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Accurately resolving coastal Total Water Levels (TWL) is crucial for socio-economic and
environmental reasons. Recent efforts in satellite altimetry and numerical modeling have
improved accuracy over near-shore areas. In this study we used data from tide gauges
(TGs), SAR-mode altimetry from two satellites [Sentinel-3A (S3) and CryoSat-2 (C2)],
and a state-of-the-art high-resolution regional coupled environmental prediction model
(Amm15) to undertake an inter-comparison between the observations and the model.
The aim is to quantify our capability to measure TWL around the United Kingdom coast,
and to quantify the capacity of the model to represent coastal TWL. Results show good
agreement between the satellite and TG data [the mean correlation (R) over seventeen
TGs between June 2016 and September 2017 is 0.85 for S3 and 0.80 for C2]. The
satellite-model comparison shows that the variability is well captured (R = 0.98 for
both satellite), however, there is an offset (—0.23 m for S3, —0.15 m for C2) between
the satellite and model data, that is near-constant across the domain. This offset is
partly attributed to the difference in the reference level used by the satellites and the
model, and residual differences linked to the temporal resolution of the model. The best
agreement between model and satellite is seen away from the coast, further than 3-
4 km offshore. However, even within the coastal band, R remains high, ~0.95 (S3) and
~0.96 (C2). In conclusion, models are still essential to represent TWL in coastal regions
where there is no cover from in-situ observations, but satellite altimeters can now provide
valuable observations that are reliable much closer to the coast than before.

Keywords: altimetry, numerical model, water level, comparison, shelf sea

INTRODUCTION

The United Kingdom is bordered by sea on almost all sides, with more than 12,000 km of
coastline open to large tides and strong storms from the Atlantic (Figure 1). These conditions
make the United Kingdom extremely susceptible to coastal flooding - a process that was
ranked in the National Risk Register as the most threatening natural hazard for the country
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FIGURE 1 | Snapshot of Amm15 coupled model domain showing TWL at 1100h on 28 February 2017 during Storm Ewan. The respective Sentinel-3 satellite track
over the domain in that hour is also shown. The locations of the tide gauges used for comparisons with the satellite data are marked on the plot with green dots.

(Home Office, 2017). Coastal flooding is driven by extreme sea
levels, which are generated by combinations of astronomical
tides, storm surges, waves, and their interactions. Being able
to represent the Total Water Level (TWL), especially at the
coast, is consequently of importance for both socio-economic
and environmental reasons. For example, during the winter of
2013/2014, floods caused £1.3 billion damage, £592.1 million
of which from coastal floods (Chartteron et al., 2016). In
2015/16, more than 17,600 United Kingdom properties were
flooded, resulting in £1.6 billion of damage from coastal, river
and surface water floods, and more than double this sum was
subsequently invested in coastal defense or flood prevention
(Home Office, 2017).

Total water levels can be evaluated using coastal TGs
(Woodworth et al., 2015) or satellite data (Calafat et al., 2017).
Here, we consider “still” TWLs, which are the joint contribution
of astronomical tides and surges, excluding the influence of waves
and changes in the mean sea surface (MSS). Despite the high
accuracy of TG observations, they come with some limitations:
tide gauges provide a good temporal resolution but have limited
spatial coverage. In contrast, satellite altimeters provide (near-
) global coverage but poor temporal sampling (generally, every
10 days or longer depending on the satellite) (Soumekh, 1999;
Musa et al., 2015) and with data quality issues near the coast

(Cipollini et al., 2017). The application of numerical models to
estimate TWLs allows some of the issues associated with the
observation records to be addressed by providing information
with uniform and high spatial and temporal coverage. The
models also have their limitations because of physical processes
and interactions that are not resolved by the model resolution
and are poorly parameterized or missing in the model. Also, due
to computational limitations, model simulations often need to
be run on reduced spatial domains or on a lower than desired
resolution. Overall, TWL is often estimated by a combination of
observations and models, and many studies rely on both methods
(e.g., Vousdoukas et al., 2016; Melet et al.,, 2018) to obtain an
accurate TWL estimate.

Recent advances in altimetry techniques now allow for
satellites to provide observations closer to the coast than
before (Benveniste et al., 2019; Vignudelli et al., 2019), making
them more suitable to investigate near-coastal sea-level change
(Beckley et al., 2010; Cazenave et al., 2018). It was shown that
satellite altimetry provides valid uncorrupted measurements of
sea surface height (SSH) over the open ocean, but that obtaining
accurate values in the last 10 km from land is still a challenge
and calls for specialized coastal processing (Vignudelli et al.,
2019). Many of these challenges have now been overcome with
the new generation of Delay-Doppler or Synthetic Aperture
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Radar (SAR) altimeter instruments such as those flying on-board
CryoSat-2 or Sentinel-3, which can provide uncorrupted data as
close as 1 km from land under favorable conditions (e.g., track
orientation to the coast).

