends to about 10-15 km from the coast. Even with
the latest signal processing techniques in modern radar altimetry (i.e., unfocused and fully
focused Delay-Doppler altimeters), the focusing of the echo and the consequent reduction
of the footprint represented in an altimeter waveform is concerned with the along-track
dimension, but not the cross-track dimension (Scagliola 2013). Nevertheless, the adoption
of dedicated signal adjustment strategies can largely solve this problem, especially increas-
ing the amount of valid retrievals up to the coast (Passaro et al. 2014).

A second challenge for coastal altimetry is the adoption of specific corrections to
account for the delay of the radar echo passing through the atmosphere and reaching the
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sea surface. Delays caused by interaction with the atmosphere can be corrected by com-
paring range measurements at different frequencies (for ionospheric delays) or by using
radiometer measurements (for tropospheric delays). In both cases, these techniques are
affected by the presence of land (Fernandes et al. 2014). Delays can also be derived using
modeled data, which may nevertheless have suboptimal spatial and temporal resolution.
This is particularly the case for the delay caused by water vapor (called the wet troposphere
correction). However, combined solutions using radiometric measurements, in-situ meas-
urements from coastal stations and modeled data now exist (Lazaro et al. 2020; Fernandes
etal. 2021).

Measuring sea level in the coastal zone also means dealing with more complex spatial
and temporal scales of variability than in the open ocean. A typical example is the ocean
tide, which is not temporally resolved by altimetry and must be removed from the instantane-
ous altimeter measurements to avoid the tide signal being aliased into the ocean topography.
This is done by using sea level estimates provided by tidal models. Coastal boundaries and
bathymetry variations intensify the tidal signal and generate internal tides that are difficult
to predict with hydrodynamic models. Moreover, for the reasons explained above, the use of
satellite altimetry to improve tidal models is limited by the coastal performance of the altim-
etry measurement itself. Improvements in coastal altimetry data (Piccioni et al. 2018), local
knowledge of bathymetry (Cancet et al. 2019; Rasquin et al. 2020), and internal tidal calcula-
tions (Ray and Zaron 2011) significantly improve the quality of tidal models in the coastal
zone, and thus the exploitation of sea level altimetry data for other types of applications.

Wind waves also affect the reflected altimeter signal, which is used to estimate the sig-
nificant wave height (SWH, the average height of the highest third of the waves illuminated
by the satellite footprint). Note that the significant wave height is not affected by atmos-
pheric delays and therefore improvements in the adjustment strategy in coastal areas lead
to a direct increase in the quality of its retrievals in these areas. Shallow-water waves are
subject to rapid changes due to coastal bottom topography (Dodet et al. 2019), but their
measurement is necessary to assess the impact of sea level rise at the coast in terms of total
water level (Melet et al. 2018). In addition, the correct estimation of SWH is critical for
the accuracy of sea level data due to the interaction of the wave field with the radar echo,
which is accounted for in the sea state bias correction (Tran et al. 2010).

Finally, even using the most advanced processing techniques mentioned above, altim-
etry in the coastal zone requires a dedicated approach. At the global scale, the use of altim-
etry relies mainly on the generation of mesh products with a resolution typically of %4°,
combining available multi-mission data, but with large-scale filtering along the track and
strong interpolation in space and time (Pujol et al. 2016; Legeais et al. 2018, CMEMS,
C3S). This hinders the ability to observe coastal variability at small scales and smoothes
out changes in ocean variability toward the coast. Direct use of data along the trace of
consecutive runs can be used locally to circumvent this problem (Birol et al. 2010), but
is of limited value relative to typical user needs. The recent rapid increase in the number
of altimetry satellites orbiting simultaneously and the evolution of altimetry measurement
from a one-dimensional profile to a two-dimensional swath (Fu and Ubelmann 2014) are
promising advances that will aid in the production of seamless sea level estimates suitable
for coastal stakeholders. In addition, monitoring the coastal zone with satellite altimetry
is now a requirement of the most recent missions (Scharroo et al. 2016). The critical need
to use radar altimetry in the coastal zone has fostered tremendous improvements in recent
years and now allows for accurate measurements to within 5 km of the coast of several
processes such as sea level, current, waves, and wind and storm surges (Benveniste et al.
2019).
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2.1 SeaLevel Measurement

Coastal sea level has historically been observed using in-situ data. These are collected by a
network of tide gauges, whose distribution is nevertheless extremely uneven over the globe
(Permanent Service for Mean Sea Level, Holgate et al. 2013). For this reason, one of the
main interests of calculating coastal sea level from altimetry is to provide measurements
in areas that are not sampled by in-situ measurements. Tide gauges are also used to cali-
brate and validate measurements from satellite altimetry (Leuliette et al. 2004; Nerem and
Mitchum 2001). This process is also enhanced by the availability of better altimetry data in
the coastal zone.

There are important differences to consider when comparing sea level measurements
from satellite radar altimetry and tide gauges. First, satellite radar altimetry measures abso-
lute sea level, relative to a reference surface (the ellipsoid or geoid), whereas tide gauges
measure sea level relative to the land and are subject to the vertical motions of the land
(Woppelmann and Marcos 2016). Second, altimeter data are typically provided to users as
absolute sea surface height (SSH), i.e., corrected for the contribution of atmospheric pres-
sure and ocean tide and loading, whereas tide gauge measurements are typically provided
in terms of total (relative) water level.

The sea level trend measured during the satellite altimetry era has strong regional vari-
ations (Stammer et al. 2013; Hamlington et al. 2020). There is a growing interest in under-
standing the factors that affect the estimation of a sea level trend, seasonal and interannual
variability at the local scale. This is particularly true near the coast. The latter is difficult
to analyze using gridded altimetry products that are based on a smoothing of the order
of several tens of kms. Improvements in the processing and availability of coastal altim-
etry data now allow the analysis of long-term time series based on along-trak data up to
1-4 km from the coast (Marti et al. 2021, Benveniste et al. 2020a, Birol et al. 2021). Dif-
ferences in the annual and semiannual cycle of sea level have been observed in correspond-
ence with coastal currents and waves trapped on the coast, causing an increase in seasonal
amplitude toward the coast (Vinogradov and Ponte 2010, Passaro et al. 2015, 2016). Very
local coastal processes can also affect sea level trends very close to the coast, related to
waves, currents, atmospheric effects, or freshwater inputs (Woodworth et al. 2019). An ini-
tial analysis of nearly 500 altimetry traces spanning nearly two decades of data revealed
that 80% of locations do not show significant differences in sea level within the last 15 km
of the coast (Benveniste et al. 2020a). While this means that in most cases sea level trends
farther from the coast can be extrapolated for coastal risk assessment, significant trend dif-
ferences have been observed even in highly reliable locations used for decades for sensor
calibration (Gouzenes et al. 2020).

2.2 Coastal Currents on the Shelf, Near the Coastline

Ocean currents transport heat, salt, all sort of tracers and floating materials, and are
then of crucial importance to regulate climate conditions, at global to local scale. Their
monitoring is also a key component in many coastal applications, ranging from bio-
geochemical resources to marine pollution or search and rescue. During the last two
decades, satellite altimetry has played an essential role in the knowledge and monitoring
of ocean currents (Fu and Chelton 2001, Stammer and Cazenave 2018). Geostrophic
currents can indeed be directly derived from sea surface height altimetry measurements
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with respect to the Earth’s gravity field (using a geopotential surface—the geoid) and
rotation (the Coriolis force).

In contrast to irregularly distributed in-situ data (e.g., hydrographic observations col-
lected by ARGO floats, ships and gliders, surface drifter and moored or ship-based acoustic
Doppler velocities) or shore-based HF radars, satellite altimetry provides long time series
of spatially and temporally homogeneous information about the circulation and are availa-
ble at near-global scale. But its use is still limited in coastal areas due to the nearshore data
gaps and/or a lower data quality mentioned above. In addition, the spatio-temporal resolu-
tion of the original along-track altimetry data is sparse relatively to the scales of many
coastal dynamical features. The generation of the most commonly used gridded altimetry
current products requires some sort of interpolation which causes smoothing effects and
an even coarser spatial resolution. However, as for sea level, because satellite altimetry is
a major element of the ocean circulation observing system, several studies have addressed
the different issues related to the derivation and exploitation of altimeter-derived coastal
current velocities.

Vignudelli et al. (2005) proposed a new data processing strategy to compute altimetric
velocities from the Topex/Poseidon (T/P) mission in the Corsica Channel and evaluated
their accuracy through a comparison with coincident current measurements from moor-
ings. The conclusion was that an adapted processing improves the data availability and
accuracy in a coastal current system. But the corresponding altimetry-derived velocities
could only be used at seasonal and longer time scales. In the same area, Bouffard et al.
(2008) further improved the data processing proposed by Vignudelli et al. (2005) and used
measurements from the four altimetric missions available during the 2002-2005 period in
order to increase the spatio-temporal resolution. Data were available at less than 50 km
from the coast (between 10 and 49 km) on the continental shelf. They showed that with
this multi-satellite configuration, the agreement of altimetry-derived velocities with in situ
measurements could be extended to intraseasonal time scales. In this study, multi-mission
crossovers were used as virtual current meters to monitor the total surface current compo-
nent in the study area.

In Salazar-Ceciliano et al. (2018), the flow variability in the eastern shelf of the Gulf of
Tehuantepec was documented from intraseasonal to interannual timescales using only the
long time series of the T/P+Jason-14Jason-2 satellite orbit (i.e., a mono-satellite configu-
ration but 20 years of data). Pascual et al. (2015) and Birol and Nifio (2015) illustrated the
new capability of the Ka-band frequency range SARAL/AItiKa mission (35 GHz, launched
in 2013) in terms of coastal current retrieval (up to 7 km from the coast in Pascual et al.
2015). Birol et al. (2021) show that, with the new ESA (European Space Agency) Climate
Change Initiative coastal sea level product (Benveniste et al. 2020a), we can estimate the
ocean current variability up to 5 km from the coast. Since the work of Vignudelli et al.
(2005), we can see how the spatio-temporal extension of the data, the progress made in
data processing and in the performance of altimeters allow to better resolve the coastal cur-
rent variability even closer to the coast on the shelf. Thanks to its further improved observ-
ing capability (Vignudelli et al. 2019), the SAR mode of Sentinel-3 (launched in 2016)
and of Sentinel 6 (launched in late 2020) will still increase the availability of nearshore
altimetry-derived current data.

