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ABSTRACT

Nowadays, in most altimetry sea level products, data are only retrieved up to 5-10 km from the coasts. The need
to extend the satellite sea level record closest to land has led to dedicated studies in order to define and develop
altimetry processing algorithms adapted to coastal ocean conditions. Among the different issues that strongly
affect the performance of satellite altimetry as we approach the coast, the robustness of the correction related to
the different states of sea surface waves (called sea state bias) is suspected to be one of the most important.
Moreover, waves undergo a series of transformations when propagating from deep-water to shallow water, that
add a dynamical contribution to the sea level, known as wave set-up and set-down. This signal impacts altimetry-
measured coastal sea level in a way that remains poorly quantified and understood. Here, through a case study,
we explore the potential to use the combination of shore-based camera video and tide gauges as a validation and
analysis tool for coastal altimetry. The results show that measurements of sea level fluctuations on annual scales
is similar between all three datasets. The analysis of the sea level data from both the tide gauge and the video
camera which are co-located reveals that the physical contribution due to wave set-up and wave set-down ac-
counts for 2% of the total sea level variations at monthly scale. We observe the loss of quality of the altimetry-
derived significant wave height at ~10 km from the coast, confirming the associated loss of accuracy in the sea
state bias correction. Finally, this study highlights the critical need to co-locate the various measuring tools and
devices at the coast with the satellite ground tracks if we want to optimally exploit coastal altimetry up to the

coastline.

1. Introduction

Satellite altimetry has provided measurements of the sea level vari-
ations with a global coverage and an accuracy of a few centimeters
(Abdalla et al., 2021) for the past 30 years. This observation technique,
which provides also wave height and wind speed estimates, was initially
developed for the deep ocean, far away from the coast, and has played a
crucial role in improving the knowledge of the ocean dynamics at global
scale (Fu and Le Traon, 2006). In contrast, in the coastal zone, tide
gauges are traditionally used for sea level monitoring (Woodworth et al.,
2017). The global network of tide gauges has produced several
long-term time series of sea levels, but these observations are unevenly
distributed throughout the coastal areas (Vignudelli et al., 2019;
Woodworth et al., 2017). Tide gauges are local and do not provide
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information about the regional sea level context. They are also generally
located in sheltered harbors, thus missing a part of sea level variability
due to waves (Melet et al., 2018). In addition, it is particularly difficult
or expensive to install and/or maintain tide gauges in developing
countries or remote places, leading to large data gaps. There is an
obvious need to extend the satellite-based sea level record toward the
coast, and recent efforts are focused on deriving coastal altimetry data
with a quality comparable to that of the open ocean (Vignudelli et al.,
2019).

The first difficulty in coastal altimetry data exploitation is the land
contamination of altimeter echo waveforms, which is complicated by
the inhomogeneity of the reflecting surface (Xu et al., 2019). Another
issue is that some of the standard altimetry correction approaches
become inaccurate near the coast (Vignudelli et al., 2011). These
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corrections include the effects of the wet/dry ionospheric and tropo-
spheric delays (Fernandes et al., 2013), the tidal signal (Ray et al.,
2011), the sea state bias (Pires et al., 2018; Chambers, 2015) and the
dynamic atmospheric correction (Chambers, 2015; Carrere and Lyard,
2003). To extract a reliable sea level estimate close to the coast, altim-
etry measurements thus require dedicated and careful processing ap-
proaches, and during the last decades, several algorithms have been
developed to better exploit near-shore altimetry information (e.g., Peng
and Deng 2020, 2018; Marti et al., 2019; Boy et al., 2017; Roscher et al.,
2017; Birol et al., 2017; Valladeau et al., 2015; Passaro et al., 2014).
These processing algorithms include both dedicated altimeter waveform
fitting process, called re-tracking, and altimetry corrections.

However, coastal ocean re-tracking techniques are not yet included
in baseline algorithms for the generation of operational sea level prod-
ucts. The sea state bias (SSB) correction remains also one of the largest
error sources for the global mean sea level (GMSL) time series (Cheng
etal., 2019) and for regional altimetry (Passaro et al., 2018). SSB is a sea
level height bias that is due to the presence of waves on the sea surface:
reflected radar signals are stronger in the troughs than near the crests of
the waves, leading to an underestimation of the sea level. This process
varies in a non-linear way as a function of wind speed and wave height,
and thus can induce systematic errors due to the local/regional
wave/wind characteristics. SSB is estimated using an empirical formu-
lation, based on the altimeter significant weight height (SWH) and
surface wind speed (Vignudelli et al., 2019). These parameters are also
derived by the ocean re-tracking technique which performs poorly near
the coast, resulting in erroneous SSB values. Moreover, the empirical
formulation used is derived from open ocean altimetry data analysis and
does not take into account coastal sea-state conditions.