Following these ideas, sea level records from TGs, satellite
observations, and predictions from a state-of-the-art numerical
model are applied to the estimation of the TWL within 100 km
from the United Kingdom coast. Data from seventeen TGs
located around the United Kingdom and two recent SAR
altimetry missions (CryoSat-2, Sentinel-3A) are used alongside
high-resolution coupled model simulations from the Atlantic
Margin Model (Amm15). The aim is to examine the consistency
between satellite and model data and analyze the differences,
when and where they agree or disagree, advantages and
disadvantages, to understand what our capability is to represent
the total water level in coastal and shelf seas when combining
the potential of both satellite observations and numerical
modeling. The structure of the paper is as follows: The data
and methodology are described in section “Data and Methods.”
Results are presented in section “Results” and then discussed
in section “Discussion.” A summary and conclusions are in
section “Conclusion.”

DATA AND METHODS
Tide Gauge Data

Tide gauges data were obtained from the British Oceanographic
Data Centre (BODC) for the period between 01 June 2016
and 30 September 2017. Data from seventeen TGs from
United Kingdom and Ireland are used. Locations are shown in
Figure 1. The records provide measurements averaged every
15 min and are used to compare with the model and satellite
data in regions close to the coast. Data can be downloaded
at https://www.bodc.ac.uk/data/hosted_data_systems/sea_level/
uk_tide_gauge_network/.

Satellite Data

A new set of high resolution satellite altimetry data in SAR
mode is obtained from the Copernicus Sentinel-3A (S3) satellite
(ACRI-ST IPF Team, 2017). The S3 sea surface height anomaly
(SSHA) includes contributions to water levels due to the tides and
surges. Data is available at 1 Hz posting rate (approximately every
7 km along the satellite track) with the orbit repeating exactly
every 27 days. The S3 data was obtained from the EUMETSAT
distribution accessible at https://coda.eumetsat.int and https://
codarep.eumetsat.int.

The period considered in the paper is from 01 June 2016
to 30 December 2017. The S3 product provides the SSHA
as a variable, from which we obtain the TWL by adding
back the corrections for ocean tide, the contribution from
atmospheric pressure as expressed by the inverse barometer
effect, and the barotropic contribution from wind to high-
frequency sea level variability (modeled using the Mog2D
model). We note that the provided SSHA has had the standard
altimetric corrections applied, including the tropospheric (wet
and dry) and ionospheric path delays, and the sea state

bias. The surface classification flag (surf_class_01), the ocean
backscatter coefficient flag (swh_ocean_qual_01_ku), and the
altimeter range flag (range_ocean_qual_01_ku) available within
the S3 products were then used to remove erroneous observations
from the dataset.

The second set of altimeter data was taken from the SAR
Interferometric Radar Altimeter (SIRAL) instrument on-board
the ESA CryoSat-2 mission (C2). In this case, the 1 Hz data
covered the period from 01 June 2016 to 30 September 2017.
Contrary to S3, C2 has more closely spaced ground tracks but a
much longer repeat cycle of 369 days. Here we use data from the
CryoSat-2 Level 2 Geophysical Ocean Products (GOP), which are
distributed by ESA and are available for download via ftp at ftp:
/Iscience-pds.cryosat.esa.int. We refer the reader to the CryoSat
Product Handbook' for a detailed description of the GOP data.

For C2 GOP, SSHA data is not provided and the TWL is
computed as follows. First, we subtract the corrected range from
the altitude to obtain the SSH, and we then subtract the DTU10
(Andersen, 2010) and MSS from the SSH to obtain the total
SSHA (here total means that no geophysical correction has been
applied at this point). The corrected range is defined as the range
corrected for tropospheric and ionospheric path delays, and for
sea state bias. The TWL is then obtained by correcting the total
SSHA for the solid earth, loading, and pole tides. Hence, both
the ocean tide and the barotropic atmospheric contributions are
retained. To remove anomalous records, we reject all records that
have been flagged as bad by the quality control flags provided
within the product files. The corrections held in the data products
for S3 and C2 are not the same and therefore it is not possible to
repeat the exact same calculations for both satellites.

It is important to recognize that some of the altimetric
corrections applied to the S3 and C2 data come from different
sources and so might be different. This could lead to differences
between the two altimetry datasets that would not be reflective
of differing performances of the altimeters. It is important
to keep this possibility in mind when interpreting the results
of our analyses.