The synergetic use of altimetry with other types of ocean observations not only allows
to validate the coastal altimetry velocity field and estimate its accuracy, but also signifi-
cantly increases the range of possible applications. Birol et al. (2010) and Jebri et al. (2016)
exploited the complementarity between in-situ data, coastal-oriented along-track altimetry
products and remote sea surface temperature (SST) observations to improve our knowledge
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of the surface circulation scheme in the Mediterranean Sea. Despite the limited spatial res-
olution of the along-track altimetry data, in these two studies, the picture of the coastal
circulation system that is derived appeared fairly coherent at regional scale, and could then
be completed by the spatial structures highlighted in the homogeneous and higher resolu-
tion SST field.

In Radenac et al (2016), combining altimetry currents with other spaceborne data sets
(wind, chlorophyll and SST) along the coast of New Guinea allowed putting scarce in situ
hydrographic, biological and/or chemical measurements in a larger scale context. It allowed
to identify the major processes involved in the local variability and their period and zone
of activity. These studies illustrate how a multi-data combined approach is a unique way
to stimulate the use of altimetry in coastal circulation studies (Carret et al. 2019). But we
need to keep in mind that in numerous regions, despite the importance of surface boundary
currents in local environmental or societal issues, very few or even no in-situ measure-
ments exist. Therefore, it is important to guide the technical and scientific evolution of
altimetry toward its operational use within coastal observing systems.

2.3 Ocean and Nearshore Waves

Ocean waves are generally formed by the transfer of energy from atmospheric wind motion
to the ocean surface, which becomes a swell wave as time and distance increase. When
they reach the nearshore areas, they tend to be unstable and act on coastal changes.

Analysis of these processes on multiple time scales requires the coupling of different
data sets provided by in situ measurements and remote sensing techniques. The latter is
considered a valuable method to improve the coverage of the measurements and requires
some processing and corrections.

Surface winds change the roughness of the sea surface: as the wind speed increases,
the sea surface becomes rougher, and consequently the number of specular reflecting faces
decreases and also the backscattered power in the nadir direction (Ikeda and Dobson 1995).
Using this property, different approaches have been developed to retrieve the surface wind
speed from the backscatter coefficients (60) of radar altimeters, based on empirical rela-
tionships as for ENVISAT (Abdalla 2012) or SARAL/AItiKa (Lillibridge et al. 2014), or
using neutral arrays (Jiang et al. 2020). Because radar altimeters are nadir-facing sensors,
only wind speed can be inferred and not wind direction, unlike scatterometers and SARs.
Due to the coarse spatial coverage and temporal resolutions of current radar altimeter mis-
sions, radar altimeter data have been used less for surface wind analysis than scatterometer
and SAR data, except for the joint analysis between wind and waves, as significant height
can also be derived from the radar echo (e.g., Kumar et al. 2013; Young and Vinoth 2013).
Archives containing wind speed and wave height data and related quantities for several
altimetry missions are now available for easier data exploitation (e.g., Ribal and Young
2019). Recently, altimeter data have been used to document coastal wind fall in Peru—Chile
eastern boundary current systems (EBUS) along altimeter tracks (Astudillo et al. 2017)
and to improve regional ocean modeling (Astudillo et al. 2019). Coastal data along satel-
lite altimeter tracks have also recently been used to globally quantify the mean attenuation
of mean wave height and wave energy flux between the open ocean and the coast (Passaro
et al. 2021). Thus, the upcoming NASA/CNES SWOT mission (Fu et al. 2012) will pro-
vide new opportunities for studying sea surface winds.

Along the open ocean coasts, nearshore waves (wind waves, rise/run waves, infragrav-
ity waves, seiches, ...) are a key driver of coastal change and can contribute significantly
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to coastal hazards. Wave-induced sea level changes can span time scales from seconds to
decades. Swash and runup vary on the resolved time scale of the wave phase, and the wave
pattern of the phase mean on the synoptic time scale (Dodet et al. 2019). The magnitude
of wave contributions to sea level variations in coastal areas is much larger at very short
time scales than at longer time scales. For this reason, waves have mostly been consid-
ered in local studies for their substantial contribution to extreme total water levels at open
coasts (e.g., Stockdon et al. 2006; Hoeke et al. 2013; Wadey et al. 2017; Pedreros et al.
2018). Global-scale studies of past extreme water levels are often based on tide gauges.
Because tide gauges are typically located in wave-sheltered environments, wave contribu-
tions to extreme coastal sea levels have mostly not been considered in global-scale coastal
risk assessments until recently (as recalled by Wahl et al. 2017). Regional to global scale
studies accounting for wave contributions to past (e.g., Ruggiero 2013; Serafin et al. 2019;
Rueda et al. 2017; Vousdoukas et al. 2016) and projected coastal water levels are emerg-
ing (e.g., Mentaschi et al. 2017; Vousdoukas et al. 2017, 2018a, 2018b; Arns et al. 2017;
Vitousek et al. 2017). They highlight the prominent role of wind waves in coastal hazards
for low-lying coasts, contributing to coastal erosion and flooding via high total water levels
and large energy flows.

Wave patterns may also exhibit low-frequency changes (e.g., Woodworth et al. 2019;
Dodet et al. 2019; Ponte et al. 2019; Melet et al. 2016) due to its dependence on many
factors that may evolve over long time scales (seasonal to multi-decadal). These factors
include (1) changes in geomorphology (e.g., beach orientation, shoreline bathymetry,
Familkhalili and Talke 2016; Lentz et al. 2016; Cohn and Ruggiero 2016; Hongo et al.
2018), (2) changes in ocean currents, water depth (including sea level rise), and their inter-
action with waves (e.g., Hoeke et al. 2015; Arns et al. 2017; Wandres et al. 2017; Quilfen
et al. 2018) and (3) changes in deep-water wave characteristics (significant wave height,
period, direction) induced by changes in atmospheric circulation patterns and resulting
surface winds in response to internal climate variability and climate change (e.g., Morim
et al. 2021). Although uncertainties remain regarding the robustness of externally driven
trends in wave heights and extremes over recent decades (e.g., Semedo et al. 2011; Charles
et al. 2012; Reguero et al. 2019; Young and Ribal 2019; Dodet et al. 2019; Mori et al.
2019), robust changes in wave height, period, and direction are projected for the twenty-
first century in several ocean regions (e.g., Hemer et al. 2013; Wang et al. 2014; Morim
et al. 2018, 2019, 2021). These low-frequency changes in wave climate are transmitted to
total water level changes at the coast through changes in wave patterns and swash. How-
ever, few studies have focused on seasonal, interannual, or longer-term changes in wave
configuration and swash. In addition to the fact that wave contributions are more important
during extreme events, this could also be due to the lack of long and continuous time series
of wave configuration and run-up, due to limitations of observations (Dodet et al. 2019;
Ponte et al. 2019) and coastal numerical models for realistic representation of coastal mor-
phological evolution (Elsayed and Oumeraci 2017).

One exception is the study by Gainza et al. (2018) in which an interannual time series
of wave runup was produced using a meta-modeling approach. A complicating factor
in studying low-frequency changes in wave pattern and runup is also their sensitivity to
poorly known time-varying local morphology (e.g., O’Grady et al. 2019). Yet, several stud-
ies have shown interannual variability in deep-water wave energy flux, shoreline profile,
coastline position, and beach width and volume (e.g., Kuriyama et al. 2012; Harley et al.
2017; Norcross et al. 2002; Karunarathna et al. 2016). Recently, Melet et al. (2018) con-
ducted a first-order global estimate of the contribution of wave patterns to past interannual
to multidecadal changes in coastal total water levels. Their results highlight the importance
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of the wind- and wave-induced contribution to interannual to multidecadal changes in total
water levels over the past two decades and suggest that the contribution of waves should
not only be considered in studies of extreme events, but also in studies of past and future
low-frequency coastal sea level variations and rise (Figs. 1 and 2).

The last type of low frequency nearshore waves is the tsunami waves, long waves with
period varying between 1 and 20 min. They are caused by a large and sudden tectonic dis-
placement (wavelength from a few kilometers up to a few hundreds of kilometers) that are
generated by sudden tectonic change, usually the result of an earthquake.

Nowadays the satellite altimetry is theoretically useful to detect the relatively small
amplitude of tsunami waves in the open ocean by measuring sea surface height. This tech-
nique can form also part of a tsunami early warning. It can be also used to compare and
validate the forecast models with the aim to improve the propagation of tsunami propaga-
tion. For example, the tsunami of 11th March 2011, observed over the Pacific Ocean, has
been identified by using three altimetry satellites (Jason-1, Envisat and Jason-2) between
5 and 22 h after the earthquake. Envisat detected the first wave front 5 h and 25 min after

B waves (set-up + swash) Bl Altimetric SL Atmospheric surges

Fig. 1 Coastal sea level decomposed by contributions, waves, regional altimetry and atmospheric surges for
the a interannual variability and b trend (from Melet et al. 2018)
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Fig.2 Coastal map of the monthly distribution of extreme storm surges from satellite data (adapted from
Lobeto et al. 2018)

the earthquake with a trough-to-crest amplitude of up to 50 cm. Jason-1 measured a larger
amplitude (60 cm), seven and three quarter hours after the earthquake (Godin et al. 2009).
Such altimeters are also used for measuring the ocean surface roughness and detecting
tsunamis away from the shore. The Jason-1 and TOPEX/Poseidon satellites have been
explored by scientists from NASA’s Jet Propulsion Laboratory, the National Atmospheric
and Oceanic Administration (NOAA), and the French Space Agency (CNES) to detect the
tsunami occurred around the Indian Ocean on December 26, 2004, by measuring the crests
and troughs of the tsunami as it moved through the Indian Ocean.

2.4 Storm Surges

Flooding risk in coastal areas has been revealed as one of the most relevant impacts to be
considered at the present time. Its relevance has increased mainly due to the progressive
rise in mean sea level, caused by climate change, and the increase in population density
in coastal areas. Sea level rise combined with storm surge contributes to increase chronic
flooding occurrences (The term ‘surge’ refers to a sudden movement of water which is
quickly generated but which is soon over (Pugh 1996), while ’storm surge’ is usually
reserved for higher water level anomalies generated by a severe storm. ‘Storm tide’ is
sometimes used for the description of extreme sea levels and refers to the total observed
seawater level during a storm). Such extreme events are already occurring along the eastern
coast of north America as well as in many other locations, e.g., in Bangladesh (India) and
New Orleans (USA), causing a large number of casualties and economic losses (Sweet and
Park 2014; Jacobs et al. 2018; Le Cozannet et al. 2021). The determination of extreme sea
levels is therefore a required issue to be able to fully evaluate flooding impacts, which risk
is also conditioned by coastal exposure and vulnerability (Toimil et al. 2020).