Near the coast, waves not only affect the echoes from the radar al-
timeter’s emission on the sea surface, they also affect the sea level itself
as waves undergo a series of transformations when propagating from
deep-water through intermediate to shallow water. Eventually the wave
amplitude, hence steepness, increases until the waves become unstable
and break (Dodet et al., 2019) when water-depth becomes too shallow.
These transformations are at the origin of the well-known processes of
wave set-down and set-up (Raubenheimer et al., 2001; Dean and Walton
2009; Pugh and Woodworth 2014) that are proportional to SWH. Wave
set-up is the superelevation of the sea level in comparison to mean total
sea level owing to the presence of breaking incident waves (Guza and
Thornton, 1981) while wave set-down is the depression of the sea level
in comparison to mean total sea level seaward of the surf zone (Rau-
benheimer et al., 2001). These processes are a spatially varying contri-
bution (from one to tens centimetres) to the temporally varying mean
total sea level at a given time, with highest magnitudes occurring within
1 km of the coast, where waves are shoaling and breaking.

Presently, most altimetry based sea level products are limited to
about 5-10 km from the coast. The rapid improvements in altimetry
processing algorithms and in altimetry technology (e.g. the new gener-
ation of altimeters with a SAR measurement mode) allow new experi-
mental coastal altimetry datasets, with sea level estimates even closer to
the coast (up to 1-2 km, Birol et al., 2021). However, as these mea-
surements are collected closer to the coast where waves may have a
cumulative effect on both the sea level itself and the accuracy of the
altimeter measurements, it is increasingly important to understand the
impact of shallow and intermediate waves on satellite altimetry sea level
measurements. In parallel, new validation tools that could help to un-
derstand the main factors that determine the altimetry data accuracy are
needed. In particular, optical data from nearshore video cameras have
the advantage of being available at a very low cost (Holman and Haller,
2013). Nearshore video cameras show unique potential to monitor at
daily scale the spatial variability of sea level in shallow waters (0-10
m-depth) with a spatial coverage ranging from meters to kilometers
(Abessolo et al., 2019; Thuan et al., 2019), and could be used for such
application.

In this paper, as a first approach, we focus on processes that result in
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sea level variability at monthly scale. We use the unique availability of
shore-based video systems, tide gauge, wave buoys and altimetry at the
coastal area of Duck, North Carolina (NC), United States of America
(USA), to 1) accurately measure both total sea level at the coast and
wave contribution to sea level and 2) explore the potential influence of
waves on altimetry-derived sea level measurements at the coast. We
investigate whether all contributions to sea level variations at the coast
could be captured by analysing co-located data at a single site and how
waves might impact altimetry coastal sea level.

2. Data and methods
2.1. Study site

The study site is located at the U.S. Army Engineer Research and
Development Center’s Field Research Facility (FRF) along the coast of
Duck, North Carolina, USA. It is home to several local measuring devices
that have recorded time series of data over more than three decades: a
shore-based video system composed of several cameras recording since
1986, a tide gauge installed since 1977, and three wave buoys deployed
at a depth of 17, 26 and 49 m respectively since 2013, 2008 and 2017
(Fig. 1). There are also five altimetry tracks that pass relatively close to
the surveying area around Duck.
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Fig. 1. Study site at Duck, North Carolina, USA. Ground tracks of available
closest satellite missions are shown: Jason 1, Jason 2 and Jason 3 tracks 152
and 243 (green), Jason Interleaved track 243 (yellow), Envisat track 566 and
Saral/Altika track 493 (blue). Dots stand for the altimetry reference points
considered in this study. Red star stands for Argus video system location.
Magenta triangle stands for tide gauge location. Sky blue pentagons stand for
buoys location (17 m, 26 m and 49 m-depth). Dashed lines stand for depth
contours at 50, 100 and 200 m. Distances on the different altimetry tracks are
measured from the coast.
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2.2. Altimetry data

From all available altimetry tracks in the study area, only the ones
crossing the coast were considered here (Table 1). The Envisat and
SARAL/Altika tracks 566 and 493 were not used because of the long
repeat orbit of these missions, about 35 days, resulting in low data
samples. The Jason missions, in contrast, had repeat collects every ~10
days and thus both Jason and Jason interleaved (called Jason 1N) orbits
were considered. Data located in the lagoon area along the track 152 for
Jason 1, 2 and 3 (a section of ~90 km large) were discarded from the
analysis because they are representatives of very local conditions with
almost no waves. The tracks and period of time considered for each
mission are summarized in Table 1. Note that Jason missions have an
inter-track distance of 315 km at the equator. All other missions (e.g.
ERS1/2, Topex, GFO) were discarded because they correspond to time
periods when the in situ data used in this study were not available. These
missions also carried older sensors, known to provide very few obser-
vations in coastal areas.