Numerical Model Data

The numerical model used in this paper is the regional coupled
high-resolution Atlantic Margin Model (Amm15; Lewis H. W.
et al, 2019), a coupled model joining the WaveWatch III
(WW3; Tolman, 2014) numerical wave model to the NEMO
ocean circulation model (Nucleus for European Modeling of the
Ocean, NEMO; Madec and Nemo Team, 2008). The prescribed
atmospheric forcing comes from ECMWF (Janssen and Bidlot,
2018). The configuration used is the ocean-wave coupled setting
with no data assimilation (referred to as CPL_FR in Lewis H.
W. et al,, 2019); the ocean model is coupled hourly to exchange
information with the wave model. The domain is set on the North
Western European shelf, with a spatial resolution of 1.5 km at the
coast and 3 km across deep ocean regions. TWL data from the
model are given with respect to the model equipotential reference
level and include both tide and surge processes. Details of the

'https://earth.esa.int/documents
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meteorological forcing, boundaries and initial ocean conditions
are described in Tonani et al. (2019).

Quality Control and Collocation

Processing

Total water level output from Amm15 (ocean-wave coupled) was
compared against S3 from June 2016 to December 2017. The
model output was compared to both S3 data and C2 data for the
period from June 2016 to September 2017. Sixteen months of data
are covered by both satellites, which allows cross-comparison of
the model data with both satellites over the same period.

The satellites are first compared to local in-situ observations
from TGs allowing the inclusion of a third independent dataset
in coastal areas. Observations taken at in-situ TGs may be
influenced by physical processes that the numerical model
does not account for, they may also differ from the satellites
observation due to the distance between the satellite track and the
local TGs. Therefore, when deciding which TGs are appropriate
to compare with the satellite and only using sites where the model
performs best, the Amm15 model was compared to all BODC
TGs recording between the 01 June 2016 and 30 September 2017.
Only sites with more than 0.95 correlation and less than 0.30 m
RMSE when compared to the model’s closest point in space
(within 1.5 km) were considered in this work. Based on these
criteria and on visual inspection of the records, 17 high-quality
TGs located in United Kingdom and Ireland were selected. When
comparing the satellite with TG data, only altimetry observations
within 50 km from land and within 100 km from the TGs were
used. To reduce the noise from altimetry records, the median
value of all data recorded along the satellite track meeting the
separation criteria and within the same minute was considered.
The TGs values were interpolated in time to match the satellite
overpasses. As some noise was still present in the records, the
points where the difference in TWL between the satellite and the
TG was more than 5 m were considered invalid and excluded
from the comparison.

Data from both satellites within the model domain (Figure 1)
was selected and the model point closest to an observation
was identified for all satellite data points. Observations and
model data were considered co-located if they were within 0.02°
(~2 km) of each other in space, and within 30 min of each other
in time. Quality control was applied to S3 and C2 data to remove
occasionally large outliers, mainly close to land. Different quality
control approaches had to be used for S3 and C2. For the S3
satellite, the flags provided within the product were used. For C2,
as too much noise remained in the records despite quality flags,
the altimeter points that differed by more than 10 m from the
model were considered invalid. These were all the coastal points
where land contamination can impact satellite records, or where
the model considered a specific cell as land whilst the satellite
recorded valid data (or vice versa). Subsequently, all data outside
2 standard deviations (SD) from the mean difference between
the model and satellite were removed. This criterion was chosen
because it made it possible to discard obvious outliers from the
records, yet it did not affect the part of the dataset that is of
interest to this study. The area close to the model boundary was

also removed to avoid accounting for model computational errors
or linked to the changing model resolution (1.5 km to 3 km grid)
in this region. The final area considered for the satellite-model
comparison spanned [20°W;10°E] in longitude and [46°N, 62°N]
in latitude (Figure 1).

Case Study Experiments

The satellites observations are compared to in-situ TGs selected
using the numerical model to assess data in coastal areas
(Table 1). The average RMSE is evaluated within 100 km from
the TGs. As these are close to the coast, proximity to the TG also
indicates proximity to land. However, altimeter data can be close
or over land without being close to the TG, therefore both the
distances between the satellite and TG as well as between satellite
and land are considered in the analysis.