Apart from the movements in mean sea level and the predicted tide modulations, inter-
actions between the sea surface and the weather atmospheric circulation patterns determine
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the total water level on the coastal areas. Surface wind and the atmospheric pressure mod-
ify the forces acting on the sea surface.

They trigger setups due to wave nearshore processes, with periods from seconds to
minutes, and the storm surge, associated to periods from hour to daily time scale. Physi-
cally, the atmosphere forces the storm surge in two ways: (i) changes in atmospheric pres-
sure produce changes in the forces acting vertically on the sea surface, and (ii) forces due
to wind stress are generated at and parallel to the sea Surface. The former is called the
"inverted barometer response", usually formulated considering a static (isostatic) response
of the oceans to atmospheric pressure. Local variations in atmospheric pressure about
the mean pressure, in mbar, provide the relation describing that, under an unusual lower
atmospheric pressure, the sea level will be higher. Mean sea level atmospheric pressure
is usually considered as 1013 mbar; but this value can vary in some regions (e.g., tropi-
cal areas usually have lower mean atmospheric pressures). The classical inverse barometer
effect approximates sea level changes of + 1 cm in response to surface air pressure anoma-
lies of —/4+ 1 mbar. Some processes (for instance baroclinic effects) may however slightly
modify this simple inverse barometer relationship, especially in tropical regions (Mathers
and WoodWorth 2001). The storm surge generated by the wind is explained by the energy
and momentum transfer between the surface atmospheric layer and the sea surface. The
surface wind force is defined as the wind stress. The setup of the water level by the wind is
proportional to the wind speed, inversely proportional to the water depth and higher when
the wind direction is perpendicular to the shoreline and in the case of larger sea surface
areas where the wind is blowing. This implies that this wind-induced component can be
significant along coasts characterized by shallow continental shelf (Idier et al. 2019). More
detailed description about the storm surge response to the atmospheric pressure and wind
are provided in Pugh (2004).

Numerous numerical models are available to simulate storm surge. In order to provide
long time series, the approach to solve the depth-averaged form of the shallow water equa-
tions is often applied. The governing equations are based on the conservation mass and
momentum, as described by the Navier—stokes equation. Specific setups are used as func-
tion of the model target (e.g., modeling storm surge induced by hurricanes, simulate the
nonlinear relation between tide and surge in shallow waters, etc.).

Tide-gauge records are the classical in-situ measurements to analyze sea level variations
and extreme values on the coastal area (Woodworth et al. 2016). These instruments meas-
ure sea level relative to a local geodetic benchmark, and provide one of the longest records
ever measured on oceanographic variables. Records with lengths higher than 100 years
are available in different coastal sites worldwide. However, they can be locally influenced
by vertical land motions and the stability of the surface they are built upon. Storm surges
are usually analyzed from the called ‘Non-tidal-residual® (NTR) signal, i.e., the difference
between the observed and tide predicted levels. In addition, the ‘skew surge’ metric (i.e.,
the difference between the maximum observed sea level and the predicted high tide in a
tidal cycle, de Vries et al. 1995) can also provide information about extreme sea levels
(e.g., Williams et al. 2016).

Satellite altimeters are a remote data source to analyze sea level that provides regional
information (Stammer and Cazenave 2018). The satellite observations are available since the
early 1990s and therefore multi-mission data provide three decades of information. Altim-
eters measure its distance to a referenced surface (e.g., geoid), from which the sea surface
height (SSH) can be estimated after a series of range and geophysical corrections (Vignudelli
et al. 2011). Range corrections include removing the waves (i.e., sea state bias correction) and
tidal and atmospheric sea level variations are included into the geophysical corrections. Sea
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level variability is usually analyzed from the Sea Level Anomaly (SLA) data with respect to a
mean sea surface, from which the tidal and atmospheric components are removed. Wind and
atmospheric pressure effects in the altimeter measurements are usually removed in the altim-
eter SSH through the Dynamic Atmosphere Correction (DAC, e.g., Carrere and Lyard 2003).
Therefore, the analysis of the storm surge from satellite data requires the addition of the DAC
to the SLA (Lobeto et al. 2018). Nevertheless, satellite data does not provide time series with a
sufficient temporal resolution and gridded products are not suitable for the analysis of extreme
sea levels.

Long time series allow the characterization of variations on extreme sea levels, on which
the gradual mean sea level rise rides (Menéndez and Woodworth 2010; Lobeto et al. 2021).
Spatial seasonal patterns of storm surge are observed throughout the winter season in extrat-
ropics, while the monthly occurrence of the storm surges induced by tropical cyclones differs
for the affected coastal regions. Main drivers of the interannual to decadal variability can be
associated with changes in the climate system but also tidal cycles, such as the of 18.61 years
lunar nodal cycle due to the precession of the Moon’s orbit around the Earth, can influence
extreme water levels (Peng et al. 2019; Haigh et al. 2011). Climate variations can be analyzed
by correlating teleconnection patterns with total water levels or directly the climate-related
sea level component (storm surge). The North Atlantic Oscillation (NAO) and the El Nifio—
Southern Oscillation (ENSO), (Muis et al. 2018; Merrifield et al. 1999; Menéndez and Wood-
worth 2010) are two examples in which natural climate modes trigger higher probability of
coastal flooding due to storm surges.

Although many specified locations can be affected by high storm surges, the main world
coastal affected by high storm surges are those where severe tropical and extratropical
cyclones reach the coast. They are broadly located along the eastern coast of North Amer-
ica, Gulf of Mexico, Northern European coast, Indian coast, East Asia and northern Australia
(Fang et al. 2014).

Numerous studies have statistically estimated unusual values of extreme sea levels asso-
ciated to low probability of occurrence (e.g., 100 year return period). Despite storm surge
results from climate variability from monthly to inter-annual scale, return value estimates of
storm surge component are more limited. Recent advances in coastal altimetry multimission
products and research on statistical extreme analysis to be applied to storm surge data from
satellite are therefore a challenge. The studies by Lobeto et al. (2018) and Li et al. (2018) are
the first to achieve an in depth analysis of storm surges from satellite data. Lobeto et al. (2018)
presented a novel approach based on the application of a non-stationary extreme model to the
storm surge monthly maxima from remote data over the North American East Coast. They
compared return period storm surge values against similar estimates from tide-gauge data and
propose a correction factor. Thus, the results of these studies underlines that the satellite altim-
etry data show a great potential to study the behavior of sea level extreme events nearshore
where in situ information is not available.

3 Shoreline (Water/Sediment Contact): Survey and Vulnerability

The knowledge of trends and variability in the shoreline position is useful for policy mak-
ing to design coastal zone monitoring and human interventions, but also to scientists to bet-
ter understand and predict the shoreline dynamics. By definition, the shoreline is located
at the intersection of water and land surfaces. However, this intersection is dynamic, such
that there is not a single shoreline indicator, but a range of possible shoreline indicators,
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depending on the nature of the data and the objective. According to Boak and Turner
(2005), these proxies are generally of two types: either a feature that is visible in coastal
imagery (e.g., instantaneous waterline, vegetation line) or the intersection of a tidal datum
with the coastal profile (e.g., mean high water). Another category emerged these last 2 dec-
ades, based on the application of image processing techniques to extract proxy shoreline
features from digital coastal images that are not necessarily visible (e.g., time-averaged
waterline derived from a high-frequency image dataset, as in Aarninkhof et al. 2003). Opti-
cal satellite images appear logically as a source of shoreline data, while synthetic aperture
radar (SAR) imagery allows observing the Earth even in the night or cloudy conditions.
Triggered by the increase of spatio-temporal resolution of satellite images since the 80’s,
but also of the amount of publicly available satellite images, significant progresses have
been done in the production of satellite-derived shoreline, opening a new era for shoreline
evolution/change studies.

3.1 Satellite Derived Shoreline

Shoreline detection methods rely mainly on the analysis of near-infrared (NIR) spectrum,
as it is absorbed by water and gets reflected by vegetation and dry soil (Work and Gilmer
1976). The methods based on NIR use either this sole band (e.g., Rundquist et al. 1987) or
indices developed from the conjunction of other bands. The most widely used indices are
the normalized difference vegetation index (NDVI) which enhances the water feature with
red band (e.g., Tucker and Sellers 1986), the normalized difference water index (NDWI)
which uses the green band (e.g., McFeeters 1996), and the modified normalized differ-
ence index (MNDWTI) which uses the short-wave infrared (SWIR) to overcome noise issue
(Vos et al. 2019a, b). The main steps are generally: (1) pre-processing (noise reduction and
image correction, as, e.g., radiometric and geometric corrections; ortho-rectification), (2)
land-sea segmentation (i.e., the algorithm allowing to separate the land from the sea, for
instance by edge detection, classification or band thresholding methods), (3) post-process-
ing (as e.g., “water level correction”). For step (2), several approaches have been proposed
such as edge detection, segmentation and classification approaches (Toure et al. 2019).

The spatio-temporal resolution is a key issue for shoreline survey. With the time, the
pixel size of publicly available optical image has decreased from 80 m for the first Landsat
missions 1-3 (1972-1983), to 30 m for Landsat 4-8 (1982—present) and 10 m for Sen-
tinel-2 (2015—present). At the same time, the satellite revisit period has decreased from
every 18 days for Landsat 1-3, to 16 days for Landsat 4-8 and 5 days for Sentinel-2. In
addition, high resolution imagery can be used, as for instances the Pleiades images (0.5 m
resolution and revisit period of few days) provided by CNES (Centre National d’Etudes
Spatiales), IKONOS, Quickbird, or other private initiatives based on nano-satellites (e.g.,
SkySat, with a metric resolution and daily revisit period). A semi-automatic method to
extract a shoreline from commercial Earth observation satellite (IKONOS) images, based
on mean shift segmentation and the identification of water bodies including the shoreline
refinement, has been presented by Li et al. (2003). The Quickbird multispectral images
have been used by Giannini and Parente (2015) to extract the coastline by segmentation
from the multispectral bands. The drawback of such missions is that they are not all pub-
licly available.

A few years ago, Google launched the Earth Engine platform (GEE). This consists of
a multi-petabyte analysis-ready data catalog co-located with a high-performance parallel
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computation service, and allows reducing image processing time to only a few minutes per
image (Gorelick et al. 2017). This platform triggers the use of a full collection of satellite
images and of state-of-the-art image processing techniques. In 2018, this led to the first
global scale assessments of shoreline evolution (trends) on sandy beaches, from 1984 to
2015 and 2016, respectively (Mentaschi et al. 2018; Luijendijk et al. 2018). However, these
studies focused mainly on trends, while the method they use exhibit some limits, especially
out of micro tidal areas. Vos et al. (2019a) made the first deep investigation on capability
to detect various time scales of shoreline changes from satellite images, including tidal
corrections.