Sea level time-series were extracted along the considered tracks from
the CTOH (Center for Topographic Studies of the Ocean and Hydro-
sphere) along-track coastal altimetry product called X-TRACK (Birol
etal., 2017). X-TRACK multi-mission altimetry products were developed
with the goal of retrieving altimeter information closer to the coast
(Birol et al., 2017). Two versions of the product exist: an experimental
high frequency (HF) version at 20 Hz resolution (i.e. a sea level estimate
every 350 m in the alongtrack direction) and a mature 1 Hz resolution (a
sea level estimate every ~ 6 km in the alongtrack direction) version
which is distributed by the AVISO + service. The HF version of the
X-TRACK processing chain uses higher rate (and then significantly
noisier) altimetry measurements. It has been validated in the framework
of the ESA SL _cci project (Birol et al., 2021). Compared to the 1-Hz
version, the corresponding HF sea level data have a higher noise ratio
but allows getting physical information closer to the coast and then to
capture more coastal sea level signals (Birol and Delebecque, 2014).

Note that X-TRACK is based on geophysical parameters derived with
a classical ocean re-tracking techniques, called mle4 (Birol et al., 2017).
The derived SWH time-series are used for comparison to the buoys data
in order to analyze their quality when we approach the coast.

The time-series of Jason 1, Jason 2 and Jason 3 have been combined
into a single time-series, which we will refer to as Jason 1, 2, 3 in the
following. As a reminder, the sea level variations measured at the coast
are a superposition of several contributions, namely global to regional
sea level anomaly (SLA), local effects of astronomical tides, atmospheric
surges (DAC), and wave transformations in the surf zone (Abessolo et al.,
2019; Melet et al., 2018). In Jason 1, 2, 3 products, the contribution of
astronomical tides was removed, by subtracting the tidal amplitudes
that were derived from the Global tide FES2012 model (Carrere et al.,
2012). A low-pass Lanczos-filter was applied to the derived sea level
time-series using a 40-km moving window along the altimetry tracks. To
perform the comparison with tide gauge and video sea level measure-
ments, the obtained time-series were first interpolated on video acqui-
sition time, and then monthly averaged.

2.3. Video system and data

The shore-based Argus video system at the FRF has coordinates
36.18269° N and —75.75139° E. The high-resolution video cameras

Table 1

Satellite missions considered to derive sea level variations.
Mission Start date End data Tracks
Jason 1 Jan 21, 2002 Jan 22, 2009 152
Jason 2 Jul 17, 2008 Sep 28, 2016 152
Jason 3 Feb 26, 2016 May 21, 2019 152
Jason 1N Feb 19, 2009 Feb 15, 2012 243
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were mounted on the top of the 43 m tall tower. This system has been up-
and running in different configurations (updates were done as the
technology evolved) ever since the first installation in 1986. The optical
intensity time series data that were used for this study, were collected by
six video cameras at 2 Hz-frequency. Several ground control points were
used for the photogrammetric transformation from pixel coordinates to
local ground coordinates. The optical intensity time series data were
merged every hour over the period 2010 to 2014 and every 30 min over
the period 2015 to 2020 to obtain pixel arrays (Holman and Haller,
2013; Holman and Stanley, 2007), that started to be stored in 2010. The
pixel arrays extends 2 km alongshore and 400 m cross-shore over the
period from 2010 to 2014 and then 800 m cross-shore from the coast
since 2015. The cross-shore distance was measured from the camera
location at the coast.