To assess the capability of the satellites and the model in
reproducing the TWL during storms, the periods with and
without storm events between June 2016 and September 2017
were considered separately. Several storm events named by the
Met Office occurred during the period considered (Angus, 20th
November 2016; Barbara, 23rd-24th December 2016; Conor,
25th-26th December 2016; Doris, 23rd February 2017; Ewan,
25th-26th February 2017; Met Office, 2017) and three storm
Surges were recorded on Surge Watch (16th October 2016; 19th
November 2016; 13th January 2017; Haigh et al,, 2017). The
correlation, SD of the bias and RMSE error between altimetry
and model data was estimated for the periods with and without
storm events. One specific short-term event is kept as an example
to show how the TWL is reproduced during the period between
25th February and 3rd March 2017, when storm Ewan occurred
(Kendon et al., 2018).

An extended model-data comparison using S3 and Amm15
was analyzed over 19 months from June 2016 to December 2017,
focused on understanding whether there is a bias between the
model and observations. Since the S3 orbit repeats every 27 days,
the same tracks will be covered about once a month, which means
that multiple satellite observations are available over the same
area even though they are 1 month apart. Co-located points
were found during the period from June 2016 to December
2017. The bias between model and satellite was calculated along
track during this period using repeated observations over the
same locations.

Statistics evaluating the differences between the satellites and
model data were also calculated for each month from June 2016 to
September 2017 for both satellites. The monthly RMSE between
satellite and model were evaluated for each point along track, as
well as R and SD for each month (Table 2). February 2017 is used
as an example in the discussion.

This set of data was also used to understand how well the sea
surface can be observed when getting close to the coast in typical
conditions, and how the offset compared to the model changes
as a distance from the coast. For each month during the period
studied with both satellites the RMSE was evaluated for all points
within 10 km from land and further than 50 km from the coast
(Table 2). To focus on the error variation as a function of distance
from land, for the first 100 km from the coast the mean RMSE was

Frontiers in Marine Science | www.frontiersin.org

October 2020 | Volume 7 | Article 549467


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Rulent et al.

Coastal Water Level

TABLE 1 | Comparison of model and satellites to tide gauges.

TG station TG vs. Amm15 TG vs. S3 TG vs. C2 Notes
R RMSE (m) R RMSE (m) R RMSE (m)
Aberdeen 1.00 0.18 0.87 0.55 0.83 0.60 TG in the quay
Bangor (IRA) 0.99 0.15 0.84 0.60 0.73 0.90 TG inside the marina
Barmouth 0.99 0.21 0.47 1.48 0.57 1.42 TG near bridge, in an estuary
Cromer 0.99 0.26 0.91 0.52 0.85 0.66
Devonport 1.00 0.16 0.97 0.42 0.97 0.35
Leith 0.99 0.25 0.87 0.91 0.66 1.21 TG inside docks
Newhaven 0.99 0.30 0.98 0.40 0.93 0.75
Newlyn 0.99 0.25 0.98 0.33 0.97 0.43
North Shields 1.00 0.20 0.95 0.44 0.96 0.36
Port Erin 0.99 0.25 0.98 0.37 0.97 0.31
Portpatrick 0.99 0.15 0.96 0.40 0.83 0.69
Portrush 0.97 0.15 0.73 0.50 0.51 0.48 TG near harbor/pier, in an inlet
Portsmouth 0.98 0.25 0.62 0.94 0.55 0.95 TG in the harbor
Stornoway 0.99 0.22 0.98 0.21 0.98 0.20
Tobermory 0.99 0.18 0.87 0.48 0.75 0.82 satellite track far from the TG (about
60 km or more) and really close to coast
Weymouth 0.97 0.16 0.51 0.97 0.65 0.86 TG in the quay
Whitby 0.99 0.23 0.90 0.62 0.93 0.52 TG in river estuary
Mean All 0.99 0.21 0.85 0.60 0.80 0.68

Numbers in bold show the highest correlation and lowest RMSE for the model and satellites against the TGs, or the mean in the bottom column.

TABLE 2 | Amm15 model compared to Sentinel-3A from June 2016 to December 2017, and CryoSat-2 from June 2016 to September 2017.

period Mean difference (m) Mean RMSE (m) Mean RMSE (m) > 50 km Mean RMSE (m) < 10 km R Std (m)