Historically, shorelines were detected based on the use of single images and indexes
thresholds. To tackle the global scale, methods based on composite images have been
developed (Mentaschi et al. 2018; Luijendijk et al. 2018). For instance, Luijendijk et al.
(2018) relied on NDWI and cloud free global annual composite images. More recently, a
promising approach has been developed based on the extraction of sub-pixel resolution, the
use of single images, an image classification method allowing to better identify the break-
ing areas as water areas, and tidal corrections. This method is implemented in the publicly
available CoastSat Python toolkit (Vos et al. 2019b). As an illustration of the method skills,
on the Narrabeen site (Australia), on the same input dataset, the RMSE equals 8.2 m, 9.5 m
and 13.7 m, in Vos et al. (2019a), Liu et al. (2017) and Luijendijk et al. (2018). After Vos
et al. (2019a), the first improvement is due to the use of the refined four-class pixel clas-
sification, while the second improvement is due to the use of single image rather than
image composites, plus the application of pansharpening (i.e., increase the spatial resolu-
tion of the multispectral bands by using the higher spatial resolution panchromatic band,
see, e.g., Liu et al. 2017), a downsampling and tidal correction. Moreover, Castelle et al.
(2021) investigated the uncertainties associated with satellite-derived time series of shore-
line position on a high-energy meso-macrotidal beach. They proposed a new total water
level threshold accounting for wave runup which, combined with a horizontal correction of
shoreline position based on average beach slope estimated from in situ data, halves shore-
line error and doubles the number of usable satellite images, thus dramatically improving
shoreline reconstruction along such coasts.

On the other hand, SAR imagers can be used and present the advantages of penetrating
the cloud cover and allowing nighttime acquisitions. SAR images really started to be used
for shoreline detection in the 90’s (see e.g., Lee and Jurkevich (1990), which proposed a
technique based on the Sobel-Feldman edge detection algorithm for a small portion of a
SEASAT image). Contrary to optical images, the analysis of SAR images encounters the
difficulty in discriminating wet and dry sand, which is a key issue especially in meso to
mega-tidal areas. Today satellites such as TerraSAR-X can provide SAR images with a
3 m resolution, with a revisit period of 11 days. As an example of shoreline detection using
such SAR images, Vandebroek et al. (2017) derived shoreline on a “mega-scale” beach
nourishment project in the Netherlands, called Sand Motor (De Schipper et al. 2016). The
horizontal accuracy of the derived shorelines was approximately 50 m, which was suffi-
cient to assess the larger scale shoreline dynamics of the Sand Motor. Thus using SAR
image as TerraSAR-X appears as a valid option for assessing temporal shoreline changes of
the order of tens of meters at approximately monthly intervals. It should also be noted that
many developments have been done to build Digital Elevation Models (DEM) on emerged
or intertidal areas using satellite measurements (for a review, see Salameh et al. (2019) and
Sect. 3).

There are many perspectives of improvement in the way shorelines are derived from
satellite images. One relates with the necessity, for practical applications, to project an
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instantaneous shoreline to a reference elevation. Indeed, DEM- and shoreline-oriented
method rely both on using nearby water level measurements or hydrodynamic models,
assuming that the altitude of the waterline equals this data. One promising way to tackle
the runup issue is to use video streams from satellite. This would allow computing time-
averaged images to remove much of the influence of wave runup on mapped shoreline posi-
tions, as it is done since many years when using terrestrial video-monitoring systems pro-
viding oblique images (e.g., Aarninkhof et al. 2003). Finally, the increase of the amount
of free satellite images, together with platform easing their use and the increase of open
access processing tools, should lead to a much larger use of these images for shoreline
evolution studies and significant developments in the coming years/decade, to tackle intra-
annual to pluri-decadal scales and local to global scales.

Moreover, the machine/deep learning techniques open new strong perspectives to map
waterlines and coastal features from the satellite. Zhang et al. (2013) have investigated
the shoreline evolution by the use of support vector machine (SVM) classification algo-
rithm. They have optimized different SVM kernel functions (Polynomial, Radial basis and
Sigmoid) and used the Sigmoid kernel function which outperforms other functions. The
water-index-based method has been compared to the SVM algorithm by Choung and Jo
(2017) for plotting accurate shorelines using high-resolution satellite images; they have
highlighted that both techniques accurately identified coastal zones with the SVM outper-
formed the water—index for coastal ones with irregular shapes and shaded areas.

3.2 Coastal Vulnerability from the Shoreline Change

Past studies focused on the shoreline change and prediction, including empirical analysis
of beach stability (Wright and Pilkey 1989; Basco 1991), analysis of natural and anthropo-
genic beach loss and gain, identification of relative changes among coastal units (Siddiqui
and Maajid 2004), shoreline response to energy driven forces (Fenster et al. 1993).

Joevivek et al. (2013) analyzed the coastal vulnerability in Southern India using a
remote sensing approach of Landsat sensors (Multispectral Scanner (MSS), Thematic
Mapper ™ and Enhanced Thematic Mapper Plus (ETM+). They classified the vulnerable
risk zones on the basis of the shoreline change and the coastal vulnerability index (CVI)
which include six vulnerable parameters, namely coastal morphology, shoreline change
rate, coastal slope, relative sea level change, mean wave height and mean tide range. The
accurate identification of the first three vulnerable parameters from satellite products have
been reviewed in several works (e.g., Bishop-Taylor et al. 2019; Vos et al. 2020). For exam-
ple, the beach face-slope has been evaluated along eight diverse sandy/gravel beaches by
Vos et al. (2020) from satellite-derived shorelines coupled with tidal models to create inter-
tidal digital elevation models (Bishop-Taylor et al. 2019; Tseng et al. 2017).

Gomez et al. (2014) characterized the coastal vulnerability in the Outer Hebrides, Scot-
land, using Landsat imagery. They have provided some insights into vulnerable areas in
particular; their study supports flooding and erosion from a series of change patterns of
coastal environments over the period 1989-2011 considering the recent shift of the coast-
lines and the land-based vegetation which are assessed by the Digital Shoreline Analysis
System (DSAS). Several researchers investigated the extraction of satellite image features
related to coastal vulnerability. A software of digital shoreline analysis (DSAS) has been
developed to calculate the annual rate of beach changes in the north-west of Nile Delta,
from Landsat data, and detect pre and post-beach responses to highly energetic condi-
tions and coastal protection structures (Dewidar and Frihy 2007). The temporal coastline
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changes between 1986 and 2001 and the associated sediment characteristics have been ana-
lyzed by El Banna and Hereher (2009) from Landsat images for the Mediterranean coast of
northern Sinai.

Elnabwy et al. (2020) investigated the shoreline changes in the northeast of Nile Delta,
Egypt, exposed to a series of natural and anthropogenic forcing factors with the aim of sup-
porting the integrated coastal management. They developed a novel method to assess the
shoreline changes based on the combination of SVM classification for Landsat images and
GIS for improving the accuracy of shoreline estimation.

The deltas provide good examples of studies performed at the global scale from measur-
ing different physical quantities by Earth Observation satellite data, such as near-infrared
images, optical remote sensing, etc. Syvitski et al. (2009) used visible and near-infrared
images from the Moderate Resolution Imaging Spectroradiometer (MODIS) satellite,
together with in-situ observations, to determine whether delta plains are keeping up with
rising sea levels (33 world’s largest deltas considered). They estimated that the delta sur-
face area vulnerable to flooding could increase by 50% under the projected sea-level rise
over the twenty-first century. This work was updated, and completed, by Tessler et al.
(2016) using optical remote sensing (Landsat) to map vegetation patterns and the locations
of upstream river bifurcations, combined to environmental indicators. They developed an
anthropogenic change typology in 48 global deltas. By identifying quantitatively similar
deltas, they make their scientific results transferrable to other deltas. More recently, Besset
et al. (2019) analyzed over a 30 year time span shoreline mobility and area change of 54
world’s deltas from a heterogeneous satellite image database (Landsat and SPOTS5/6). They
showed that more than half of the deltas are in overall erosion. They argued that the dams
currently in place will reduce sediment load of half of the deltas by more than 50% and by
100% for 15 of them.

4 Reconstruction of the Topography and Bathymetry: Digital Elevation
Models

Only a small fraction of world coasts is surveyed by hydrographic and geographic national
services, and nautical charts and DEMs are decades old. This leads to severe uncertainty
in the risk assessment and forecast of storms and climate changes impact (Benveniste
et al. 2020b; Melet et al. 2020). Characterization of physical properties of the coastal zone
is thus needed for coastal hazard assessments. In this section we focus on retrieving the
topography and bathymetry continuum of coastal areas (coastal land and intertidal flats
topography and sea coastal bathymetry) using optical and SAR observations.

4.1 Coastal Land Topography

Satellite remote sensing techniques now offer a good alternative for DEM construction
over large spatial areas with sufficient resolution (<100 m): global DEMs such as the
90 m resolution Shuttle Radar Topography Mission (SRTM) (Farr et al. 2007) (widely
used for broad scale flood modeling, e.g., Ettritch et al. 2018; Neumann et al. 2015; Kulp
and Strauss 2018), commercial 5-m ALOS AW3D30 (JAXA, Tadono et al. 2016) and 8 m
resolution WorldDEM (Airbus, on-demand). However, they are often years old and do not
reflect the rapid evolution of dynamic coastal areas. By analyzing stereoscopic pairs of sat-
ellite optical images (Tateishi and Akutsu 1992), it is possible to study large coastal areas
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with vertical errors of less than 0.5 m. Examples using Pleiades are given in Collin et al.
(2018), Almeida et al. (2019) (Fig. 3) and Taveneau et al. (2021).

4.2 Intertidal Flats Topography

Intertidal environments are gently sloped surfaces lying as a buffer zone between land and
sea. They are perpetually evolving coastal landforms which are primarily located in tide-
dominated environments and sheltered coastal embayments (Gao 2019; Klein 1985). Like-
wise other coastal features, intertidal flats provide essential services. They are a reservoir
for biodiversity providing, for instance, habitat for large communities of migratory shore-
birds (Agardy and Alder 2005), support millions of people worldwide, stabilize the coast-
line, protect from storm surges, and offer protection against coastal flooding (Murray et al.
2019). Intertidal flats are currently supporting the pressure of both anthropogenic activities
and climate change related stressors. Between 1984 and 2016, a 16% decrease of world-
wide intertidal surfaces has been documented by Murray et al. (2019). For a better under-
standing of intertidal environments, there is nowadays an increasing need and demand for
regular and updated information related to their topography. Such frequent revisit monitor-
ing can be provided by spaceborne sensors.