The pixel arrays were processed by applying first a temporal wave
celerity-sensing method and second a depth inversion method to esti-
mate the underwater topography. Bergsma and Almar (2018) compared
this temporal approach, with the well-known cBathy spectral approach
(Holman and Haller, 2013) and they observed that both approaches led
to similar results in synthetic cases. The time-varying sea levels were
estimated as the anomaly that is separated from the daily averaged
underwater topography. That is, since wave speed is related to depth
and we can assume bathymetry changes slowly during most conditions,
variations in depth can be related variations in sea level (see Abessolo
et al.,, 2019 and Thuan et al., 2019 for more details). The obtained
video-derived total sea levels were then filtered using a Kalman filter
with the implementation of an error proxy that allows the removal of
outliers. The proxy is computed as the difference between inverted
depths derived from two different principles of celerity estimation (see
details in Bergsma and Almar, 2018; Abessolo et al., 2020). The vali-
dation of this filtering method showed that the mean square error can be
reduced by at least 30% (Abessolo et al., 2020). The filtered
video-derived total sea levels were finally smoothed using a 2-h and a
40-m windowed moving-average. The resulting video-derived sea levels
are however affected by several physical (e.g. limit of validity of the
wave dispersion relation, bias of breaking), environmental (e.g. reflec-
tion of sunlight on water and fog) and instrumental (intrinsic parameters
of the camera such as the distortion) parameters. In Abessolo et al.
(2019), the mean square error was about 0.2 m (~10% of the total sea
level) over 8 days when compared to in-situ sea level measurements
from an Acoustic Doppler Current Profiler (ADCP).

Contribution due to astronomical tides was removed in the same way
as in the altimetry data, by subtracting the tidal amplitudes from the
video-derived sea levels. The tidal amplitudes were downloaded from
the National Oceanic and Atmospheric Administration (NOAA) website.
The obtained video time-series were averaged monthly to perform the
comparison with altimetry and tide gauge sea level data.

2.4. Tide gauge data

The tide gauge at Duck, North Carolina was installed on December
01%, 1977 and collects data at a 6 min-frequency. It is located on the
offshore end of the pier in the National Data Buoy Center trailer at the
coordinates 36.18333° N and —75.74667° E. This tide gauge has the
advantage of being installed on an open coast and being the closest to
the video system location compared to the others long term tide gauges
along the North Carolina coast (Oregon inlet Marina on 1974, Beaufort
established on 1964, Wilmington established on 1908). The Duck tide-
gauge has a solid, well-documented installation and continuous opera-
tional history. In addition, the tide gauge is installed in the field of view
of the video camera.

In a similar way to altimetry and video measurements, contribution
due to astronomical tides was removed by subtracting the tidal ampli-
tudes from the tide gauge measurements. For the comparison with
altimetry and video sea level data, the derived time-series were first
interpolated on video acquisition time, and then monthly averaged.
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2.5. Buoys data

Three directional buoys are located near the Duck tide gauge at the
FRF (see Fig. 1): one at 17 m-depth, 3 km from the coast (36.19970 N,
—75.71412 E); another at 26 m-depth, 15 km from the coast (36.25881
N, —75.59221 E) and the last at 49 m-depth, 94 km from the coast
(36.61100 N, —74.84133 E). All these buoys are located out of the waves
set-down and set-up area. However, the collected SWH and wave period
data can be used to estimate the wave contribution to sea level. The SWH
dataset used in this study is from the 26 m buoy as it is the buoy with the
longest time series (from May 2008) located close to the tide gauge and
the altimetry tracks at the coast. The latter collects data every 30 min
and shows the following mean wave characteristics: SWH 1.18 m, peak
period T, 8.39 s, direction 47°. Buoy data were daily averaged to
perform comparison with SWH derived from Jason 1, Jason 2, Jason 3
and Jason 1N. The Jason 1, 2 and 3 track is farther away spatially from
the FRF and the selected buoy. But, the closest buoy (35.25925 N,
—75.2861 E) to this track has only been in place since August 2021, and
cannot be used for this study.

2.6. Estimation of contributions to sea level variations

It is commonly accepted that wave-induced coastal sea level changes
are insignificant on monthly time scales. But, recent works (Melet et al.,
2018, 2020; Ponte et al., 2019; Woodworth et al., 2019) have high-
lighted that wave set-up, which depends on wave characteristics (height,
period and direction), can contributed significantly to coastal sea level
changes on longer timescales (interannual-to-multidecadal, including
the monthly scale in this study) due to changes in atmospheric circula-
tion patterns and the consequent surface winds, in response to internal
climate variability and climate change. Here, we assumed that the wave
energy SWH2.T, derived from the data collected by the buoy moored at
26 m depth, can be used to estimate the wave-induced sea level changes.

The sea level anomaly (SLA) variations were estimated by removing
the Dynamic Atmospheric Correction (DAC) estimates from tide gauge
time-series (tides having been taken out). The DAC estimates, that
represent the sea surface high frequency response to wind and pressure
forcing combined with inverse barometer, were downloaded from the
AVISO + website (https://www.aviso.altimetry.fr/en/data/product
s/auxiliary-products/dynamic-atmospheric-correction.html).

A multiple linear regression (see Angnuureng et al., 2017) was
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therefore computed as a function of distance to the coast, between the
video-derived sea levels (SL,iq,) and the contributors to coastal sea level
(SLA, DAC and wave energy):

SLuiteo =Co + {1.SLA + §,.DAC + {3 SWH™.T, &)

The {; are the regression coefficients. The DAC and the SLA contri-
butions were assumed to be constant along the video cross-shore profile.

In order to evaluate the influence of all the contributors to total sea
level, the contribution of astronomical tides (derived from the Global
tide FES2012 model) have been considered. The relative contribution of
each sea level component P; was estimated from the ratio of the indi-
vidual variance to the total variance ({;.SLA + {5.DAC + {3.SWH2.T,).

3. Results
3.1. Sea level variability measured at the coast

Fig. 2 (left) shows the sea level variations derived from altimetry
(along track 152 for Jason 1, 2, 3 and along track 243 for Jason 1N) and
from the video system between January 2010 and December 2018. Both
satellite altimetry sea level records and the video-derived sea level
heights are dominated by the sea level annual cycle that may be related
to the local temperature or climate, with variability in phase in all data
sets. The corresponding standard deviations are reported on Fig. 2
(right), as a function of distance to the coast. The depth evolution is also
reported. In the video, the sea level standard deviation vary between 11
and 13.5 cm. In altimetry, Jason 1N shows a greater stability of standard
deviations along its track compared to Jason 1, 2, 3. This is probably
related to the respective location of the data sets: fully on the continental
shelf for Jason 1N, whereas Jason 1, 2, 3 crosses the continental shelf
break. Jason 1, 2, 3, also crosses the Gulf Stream current which certainly
affects sea level dynamics and drives down similarities. Fig. 2 (right)
shows sea level standard deviation increases more than 12.5 m close to
shore in Jason 1, 2, 3 and Jason 1N (0-33 km for Jason 1, 2, 3 and 3-8
km for Jason 1N). The sharp increase observed in Jason 1N is probably
induced by errors due to land contamination of the altimeter’s echo
waveforms, however the data quality appear good up to 8 km from the
coast. For Jason 1, 2, 3, the change in standard deviation observed is
smooth and likely induced by the difference in ocean dynamics between
the continental shelf and the area further offshore. The standard devi-
ation of sea level variations derived from all the datasets closest to the
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Fig. 2. Shore and near shore sea levels variations (SL) from altimetry (Jason 1, 2, 3 on track 152 and Jason 1N on track 243) and video as a function of distance to the
coast and of time at monthly timescale (left panels). Right panels show depth and sea level standard deviation (o) evolution along the profile in the coastal area for
the selected sensor. Black dashed lines show where are the sea level time-series that are the most correlated with the tide gauge data: 33 km from the coast for Jason
1, Jason 2 and Jason 3, 10 km from the coast for Jason 1N, 180 m from the coast for video.
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coast, are indicated in Table 2. For video, the sea level standard de-
viations were averaged along the 800 m-track. From Table 2, the stan-
dard deviations of continental shelf sea level variations from tide gauge,
Jason 1, 2, 3, and Jason 1N are observed to be quite similar (11, 11.5 and
10.8 cm respectively), if the nearshore sea level increase area is dis-
carded. In this case, the standard deviation from video is larger (12.3
cm), suggesting that the latter captures a sea level contribution that tide
gauge and altimetry do not see.