Monitoring intertidal topography and generating intertidal DEMs is mainly achieved
using the waterline method introduced by Mason et al. (1995). The waterline (shoreline)
is the instantaneous water/sediment interface (cf. Sect. 2). The method uses a series of
waterlines extracted from satellite images (optical and radar) sampling the different tidal
stages. Then, an altitude is assigned to each waterline, using SSH either measured by tide
gauges or extracted from hydrodynamic models at the exact time of the image acquisition
(Fig. 4a). The leveled waterlines are finally assembled (Fig. 4b) and interpolated to form
a gridded DEM (Fig. 4c). The main approximation of this method is to consider the inter-
tidal topography as static under the assumption of no change occurring during the acquisi-
tion period of the images (Mason et al. 1995; Ryu et al. 2008). Therefore, it is crucial to
keep the acquisition period as short as possible and to determine the optimal combination
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Fig.3 a Orthophoto and b Digital Surface Model from Pleiades stereo pair showing the locations of the

transects for comparison between the RTK-GPS, Pleiades (PL1A) and LiDAR data shown in the lower pan-
els (from Almeida et al. 2019)
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between the acquisition period and a complete sampling of the tidal cycle. It is also rec-
ommended to use images acquired at extended calm periods depending on the study site
in order to avoid, to a maximum, any possible topography changes during the acquisition
period (Li et al. 2014; Salameh et al. 2020).

Historically, it was difficult to reduce this period below a couple of years due to the
scarcity of images. Nowadays, owing to the deployment of Sentinel-1 and Sentinel-2 mis-
sions, short acquisition periods (~3 months) are more easily achievable. The quality of
the generated DEMs depends on an adequate sampling of the tidal cycle in order to cover
all the intertidal area by leveled waterlines, but it also depends on the planimetric preci-
sion of the position of the extracted waterlines and the vertical precision of the sea level
information used whether it was based on tide gauges or ocean circulation model outputs
(Heygster et al. 2009; Kang et al. 2017; Salameh et al. 2020). More precisely, the accuracy
is governed by the following factors: (i) the planimetric resolution of the sensor, (ii) the
geometric corrections, (iii) the horizontal accuracy of the edge detection (waterline extrac-
tion) technique, (iv) the intertidal topography slope, (v) the surface water slope, and (vi)
the accuracy of sea level information (see Salameh et al. 2020 for a detailed description).
The latter factors affecting the accuracy are sensor- and site-dependent which complicates
the ability to assess the performance of the method. However, relatively accurate DEMs
were generated using this method in various geographic regions where accuracies of about
20 cm were obtained (which is the case of the Arcachon intertidal DEM shown in Fig. 4).

The waterline method was applied to various study areas across the globe using a vari-
ety of sensors. Different techniques were used to extract waterlines, to level waterlines and
to interpolate them. The common approach between the different studies is the reliance on
manual processing at some point during the processing of images or the post-processing of
waterlines. First attempts to automatize the waterline method were performed by Heygster
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Fig.4 The waterline method results obtained by Salameh et al. (2020) for the intertidal area of the Arca-
chon Bay using Sentinel-1 and Sentinel-2 images. a Examples of three leveled waterlines extracted from
Sentinel-1 (or/and Sentinel-2) images which were acquired at high, intermediate, and low tides; b Assem-
bled waterlines for an observation period of 4 months (between the first of June 2018 and the end of Sep-
tember 2018); ¢ the waterline-derived DEM obtained after interpolating the waterlines using the kriging
method
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et al. (2009). In Salameh et al. (2020), a quasi-automatic procedure was developed to
use the method automatically with an ability to process radar and optical images without
needed adaptations for each type of images. Rendering the method fully automatic is a
crucial task in order to make it available for operational use and for large scale intertidal
monitoring.

Another method used for generating intertidal DEMs is Interferometric SAR (InSAR).
This method is a well-known established technique for inland topography monitoring but
proven also reliable for intertidal environments (Choi and Kim 2018; Lee and Ryu 2017,
Won et al. 2003). It uses two or more complex-valued (real and imaginary parts as the
in-phase- I - and quadrature- Q - components) SAR images (known as master and slave
images) acquired from different perspectives in order to generate a three-dimensional
model from the images phase difference (Hanssen 2001). The InSAR method has a great
potential to generate high-quality DEMs but depends as well on various criteria and con-
ditions (Bamler and Hartl 1998). Interferometric coherence is an essential parameter that
reflects the quality of an interferogram, the similarity between the master and slave images,
and thus the ability to generate accurate DEMs. Many decorrelation factors (volumetric,
signal to noise, temporal, and geometric decorrelations) reduce the magnitude of the coher-
ence (Hanssen 2001). A major limiting factor for intertidal areas is the temporal decor-
relation resulting from physical changes (changes in surface water and surface roughness,
remnant water, etc.) in the scene between the master and slave images. Thus, a short tem-
poral baseline (time difference between two acquisitions) is required for generating accu-
rate DEMs. Therefore, single-pass interferometry with two antennas on the same platform
acquiring images at the same time is recommended for intertidal areas over multi-pass
interferometry systems.

Radar altimetry recently demonstrated a good capability to directly estimate along-track
elevation profiles of the intertidal areas (Salameh et al. 2018). Benefiting of the non-pen-
etration of the electromagnetic wave in the medium (sand or mud) in wet environments,
high accuracy elevation profiles were obtained from data collected by Cryosat-2 at Ku-
band (~13.6 GHz) using the SAR technique or by SARAL at Ka-band (35.5 GHz) using
the Low-Resolution Mode (LRM) technique. Satellites on long period repeat orbit or on
drifting orbit offer the opportunity to more densely sample intertidal flats. Accurate retriev-
als can also be expected from the recently launched lidar altimetry missions (e.g., ICESat-2
(Markus et al. 2017) and Global Ecosystem Dynamics Investigation Lidar—GEDI (Han-
cock et al. 2019)). Intertidal topography is likely to benefit from the SWOT mission, to be
launched end 2022, the first altimeter to estimate elevation in two swaths owing to the near-
nadir SAR interferometry technique (Biancamaria et al. 2016). A recent study analyzes
the potential of this technique for generating DEM of intertidal flats based on simulation
(Salameh et al. 2021).

Mapping the topography of intertidal systems using spaceborne sensors in a regular
manner provide useful and needed information for accurate hydrodynamic modeling, and
opens the way for monitoring topographic changes and estimating sediment budgets. By
using the waterline method, Salameh et al. (2020) estimated the sediment budget between
2016 and 2018 for the Arcachon Bay and the Bay of Veys located both on the Atlantic
fagade of the French coast where both bays showed net volume losses of 1.12x 10° m® and
0.70x 10° m®, respectively, over the study period.
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4.3 Coastal Sea Bathymetry

In the coastal zone, optical satellite-derived bathymetry (SDB) can reach much finer reso-
lution thanks to two approaches (Pleskachevsky et al. 2011): modeling of radiative transfer
of light in water for the processing of optical images, and methods based on the influence
of topography on waves. Each method/sensor comes with its own strengths, limitations,
and scope of applications (Gao 2009; Jawak et al. 2015). Specifically, methods based on
the radiative transfer perform better in clear and calm waters, whereas techniques based on
water depth inversion require waves and more turbid waters.

The pioneering technique using aerial multispectral photographs (Lyzenga 1978) was
expanded to multi-spectral optical satellite images with first attempts made using Land-
sat data, followed by wider applications to other satellites such as Sentinel-2 (Caballero
and Stumpf 2019; Evagorou et al. 2019; Sagawa et al. 2019). SDB is calculated based on
the attenuation of radiance as a function of depth and wavelength in the water column,
using analytical or empirical imaging methods. Bathymetry can be estimated down to
depths from a few meters (e.g., northern Baltic Sea) to 20-30 m (e.g., Mediterranean Sea)
depending on the maximum penetration depth of sunlight, which varies with season, loca-
tion, turbidity, bottom reflectance, etc. The spatial resolution of such bathymetry depends
on the optical sensor, from coarse resolution with for instance Landsat (~30 m resolution),
to medium resolution with SPOT and Sentinel-2 (10 m, Fig. 5) and to high resolution (sub-
metric) with commercial satellites such as WorldView (Monteys et al. 2015). The accuracy
of this method is lower than with lidars or echo-sounders, but is a cost-effective solution to
map the nearshore bathymetry over large areas.

Other techniques for estimating bathymetry from optical images use wave kinematics
(Abileah 2006; Danilo and Binet 2013; Poupardin et al. 2015). This allows depths of up to
40-60 m to be resolved (Bergsma and Almar 2020). Bathymetric inversion codes devel-
oped from wave dispersion relationship make use of the temporal information contained
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Fig.5 S2Shores (Satellite to Shores) bathymetry composites for the West Africa Region from Daly et al.
(2022). Background image is MODIS Blue Marble, NASA Earth Observatory. Red boxes outline the area
of the six hot-spots studied in Daly et al. (2022)
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in the spatial images and were applied to different satellite observations: IKONOS (Abi-
leah 2006), WorldView-2 (Mc Carthy 2010), SPOT5/6 (Poupardin et al. 2015), Sentinel-2
(Bergsma et al. 2019; Daly et al. 2022) and Pleiades (Danilo and Binet 2013; Almar et al.
2019) for unprecedented accuracy when applied at regional scale (correlation of 0.8 and
RMSE=1.4 m between the estimated bathymetry from Pleiades data and in-situ bathym-
etry measurements in the example of the Cap Breton in France; Almar et al. 2019).