3.2. Validation of altimetry derived sea level variations at the coast with
tide gauge and video

Taking a closer look at sea level time series, Fig. 3 shows the com-
parison between tide gauge data and the most correlated altimetry and
video sea level point, that are shown on Fig. 2 (left) with black dashed
lines. The comparison reveals that, although the amplitude of sea level
variations closest to the coast derived from tide gauge and altimetry are
lower than the one derived from video, the sea level annual cycle
observed is quite similar in all the data sets. Calculating the correlations
and root mean square differences (Table 3) shows that all the data sets
appear to capture well the different sources of variability, including SLA
and DAC. However, most of the discrepancies are observed between
altimetry and the two other data sets, suggesting that altimetry mea-
surements miss part of the sea level dynamics captured by the other
sensors. A first explanation is the temporal resolution of Jason missions
(with a revisit time of ~10 days), much lower that the video and the tide
gauge. That is, altimetry does not measure the coastal physical mecha-
nisms with the same accuracy as the video and tide gauge. In addition,
altimetry tracks are not exactly co-located with tide gauge and video.
Jason-1N performs significantly better than Jason 1, 2, 3, probably
because it is located very close to the other instruments. But unfortu-
nately, the corresponding time series is much shorter. The Jason 1, 2, 3
track (152) is not only far from the FRF, it is also quite close to the Gulf
Stream current which could significantly affect the spatial variability of
waves and sea level anomalies. The discrepancies observed between tide
gauge and video, even if they are lower, confirm that some physical
processes may not be captured in the same way by all the data sets.

In the following analyses, we consider only data at depth shallower
than 150 m, and compare monthly time-series of sea level derived from
the satellite altimeters along the considered tracks with monthly time-
series of sea level from the tide gauge and from the video-derived data
(Fig. 4). The considered video time-series was extracted at 180 m from
the coast, which was the most correlated (r = 0.93) with the tide gauge
time-series. Two main observations stand out. First, altimetry derived
time-series along the tracks are all similarly correlated with tide gauge
and video, except for Jason 1N when approaching the coast (within 50
km), where the correlation with the tide gauge increases significantly. In
contrast, within 8 km of the coast, there is a significant decrease in the
correlation between Jason 1N and the video that is coincident with the
sharp increase in Jason 1N sea level amplitude reported above (Fig. 2,
right). The second observation shows that there is an almost constant
bias of 0.02 m along the altimetry tracks between the RMS differences
computed relative to the video and to the tide gauge. As a result, the

Table 2

Average standard deviation of sea level variations closest to the coast, derived
from video, tide gauge and altimetry. Astronomical tide has been removed.
Altimetry and tide gauge data were interpolated on video acquisition time.

Distance range Depth range Standard deviation
(km) (m) (cm)
Video [0.1-0.8] [0.1-5.6] 12.3
Tide gauge 0.4 4.1 11
Jason 1N - 243 [3-8] [16-18] 12
[8-28] [18-22] 10.8
Jason 1, 2, [0-33] [18-62] 13
3-152 [33-53] [62-770] 11.5
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altimetry has a higher RMS error with the video than with the tide
gauge. All these observations suggest that there is a component (perhaps
wave-induced sea level variability) in the video signal that is not present
in the tide gauge and altimetry signals, and the influence of this
component is stronger near the coast (less than 8 km).

3.3. Wave-induced sea level variability at the coast

An estimate of wave-induced sea level variability (i.e. sea level var-
iations without the SLA, the DAC and the tides) at monthly scale within
1 km of the coast (Fig. 5A) is calculated using a multiple linear regres-
sion. The estimated wave-induced sea level variability shows a spatial
relationship consistent with the expected pattern of wave setup/set-
down. That is, the wave contribution is negative in the region we
would expect wave set-down (up to - 0.021 m from 0.4 to 0.7 km from
the coast) and makes a positive contribution in the region we would
expect wave setup (up to 0.025 m from 0.1 to 0.3 km from the coast).
Indeed, the monthly significant wave height conditions vary between
0.5 and 1.9 m and the waves start to shoal/break on average at 3 m-
depth, which corresponds to a distance of 0.3 km from the coast. And the
observed wave-induced sea level amplitudes are consistent with the
literature (Raubenheimer et al., 2001; Dean and Walton 2009). We also
estimate the relative contributions of the DAC (i.e. sea level variations
without the SLA, the wave’s contribution and the tides) and the SLA (i.e.
sea level variations without the DAC, the wave’s contribution and the
tides) for comparison. If this time we take into account the tides, the
wave contribution represents 2% of the total sea level variations at the
coast (Fig. 5B). This spatial variability in the wave-driven contributions
to sea level cannot be captured by the tide gauge and altimetry data. The
tide gauge measures the sea level at one point whereas the altimetry data
are still too far from the coast to be able to observe this wave process.
Note that the error bars (Fig. 5A) show the effects of physical, envi-
ronmental and instrumental parameters that affect the accuracy of video
measuring process (Abessolo et al., 2019), in addition to the contribu-
tion of coastal and geostrophic currents that are difficult to quantify.
These errors were computed as the difference between the observed sea
level variations (from the video) and the modelled sea level variations
(from the multiple regression).