4.4 Continuum Land Sea Digital Surface Models (DSM)

Bathymetry and topography can be combined in the same vertical reference to generate
a continuum land sea DSM (Bergsma et al. 2021). This is clearly the way forward for
coastal studies to document exchanges of sediment between the lower and upper shore-
face (Anthony and Aagaard 2020) and flooding numerical simulations, e.g., Muis et al.
2020). Several recent studies made use of deep learning approaches (Sagawa et al. 2019)
that brings great expectations to solve satellite-based bathymetry issues of complex phys-
ics and environments and computational costs (Danilo and Melgani 2019; Al Najar et al.
2021). Coastal morphology changes over a wide range of timescales (from storm events,
seasonal and interannual variability to longer-term adaptation to changing environmental
conditions), in particular in response to changing incoming wave regimes (e.g., Karunar-
athna et al. 2016; Bergsma et al. 2019, Fig. 6) and human interventions. Despite its high
potential, SDB has only been applied to limited space areas, and efforts remain to be done
to map nearshore bathymetry and its time-evolution at global scale (e.g., Mayer et al. 2018;
Wolfl et al. 2019; Benveniste et al. 2019).
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5 Coastal Vertical Land Motion

The vertical land motion (VLM), i.e., subsidence or uplift of the land surface, is a complex
spatio-temporal process that can be of natural origin, as driven by glacial or sedimentary
isostatic adjustment, land water storage, tectonics, volcanism, sediment compaction, or/
and of human-induced origin as withdrawal of groundwater, oil and gas extraction, spe-
cific land usage and building upstream dams impacting sediment transport by rivers (Shir-
zaei et al. 2021). Although VLM measurements remain a challenging issue, the advances
in satellite-based techniques, such as InSAR, GNSS (Global Navigation Satellite System
(Santamarfa-Goémez et al. 2017), and satellite altimetry combining with tide gauges (Wop-
pelmann and Marcos 2016), allow to measure VLLMs at local to regional scales.

The GNSS solutions, free and publicly available, based on a global network of stations
are provided by different centers: the Nevada Geodetic Laboratory (NGL, http://geodesy.
unr.edu/), the Jet Propulsion Laboratory (JPL, https://sideshow.jpl.nasa.gov/) the German
Research Centre for Geosciences (GFZ, https://www.gfz-potsdam.de/) and the University
of La Rochelle (ULR SONEL, http://www.sonel.org/) among others. We note here that the
French SONEL data centre provides the local rate estimates and associated uncertainties
for the vertical positioning component for worldwide stations in a comprehensive frame-
work (maps, time series and tables, co-located tide-gauge station).

As an example of GNSS solutions application in the Southwest and Central Pacific
region, where inhabitants of low-elevation islands are particularly vulnerable to sea level
rise, Ballu et al. (2019) proposed a complete re-analysis of the VLM rates obtained from
the GNSS solutions, considering the geodynamic context of each site. They observed sig-
nificant VLM variations ranging from 1.6+0.3 mm/year (uplift) to—5.4+0.3 mm/year
(subsidence) over 2002-2017. They not only provided VLM rates and associated uncer-
tainties, but also very useful criteria for forecasting future coastal sea levels based on the
geodynamic context.

A second manner to obtain VLM rates is by differencing satellite altimetry-based SSH
and tide gauge measurements. While satellite altimetry provides absolute (geocentric)
sea level, tide gauges measure relative sea level because they cannot distinguish between
ground VLM and absolute sea level change. Several studies using this methodology, some-
times combined with GNSS measurements, were conducted at global (Ostanciaux et al.
2012; Pfeffer and Allemand 2016; Santamaria-Gémez et al. 2014; Woppelmann and Mar-
cos 2016) and regional scale (Fenoglio-Marc 2002; Fenoglio-Marc et al. 2012; Kuo et al.
2004; Letetrel et al. 2015, among others).

At regional scale, along many low-lying coastlines in the world, human-induced land
subsidence occurs at a faster rate than the climate-induced sea level rise, increasing the
vulnerability of population to coastal flooding (Allison et al. 2016; Becker et al. 2019).
This is the case, for example, in Manila (Philippines) where Raucoules et al. (2013) dem-
onstrated, from InSAR (from ERS and Envisat images), that the city of Manila was locally
affected by vertical ground motions of about 150 mm/year from 1993 to 2010. This subsid-
ence has been in part linked to the increase in groundwater pumping (Rodolfo and Siringan
2006). The megacity of Jakarta (Indonesia) is also subject to subsidence mainly driven by
excessive groundwater extraction. Combining leveling surveys, GNSS observations, and
InSAR (ALOS-PALSAR) analysis, the subsidence rate there is estimated in the range of
30-100 mm/year during 1974-2010 (Abidin et al. 2015; Chaussard et al. 2013).

In large deltas it is difficult and costly to quantify the VLM from ground-based sur-
veying techniques. However, the VLM is a key part of their future survival and several
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studies showed that most major river deltas are now sinking (Ericson et al. 2006; Syvit-
ski et al. 2009). For example, in the Ganges—Brahmaputra delta, (Becker et al. 2020) esti-
mated regional long-term land subsidence rates between 1 and 7 mm/year since 1990s, by
combining river and tide gauge records with ocean satellite altimetry measurements. They
showed that in some regions of the Ganges—Brahmaputra delta, relative sea level could
rise up to 140 cm by 2100, almost twice as high as previously projected (IPCC 2014),
mostly a result of land subsidence. In Vietnam’s Mekong delta, by analyzing 78 ALOS
PALSAR InSAR interferograms, Erban et al. (2014) estimated regional subsidence rates,
mainly due to groundwater pumping, are in the range 10-40 mm/year during 2006-2010.
Minderhoud et al. (2018) extended this dataset (Landsat 8) and analyzed the link between
land-use change and subsidence rates. Agricultural areas and cities experienced the high-
est subsidence rates (18-20 mm/year). If the groundwater extraction continues to increase,
the induced subsidence could drown the Mekong delta before the end of the century (Min-
derhoud et al. 2020). In the Egypt’s Nile Delta, Rateb and Abotalib (2020) revisited the
subsidence patterns using InSAR Sentinel-1 and GNSS data over 2015-2019. They high-
lighted a recent predominant anthropogenic control on land deformation, in particular
along the coastal margins where the subsidence (3—8 mm/year) is due to sediment natural
compaction and exacerbated by the Nile river flow sediment decrease due to building of
dams.

Although the subsidence affects sea level local rates, assessments of its coastal impacts
are still lacking on a global scale (Nicholls et al. 2021). Earth observation from space rep-
resents a powerful tool, with unprecedented spatial and temporal resolution, to answer this
major challenge.

6 Bio-physical Characteristics of Sediments and Suspended Sediment

In coastal systems such as estuaries and deltas quantifying both sedimentary and sus-
pended particulate matter (SPM) budgets are important regarding coastal management,
navigation ability, erosion/accumulation of sediments, transport of pollutants, fisheries pro-
ductivity, and drinking water resource, as well as preservation of the biodiversity of coastal
and marine habitats. Several coastal zones and related ecosystems disappear due to various
causes such as, sea level rise, increased storm frequency, etc. However, such an informa-
tion is either missing or is not accurate enough due to the sampling difficulties, especially
in mudflat domains. In response to these major challenges, optical imaging is increasingly
used for mapping coastal sediment deposits at low tide as well as SPM flow at high tide.
It provides a synoptic overview of bio-physical characteristics of sediments over estuarine
and deltas systems.

6.1 Bio-physical Characteristics of Sediment

The use of optical imaging including multispectral and hyperspectral systems with in situ
measurements is well suited for improving our understanding of the sediment dynamics in
response to physical forcing or biological mechanisms (Verpoorter et al. 2020). However,
interactions between sediment and biology compartments under hydrodynamic forcing
remain very complex (Stal 2010). However, remotely sensed products derived from spec-
tral, analytical or radiative models (Combe et al. 2005; Verpoorter et al. 2014; Launeau
et al. 2018) can provide relevant information on bio-physical properties (Fig. 7), improving
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our knowledge about mechanisms and dynamics between compartments. Sediment erod-
ibility is mostly controlled by tidal currents, waves, and sediment dehydration during air
exposure. Tidal currents are responsible for sediment transport and therefore of the sedi-
ment supply in estuaries while waves are responsible about deposition or erosion of the
sediment. Sediment erodibility/stability depends on abiotic effects including moisture
content (Fig. 7c), grain-size distribution, roughness, compaction, as well as biotic effects
including microphytobenthos developments (Fig. 7d, e), over sediment surfaces generat-
ing a protective biofilm called EPS (extracellular polymeric substance). Riethmiiller et al.
(2000) investigated the bio-stabilization phenomenon throughout the microphytobenthos
mapping (Fig. 7d). Conversely, other biological factors such as grazing and feeding deter-
mine bio-destabilization processes (Adam et al. 2011). On the other hand, it is important
to discern cohesive from non-cohesive material (Fig. 7) as a starting point of erodibility
assessment (critical shear stress calculation) and then transport from grain-size trend (Men-
uge et al. 2020). Grain-size distributions and water content are spatially highly correlated.
This is because coarser sediments are drier than silty sediments due to the higher efficiency
in the percolation process.

Multispectral sensors have been also used to identify the land cover types and classify
the distribution of the vegetation density and the sediment characteristics from the spec-
tral response of the systems. Classification approaches have been performed using both
segmented images as well as NDVI maps for an accurate discrimination between water
and non-water systems (sand, gravel, vegetation, etc.). Such approaches, including super-
vised and unsupervised classification, have different levels and options for the accuracy
and the rigidity of classification depending on the different physical factors, considered in
the implementation of the methods. Coastal linear features have been identified with very
high spatial resolution by Pardo-Pascual et al. (2012) with the aim to support long-term
monitoring of time changing patterns.
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6.2 Measurements of the Water Content: Suspended Sediment

The availability of High-Resolution Imagery with an increased revisit time (Landsat-8,
Sentinel-2 and now Venps) and relevant bio-optical algorithms (Han et al. 2016; Ngoc
et al. 2020) opens the way to monitor suspended particulate matter (SPM) differences for
rich turbid systems ranging from oligotrophic waters to ultra-turbid environments exceed-
ing 1000 NTU. The advantage of high resolution in imagery is that the analyses can be
done at the interface between continental and coastal zones where several small-scale phe-
nomena can be observed at the land-sea interface (e.g., river discharges, plumes, turbidity
front variation, flooding impact, gyres as a function of current, resuspended materials from
intertidal domain, etc.). In monsoon-controlled regions such as in Vietnam, observed SPM
patterns in Bach Dang estuary or Mekong Delta are changing drastically along the year and
are clearly controlled by seasonal influence (Fig. 8).