3.4. Coastal altimetry SWH analysis

Finally, in order to further explore the potential effect of waves on
coastal altimetry data, we compare the SWH time series derived from the
different altimeters using the mle4 retracker, and from the buoy moored
at 26 m depth. Results are reported in Fig. 6. This comparison consists of
calculating the correlation and the root mean square differences (RMSE)
between the in-situ and altimetry-derived SWH. Increasing differences
are observed at distances less than ~10 km from the coast for all the
altimeters: correlation/RMSE values decrease/increase. It indicates a
loss of quality in the corresponding altimetry SWH. Note that for the
typical case of Jason 1, the correlation with buoy measurements seems
to be more important because there are only 18 sample measurements
considered, as the buoy data are available after May 2008. In terms of
coastal SWH estimates, the performance of the three altimeters tends to
improve from Jason-1 to Jason-3, although these tracks are pretty far
from the wave observation locations and waves could be quite different
at the same time. In particular, RMSE values observed in the 0-10 km
coastal band decrease as a function of the mission considered. Anyway,
as the altimetry-derived SWH is used to compute the SSB correction
included in operational sea level products, this result confirms that this
correction may be a significant source of errors in related coastal sea
level data. Obviously, the region concerned is the 0-10 km coastal band.
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Fig. 3. Comparison between tide gauge data (red) and the most correlated sea level time-series (SL) derived from video (black) and altimetry (blue for Jason 1, 2, 3;
green for Jason 1N) at monthly scale. Video and altimetry are extracted at locations shown with black dashed lines on Fig. 2. Shaded areas indicate the day-to-day

dispersions within the considered month.

Table 3

Correlations () and root mean square error (RMSE) between tide gauge, video
and altimetry derived-sea level variations at monthly scale. Video and altimetry
sea level time-series are extracted at locations shown with black dashed lines on
Fig. 2 where the correlation is maximum with tide gauge. Astronomical tide has
been removed.

r RMSE (m) TG Video Jason1 2, 3-152
Period
Video 0.93
0.05
Jan 2010 to Dec
2017
Jason 1, 2, 3 - 0.55 0.50
152 0.10 0.11
Jan 2010 to Dec Jan 2010 to Dec
2017 2017
Jason 1IN - 243 0.71 0.62 0.78
0.08 0.09 0.07
Jan 2010 to Feb Jan 2010 to Feb Jan 2010 to Feb
2012 2012 2012

4. Discussion
4.1. A new tool to monitor sea level variations at the coast

Altimetry sea level data at the coast are very often validated by
comparison with measurements from the nearest tide gauges (e.g. Val-
le-Rodriguez et al., 2020). Compared to altimetry, tide gauges offer a
finer temporal resolution and longer records at some locations. How-
ever, they are unevenly distributed and do not offer a synoptic view of

Jason 1, Jason 2, Jason 3 - 152

Jason 1N - 243

the sea level variability. The current lack of knowledge on the sea level
spatial variability within 10 km of the coast is a critical issue, leading to
the need for remote sensing with appropriate resolution in this area. The
work presented here shows that having co-located tide gauge and video
camera measurements offers the potential to measure the spatial vari-
ability of coastal sea level variability and provide new insights on the
processes related. Indeed, co-located tide gauge and video measure-
ments opens up possibilities for estimating and understanding the
spread of wave contribution to sea level variability within 1 km of the
coast. As a result, the physical contribution of wave set-up and set-down
to sea level at the coast has been highlighted for the first time through
video camera in Fig. 5. This is a major issue because future research
efforts are needed to refine estimates of wave set-up and its contribution
to total sea level at the coast (Melet et al., 2018) on regional to global
scale at longer timescales, instead of using empirical formulas (Melet
et al., 2020). It is possible to model these contributions using numerical
wave models, but accurate measurements of bathymetry and wave
boundary conditions are required to run these models, which may or
may not be available depending on location. In order to carry out this
study, the DAC and SLA contributions along the cross-shore profile were
assumed to be constant. However, some localized studies have high-
lighted the variability of these processes closer to the coast. Among
others, Cerralbo et al. (2016) have shown through modelling the
importance of the cross-shore spatial wind variability in the water cir-
culation in a small-sized micro-tidal bay. In addition, some authors
highlighted the influence of river fresh water discharges on sea level at
specific coastal locations and that could have effects at larger scale
(Piecuch et al., 2020, 2018). These works show the importance of
multiplying pilot sites with co-located tide gauges and video systems to