Considering the sediment discharge to the ocean of the world’s largest river-delta sys-
tems, Mouyen et al. (2018) demonstrated that it could be measured using data from the
Gravity Recovery and Climate Experiment (GRACE) mission combined with a sediment
transport model. This approach paves the way for a better quantitative monitoring of ero-
sion in the delta basins. This new method should benefit from future generation of gravity
measuring missions (GRACE Follow-On, NGGM/MAGIC project -NASA/ESA-, among
others). Using Aqua Monitor database (Donchyts et al. 2016), a global-scale tool based
on multiple Landsat missions (30-m resolution) showing where surface water changes
occurred between 1985-2015, and hydrodynamic (wave, tide, river discharge) and sedi-
ment transport models, Nienhuis et al. (2020) investigated how much human activities have
changed the dynamics of about 11,000 deltas worldwide. They concluded that, over the
past 30 years, despite climate-related sea-level rise, deltas have globally experienced a net
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land gain, with 25% of this gain being attributed to deforestation-induced increases in flu-
vial sediment supply.

In estuaries, one of the factors controlling the dynamics of fine sediment is the variation
of the concentration in SPM both spatially and temporally (Jay et al. 2015; Hudson et al.
2017), resulting from complex transport, deposition, and erosion processes (Dyer 1988).
These patterns are controlled by a large number of environmental factors including fresh-
water discharge, tide (especially in macrotidal environments), wind regime and flow turbu-
lence (Jalén-Rojas et al. 2017; Uncles et al. 2006), as well as estuarine morphology (Grasso
and Le Hir 2019). SPM spatio-temporal variability was widely analyzed in turbid coastal
environments (e.g., estuaries and deltas) using medium resolution (250 m-1 km) multi-
spectral images from MODIS and the Medium-Resolution Imaging Spectrometer (MERIS)
sensors on-board satellite missions (e.g., Dogliotti et al. 2016; Doxaran et al. 2009; Hudson
et al. 2017; Loisel et al. 2014). The launches of multi-spectral sensors operating at high
spatial resolution—the Operational Land Imager (OLI) onboard Landsat-8 in 2013 (30 m)
and MultisSpectral Instrument (MSI) onboard Sentinel-2A in 2015 and B in 2017 (10 m)—
open a new era for SPM monitoring in terms of spatial resolution and image quality, allow-
ing to study the SPM variability at unprecedented smaller scales from 10 to 100 m (Cabal-
lero et al. 2018; Normandin et al. 2019; Novoa et al. 2017). SPM is commonly retrieved
from remotely-sensed surface reflectances from a wide range of approaches. Many of the
mostly used are semi-analytical, based on the signatures of the SPM in the visible spec-
trum. One of the most popular is a semi-analytical algorithm linearly relating the ratio of
the reflectance in the red and a linear combination of the inverse of this reflectance to the
concentration in SPM. It allows to determine SPM concentration between 1 and 110 g/
m® (Nechad et al. 2010). This approach was refined to extend its domain of validity. For
instance, Han et al. (2016) proposed a multi-criteria approach calibrating the relationship
from Nechad et al. (2010) for low to medium and high turbidity environments, allowing the
retrieval of SPM concentrations from 0.15 to > 2,500 g/m3. A threshold on the reflectance
in the red is used to switch from a calibration to another. To limit the impact of the differ-
ent calibrations a smoothing function is applied. This kind of approach can be calibrated
globally (Han et al. 2016) or locally. In the latter case, a multi-criteria approach for low,
medium and high turbidity environments was developed for the Gironde Estuary (Novoa
et al. 2017). This approach was used to analyze the spatio-temporal patterns of SPM in the
Gironde Estuary using Landsat-8 and Sentinel-2 images in response to environmental forc-
ings and bathymetry (Normandin et al. 2019).

7 Monitoring Coastal Vegetation

The land-sea-continuum hosts a wide variety of coastal wetlands and submerged vegeta-
tion with types and structure that generally follows geomorphologic and environmental
gradients such as bathymetry and salinity gradients. The local tidal amplitude, coastal
topography and configuration of channel network dictate the extent of tidal propagation
inland, with salinity gradients ranging from seawater to freshwater. These gradients give
rise to an extraordinary, albeit vulnerable, diversity of plants such as seagrass meadows,
salt and freshwater marshes (e.g., cattails, arrowheads, rushes), as well as mangrove and
freshwater swamps (e.g., bald cypress, tupelo and ash). Seagrasses, mangroves and salt-
marsh ecosystems are often referred to as blue carbon ecosystems due to their high car-
bon sequestration rates and contribution to the carbon cycle. Mangroves, salt marshes
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and seagrasses globally cover approximately 138,000 km? (Bunting et al. 2018),
54,950 km? (Mcowen et al. 2017) and 160,390 km?> (Mc Kenzie et al. 2020) respec-
tively, providing services as well as livelihood to at least the half billion people living in
those regions. Carbon sequestration is one of those services. Mangrove forests and salt
marshes store 739 Mg C,,, ha~! and 334 Mg Core ha~! (Alongi 2020) with sequestra-
tion rates several times that of tropical and temperate forests per unit area. Although,
they cover less than 1% of land surface, mangrove and salt marshes may contribute up
to 34% of Dissolved Inorganic Carbon (DIC) export and 17% of Dissolved Organic car-
bon (DOC) and Particulate Organic carbon (POC) export to the world’s coastal ocean
(Alongi 2020).

Climate is another factor impacting the geographical distribution of plant type and
allometry, with temperature and precipitation seasonality controlling plant productivity
and phenological response. While most of these ecosystems are located at the mouth of
coastal deltas and estuaries sheltered from sea actions, some blue carbon ecosystems are
found seaward along protected coasts and islands.

Monitoring coastal vegetation from space offers significant challenges. These ecosys-
tems are globally distributed (Fig. 9) but only cover a limited extent along coastline, and
the diversity of plant structure and phenological requires specialized observation strate-
gies and technologies. An ideal remote sensing instrument specific to the observation of
coastal wetlands and submerged aquatic vegetation (SAV) traits should provide global
coverage with high spatial resolution, and frequent revisit time that is commensurate to
timescale of changes in the observable. These competing demands on the technology,
compounded with the need for distinct observables presuppose a set of complementary
remote sensing platforms to be used to monitor coastal wetlands and submerged aquatic
vegetation.

Remote sensing has historically been used to characterize the spatial and temporal vari-
ability in the reflectance spectrum. These observations are particularly relevant to identify
plant type distribution and estimate plant productivity, canopy cover fractions and above
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Fig.9 Locations of the salt marshes (Mcowen et al. 2017), mangroves (Bunting et al. 2018) and seagrasses
(UNEP-WCMC 2021) at the global scale
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ground biomass. More recently, new remote sensing technologies were used to map ver-
tical canopy structure (Simard et al. 2019) at global scale and even measure changes in
water surface height in coastal wetlands (e.g., Wdowinski et al. 2008; Hong and Wdowin-
ski 2013; Liao et al. 2020).

Passive multispectral sensors such as the Landsat series and MODIS measure reflectance
within a set of spectral bands from which spectral indices can be derived (e.g., NDVI) to
characterized spatial distribution and phenology across from local to global scales. These
reflectance measurements also serve as input to models estimating geophysical observa-
bles such as vegetation specie distribution, Leaf Area Index (LAI), Above Ground Biomass
(AGB) and the canopy cover fraction (CCF) (Guo et al. 2017). However, there has been
limited success in accurately extracting geophysical characteristics in coastal wetlands with
broad vegetation types being identified and limited AGB estimate (e.g., Byrd et al. 2018;
Thomas et al. 2019). Better results are obtained focusing to local scales (e.g., Carle et al.
2014). Identification of SAV has proven to be even more challenging due to water turbid-
ity (Rowan and Kalacska 2021), explaining the fact that global map of SAV have yet to be
produced. Airborne imaging spectrometers were shown to outperform multispectral instru-
ment when classifying land cover in these complex coastal landscape (Carle et al. 2014).

To date, the greatest challenges appear to be mapping the extent of SAV, delimiting the
smooth transition between salt and fresh water vegetation, and monitoring coastal regions
with persistent cloud cover. While radar remote sensing solves the cloud cover issue that
is particularly prevalent in coastal regions, it is limited to identify and detect changes in
general vegetation structure and landscape patterns. Radar has been used to map mangrove
forest extent and change (Bunting et al. 2018). It is also helpful in mapping coastal wet-
lands (e.g., Byrd et al. 2018). However, as electromagnetic waves do not penetrate water
and thus cannot be used to map submerged vegetation. Synthetic Aperture Radar Interfer-
ometry (InSAR) provides the most exciting measurements.

Plant vertical structure is an important parameter to estimate AGB, productivity and
carbon stocks, as well as to characterize habitat function. InSAR, LiDAR and stereopho-
togrammetry are three technologies that enable measurement of height. InSAR with a
non-zero baseline (i.e., a pair of radar images are obtained from slightly different point
of view) is typically used to map surface topography (Rizzoli et al. 2017; Farr et al. 2007)
relative to the Earth ellipsoid, effectively producing Digital Surface Models (DSMs). Since
radar has limited penetration into forest canopies, the observed DSM represented the so-
called inSAR phase center, which is located within the canopy. And because coastal wet-
lands reside around mean sea level, inSAR DSMs have been used to map mangrove can-
opy height (Simard et al. 2019). A more recent technique called Polarimetric InNSAR (or
polinSAR) estimates forest canopy height in addition to emerged ground topography. The
InSAR observations at different polarizations result from different microwave scattering
mechanisms and are used within a simple model to invert height (height), without the need
for knowledge of ground topography. LiDAR is the most well-known remote sensing tech-
nology to measure forest structure. It has been used to map canopy structure, water surface
elevation and bathymetry of coastal wetlands. LiDAR typically operate in the near infrared
NIR (1064 nm) or green wavelength (~532 nm) to generate pseudo images by gathering a
collection of point measurements within a swath. LiIDAR systems provide the most accu-
rate measurements of surface elevation and can be used to map vertical structure of marsh
vegetation and mangrove forests. The potential for green light to penetrate low turbidity
water can provide bathymetry (e.g., Gong et al. 2021) to approximately 10 m in very clear
water cases (e.g., Thomas et al. 2021). These same green LiDAR measurements can be
used to map the structure of SAV that are known to be present.
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8 Conclusions and Future Prospects
8.1 Conclusions

Coastal environments (including estuaries and deltas) are areas with very important ecolog-
ical end economic issues, strongly affected by anthropogenic impact and climate change.
Thus, they are affected by multiple hazards (storm surges, heavy rains, coastal river floods,
inundations, coastline erosion/retreat, pollutions...) which will intensify in the context of
climate change. The sustainable future for coastal zones depends on our capacity to better
understand, manage and predict the evolution of these environments. This requires us to
monitor the hydrodynamics and the evolution of the morphology, sedimentology and biol-
ogy of these diverse environments which are impacted by a variety of natural and anthropic
environmental changes.