Fig. 4. Validation of altimetry derived sea
level variations Top panels compare the
correlation coefficient (r, left y-axis) be-
tween altimetry and tide gauge time-series
(blue) and video-derived time series (black)
with depth (red line, right y-axis) and dis-
tance from the coast. Bottom panels compare
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150 the root-mean-square difference (RMS) for
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smoothed using a 5-km moving window to
filter out noise. The video time-series at 180
m represented the most correlated time-
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series with tide gauge time-series, and was
used for comparison purposes here (See
Fig. 2). First column of panels stands for
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Jason-1N along track 243.
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10.08 km - 0.18 km] Fig. 5. Contributions to sea level variations
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Fig. 6. Comparison between in-situ and altimetry-derived SWH for each altimeter (Jason 1, Jason 2, Jason 3 and Jason 1N). The comparison was performed on
altimetry acquisition days. Depths were limited to 150 m along the tracks. The first line of panels shows the correlation and the second line the root mean square
difference (RMSE). In-situ SWH time-series were collected using a buoy moored at 26 m.

study the spatial variability of sea level contributors at the coast.

4.2. Towards sea level measurements at the coast co-located with
altimetry

The results presented above provide a new method to estimate the
performance of coastal altimetry, taking into account all contributions
affecting sea level. Today, there are several observations networks along
the world’s coasts, including tide gauges, buoys, in-situ measurement
campaigns, and more recently video systems whose development has
accelerated in the last twenty years. And the video camera network is
still growing. However, the choice of location for the cameras does not
depend on altimetry validation issues. They have no reason to be
collocated with the different satellite ground tracks or with the tide
gauges. In fact, there are only a few sites where video systems are co-
located with tide gauges and altimeter tracks, including Duck site.
Therefore, optimizing the location of coastal observing systems in regard
to the satellite ground tracks would certainly foster the validation of
coastal altimetry measurements. Of course, feasibility could be difficult

regarding the additional costs and specific scientific issues related to the
localization of observing systems. But co-locate these networks (tide
gauges, video and buoys) with altimetry tracks should promote a multi-
scale and multi-spatial understanding of processes affecting sea level:
beyond 1-5 km from the coast by future altimetry with a time resolution
of several days, within 1 km by video camera with a time resolution of a
few minutes to a day and at specific fixed locations by tide gauges with
high resolution (from minutes to hours). In addition, wave buoys would
be used to refine the SSB correction at the coast. Such a spatial distri-
bution of observing systems could address many misunderstandings in
the literature regarding the coastal zone, and would bridge the gap be-
tween the coastal and offshore scientific communities.

4.3. Altimetry waveform re-tracking algorithms

The accuracy of sea levels measurements retrieved at the coast from
altimetry missions is obviously determined by the performance of the re-
tracking algorithm used. The mle4 retracker algorithm implemented in
the altimetry sea levels products is known to be suboptimal for the
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coastal ocean (Tourain et al., 2021; Passaro et al., 2021). We have also
seen that, within 10 km from the coast, the altimetry-derived SWH es-
timates become inaccurate, which is expected to impact the SSB
correction and then finally the sea level. The long-standing debate in the
coastal altimetry community regarding the choice of the best re-tracking
algorithms is still not resolved as several new algorithms are proposed
and tested in the literature (e.g Passaro et al., 2021; Peng and Deng
2020, 2018; Marti et al., 2019). This type of study, extended to different
coastal sites, would certainly help to explore their relative
performances.

5. Conclusions

This paper investigated how shore-based video systems, tide gauge
and altimetry at the coastal area of Duck, NC, USA, respectively measure
sea level variations. We also investigate how waves sign on sea level
measurements at this coastal site. The results show that all data sets have
the same annual signal with discrepancies which could be due to the
waves. The wave-induced sea level variations at the coast, that is wave
set-up and wave set-down, accounting for 2% of the total sea level
variations, was revealed by analysing the sea level data from both the
tide gauge and the video camera which are co-located. This study il-
lustrates how co-locate tide gauges and video cameras with altimetry
ground tracks might improve a multi-scale understanding of the pro-
cesses affecting sea level at the coast. The latter is crucial for better
assessing present and future coastal sea level rise but requires the
availability of altimetry data up to the coastline. Here again, it will be
highly beneficial to develop dedicated coastal sites with measurements
from shore-based video or Lidar stations, wave buoys and tide gauges
collocated with altimetry ground tracks. It will allow to analyze the
relative performances of the different algorithms developed for pro-
cessing coastal altimetry data, define the best ones and finally fully
explore the capability of satellite altimetry to complement the other
observing systems in coastal sea level studies.
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