However, controlling the coastal and estuarine dynamics is largely complex since they
are subject to high spatial and temporal variability different hydrodynamic, morphological,
sedimentological and biological processes, that act at various spatial and temporal scales.

Under the complexities of these zones, the measurements of these processes are lim-
ited and not enough to fully understand their spatial and time variability, which is only
addressed by numerical models calibrated and validated with a few widely spaced in-situ
measurements and local field campaigns.

In recent years, the observation of coastal environments by satellites has made sig-
nificant progress in connection with the improvement of their resolution, a more frequent
revisit, the combined use of several sensors and the use of altimetry data closer to the coast-
line. In fact, the interest of satellite data focuses on providing spatialized 2D information
and can use different techniques (Optical imagery, Altimetry, Microwave radar, Interfero-
metric Synthetic Aperture Radar, Infrared, Near Infrared, etc.) in order to allow the meas-
urement of different physical quantities with the aim of providing highly resolved coverage
of the driving physical processes at different space and time scales. These advances play a
key role in improving our understanding of the estuarine, deltaic and coastal environments.

For example, over the last two decades, satellite radar altimeters, measuring sea level
variations, have provided major advances in ocean science, and the monitoring of the
coastal zone with satellite altimetry is nowadays a requirement of the most recent mis-
sions. The critical need to use radar altimetry in the coastal zone have fostered tremendous
improvements in the recent years and allows today to measure with precision up to less
than 5 km near the coastline several processes such as the sea level, current, wind-waves
and waves and storm surges.

In optical imagery, as time has progressed, the pixel size of publicly available images
has decreased from 80 m for the first Landsat missions 1-3 (1972-1983), to 30 m for
Landsat 4-8 (1982—present), 10 m for Sentinel-2 (2015—present) and 0.5 m for Plei-
ades. At the same time, the satellite revisit period has decreased from every 18 days
for Landsat 1-3, to 16 days for Landsat 4-8 and 5 days for Sentinel-2. In addition, we
can cite IKONOS, Quickbird, or other private initiatives based on nano-satellites (e.g.,
SkySat, with a metric resolution and daily revisit period).

These improvements both of the resolution and revisit have allowed significant pro-
gress in monitoring of the shoreline and now offer a good alternative for DEM construc-
tion for the beaches and the intertidal areas and bathymetry for depths up to 40-60 m
over large spatial areas with sufficient resolution and unprecedented accuracy. Bathy-
metric inversion codes developed from wave dispersion relationships make use of the
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temporal information contained in the spatial images and were applied to different sat-
ellite observations (IKONOS, WorldView-2, SPOT5/6, Sentinel-2 and Pleiades) with
unprecedented accuracy when applied at regional scale. For the beaches and intertidal
areas, it is crucial to keep the acquisition period as short as possible and to determine
the optimal combination between the acquisition period and a complete sampling of the
tidal cycle to construct DEM. Nowadays, owing to the deployment of Sentinel-1 and
Sentinel-2 missions, short acquisition periods (~3 months) are more easily achievable.

Moreover, bathymetry and topography from data satellite can be combined in the
same vertical reference to generate a continuum land sea DSM (Digital Surface Mod-
els). This is clearly the way forward for coastal studies to model the hydrodynamic and
flooding with numerical simulations and to document exchanges of sediment between
the lower and upper shoreface and monitor topographic changes and estimate sedi-
ment budgets. On the other hand, although Vertical Land Motion (VLM) measurements
remain a challenging issue, the advances in satellite-based techniques, such as InSAR,
GNSS (Global Navigation Satellite System) and satellite altimetry combining with tide
gauges allow the measurement of VLMs at local to regional scales.

Otherwise, the use of optical imaging including multispectral and hyperspectral
systems is well suited for improving our understanding of the sediment dynamics in
response to physical forcing or biological mechanisms and also provides a synoptic
overview of bio-physical characteristics of sediments over estuarine and deltas systems.

The availability of High-Resolution imagery with an increased revisit time (Land-
sat-8, Sentinel-2 and now Venps) and relevant bio-optical algorithms opens the way to
monitor suspended particulate matter (SPM) differences for rich turbid systems ranging
from oligotrophic waters to ultra-turbid environments.

Moreover, multispectral sensors have been also used to identify the land cover types
and classify the distribution of the vegetation density and the sediment characteristics
from the spectral response of the systems. The passive multispectral sensors such as
the Landsat series and MODIS measure reflectance within a set of spectral bands from
which spectral indices can be derived (e.g., NDVI) to characterized spatial distribution
of submerged aquatic vegetation and phenology across from local to global scales.

All the satellite data from the combination of several sensors and modeling can lead
to the calculation of vulnerability and risk indices for populations and infrastructures
in response to climatic hazards and the mapping of these indices in the coastal araes.
For example, the vulnerable and risk zones on the basis of the shoreline change and
the coastal vulnerability index (CVI) which includes six vulnerable parameters, namely
coastal morphology, shoreline change rate, coastal slope, relative sea level change, mean
wave height and mean tide range. The coastal morphology (DEM), shoreline change
rate, coastal slope can be obtained from optical imagery and relative sea level change
from altimetry, mean wave height and mean tide range from modeling.

8.2 Perspectives

The hydrodynamics in the coastal, estuarine and delta regions is very complex because
this is subject to high spatial and temporal variability in water levels, linked to inter-
actions between different phenomena such as offshore and coastal currents, upwelling/
downwelling, waves (with runup and overtopping), tides, storm surges, discharge from
streamflow and groundwater, sea level rise in the context of climate change and vertical
land motion that act at various spatial and temporal scales.
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The key role of the different hydrodynamic forcing in the physical interactions within
the coastal, estuarine and deltaic areas remains poorly known and not fully resolved by
numerical modeling. Under the complexities of these zones, the hydrodynamic meas-
urements are limited and not enough to fully understand the spatial variability of water
levels, which is only addressed by numerical models calibrated and validated with a few
widely spaced in-situ measurements.

The challenge of altimetry in coastal areas is the provision of time series of water
levels as close as possible to the coast, in the same way as those provided for the oceans
or in hydrology on the world’s major rivers or lakes. The recent rapid increase in the
number of altimetry satellites in orbit simultaneously and the evolution of the altimetry
measurement from a one-dimensional profile to a two dimensional swath are promis-
ing advances that aid the production of seamless sea level estimations and change the
perspective of the coastal altimetry from a sensor that was systematically flagged 50 km
away from the coast to a safe scientific exploitation of the data up to at least 3 km from
the coastline. The possibility to use individual echoes from CryoSat-2 and Sentinel-3
has demonstrated the potential of novel processing methods at land-sea interface by
applying coherent integration of some/many echoes (e.g., Egido and Smith 2016; Abi-
leah and Vignudelli 2021). Regardless of how new and advanced technology and data
processing are, it is obvious that when getting closer to the coast a more careful quality
control of the data is needed. Only further progress using high resolution tidal models
can help overcome this issue. Another piece of information that is key in estimating sea
level anomalies is the mean sea surface that is usually computed using datasets that are
not suitable for the coastal zone. It must also be noted that, when going near coasts,
users rely on along track data. Given the local characteristics of the phenomena to be
observed, having data along tracks only is a problem, since it is unknown what happens
between the repeating tracks. There is a need of merging altimeter observations from
the various missions, as it happens in open ocean., therefore, new ideas for that in the
coastal zone are necessary.

Otherwise, in the coastal regions and, specifically along tropical delta coasts, which
are still non-instrumented or insufficiently instrumented with tide-gauges and collocated
GNSS stations, there remains today a knowledge gap in understanding coastal sea level
changes. Moreover, for these deltas, the VLM is a key part of their future survival and
several studies showed that most major river deltas are now sinking. For these areas
which are still non-instrumented or insufficiently instrumented, the space missions will
continue to supply unprecedentedly precise observations of sea level changes (e.g.,
the satellite missions Sentinel-6/Jason-CS, Sentinel-3C/D, SWOT). The highest prior-
ity should be given to the development of fully integrated multidisciplinary observing
systems, including a greater number of tide gauges and co-located GNSS networks,
and precise satellite altimetry data for these low-lying highly populated coastlines. In
fact, understanding of the sea level critical thresholds along low-lying highly populated
coastlines are vital societal issues. This issue needs to be addressed in order to provide
accurate information to decision-makers and to allow elaboration of efficient adaptive
strategies.

On the other hand, the interactions between water reservoirs (sea, river, groundwa-
ter) and the associated processes and the interactions between the hydrodynamic, mor-
phology, sedimentology and biology should be better understood by the combined use
of several sensors (Optical imagery, Altimetry, Microwave radar, Interferometric Syn-
thetic Aperture Radar, Infrared, Near Infrared, etc.) and the space and time resolution
of the satellite is a key issue. The combined use of these different techniques in order to
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allow the measurement of different physical quantities with the aim of providing highly-
resolved coverage of the driving physical processes at different space and time scales
is still insufficient and will have to be further developed to better manage and predict
the evolution of the coastal environment and to protect the population who live near the
shoreline. For example, the space resolution and the revisit of the satellite is a key issue
to monitor the small scale hydrodynamic processes not yet resolved by satellites, such
as the combining of extreme events (storm surges, river floods) with tidal information.

Otherwise, the construction of accurate DEM of the topography of the beaches and
intertidal zones and shallow water bathymetry in the continuum land sea is still explora-
tory and needs more investigation. This is essential for hydrodynamic modeling, quan-
tification of fine coastal processes such as the run up in swash zone and infragravity
waves, to quantify the exchanges of sediment between the lower and upper shoreface
and monitor topographic changes and estimate sediment budgets.

In fact, only a small fraction of world’s coasts is surveyed by hydrographic and geo-
graphic national services, and nautical charts and DEMs are decades old. This leads to
severe uncertainty in the risk assessment and forecast of storms, coastal river floods,
and climate changes impact. Characterization of physical properties of the coastal zone
is thus needed for coastal hazard assessments.

The definition of vulnerability and risk indices for populations and infrastructures in
response to climatic hazards requires the combined use of several satellite sensors, other
remote sensing sensors (such as Lidar, Video and IR camera, video and IR by drone),
in-situ measurements (tides gauges, GNSS...) and modeling.

The processing and the combination of all these data will require the development of
new high-resolution algorithms and the use of new approaches such as Deep Learning.
In fact, the Deep Learning techniques open new strong perspectives to map the change
of the shoreline and coastal features from the satellite.

All data of the different satellite sensors should be integrated in an observatory of the
coastal zones (including estuaries and deltas) to provide useful and needed information
for authorities and stakeholders for coastal management and implementation of ecosys-
tem protection policies.
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