S3 c2 S3 Cc2 S3 c2 S3 c2 S3 c2 S3 c2
Jun-16 —0.24 -0.15 0.29 0.22 0.29 0.22 0.40 0.33 0.98 0.98 0.16 0.16
Jul-16 -0.25 -0.18 0.29 0.24 0.29 0.24 0.34 0.30 0.98 0.98 0.15 0.15
Aug-16 -0.24 -0.17 0.28 0.23 0.28 0.23 0.36 0.32 0.98 0.98 0.15 0.15
Sep-16 -0.23 -0.15 0.28 0.22 0.28 0.22 0.34 0.31 0.98 0.98 0.16 0.15
Oct-16 -0.22 -0.15 0.28 0.22 0.27 0.22 0.37 0.31 0.98 0.98 0.16 0.16
Nov-16 -0.21 -0.13 0.27 0.22 0.26 0.22 0.39 0.32 0.98 0.97 0.16 017
Dec-16 -0.23 -0.15 0.29 0.22 0.29 0.22 0.43 0.30 0.98 0.98 0.18 0.16
Jan-17 -0.22 -0.13 0.27 0.20 0.27 0.20 0.41 0.27 0.98 0.98 017 0.16
Feb-17 -0.23 -0.13 0.28 0.20 0.28 0.21 0.43 0.28 0.98 0.98 0.17 0.15
Mar-17 -0.23 -0.13 0.29 0.20 0.28 0.20 0.46 0.25 0.98 0.99 017 0.15
Apr-17 —0.24 -0.17 0.30 0.23 0.29 0.24 0.43 0.30 0.98 0.98 017 0.16
May-17 -0.25 -0.19 0.30 0.26 0.30 0.26 0.41 0.35 0.98 0.98 0.17 017
Jun-17 —0.24 -0.17 0.30 0.24 0.30 0.24 0.40 0.31 0.98 0.98 017 0.16
Jul-17 -0.23 -0.15 0.29 0.23 0.29 0.23 0.34 0.30 0.98 0.98 017 017
Aug-17 -0.23 -0.14 0.28 0.21 0.28 0.21 0.40 0.28 0.98 0.98 0.16 0.15
Sep-17 -0.22 -0.13 0.27 0.20 0.27 0.20 0.37 0.31 0.98 0.98 0.15 0.15
Oct-17 -0.19 0.25 0.24 0.40 0.98 0.16
Nov-17 -0.19 0.26 0.25 0.47 0.98 0.18
Dec-17 -0.20 0.27 0.26 0.43 0.98 0.18
Mean All -0.23 -0.15 0.28 0.22 0.28 0.22 0.40 0.30 0.98 0.98 0.16 0.16

The numbers in bold show the mean of all columns. The columns labeled “mean RMSE (m) > 50 km” and “mean RMSE (m) < 10 km” show the root mean square error
in meters, for all points farther than 50 km from the coast, and closer than 10 km from the coast, respectively.
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evaluated for each km bin, and then plotted to observe changes in
the error magnitude.

RESULTS

A snapshot of the model hourly output with the respective
satellite track covered during that time is shown in Figure 1,
representing the TWL between 1100 and 1200 on the 28 February
2017 during storm Ewan. The TWL can vary by up to 8 m within
a few degrees in space. Within this 1 h period the satellite crosses
most of the latitudes in the domain, sampling data every second
over different areas.

The two satellites used in this study have different orbits
illustrated by a short-term case study in Figure 2. Physically
adjacent tracks can indicate very different water levels. This is
because each track will be recorded at a different time. Unlike C2,
the S3 satellite repeats its orbit over the same coordinates every
27 days, therefore considering a short-term case study allows only
a single use of any given track. As an example, the period between
25 February 2017 and 03 March 2017, during which storm Ewan
hit the United Kingdom, was considered.

The satellites are first compared to TGs in areas where
the model can resolve the TWL (Table 1 and Figures 3, 4).
The comparison between S3 and the TG shows a correlation
ranging from 0.47 in Barmouth (RMSE = 1.48 m) to 0.98 in
Stornoway (RMSE = 0.21 m), while for C2 the correlation ranges
from 0.51 in Portrush (RMSE = 0.48 m) to 0.98 in Stornoway
(RMSE = 0.20 m). The lowest correlation values are found at sites
where the TG is enclosed within a harbor, port or land feature that
is likely to degrade the performance of the altimeter. The average
correlation with the TGs is 0.85 for S3, and 0.80 for C2.

When considering the satellite data recorded in periods
without storms as opposed to periods with storms (Figures 5, 6),

R, SD, and RMSE remains similar. Between S3 and Amml5
R =0.98 and RMSE = 0.28 m in both cases. The RMSE of points
within 10 km from the coast shows an increase in RMSE of
0.01 m during periods with storms. The SD varies between 0.16 m
in quiet periods and 0.17 m in stormy ones. Conversely, the
RMSE between C2 and the model decreases during storm periods
(reducing during storms by 0.02 m overall and 0.04 m close to the
coast) and the SD of data goes from 0.16 m in quiet periods to
0.15 m during storm days. It must be noted that the number of
sampling points during storm periods is about thirty times lower
than that of non-stormy periods.

In the long time-interval comparison of S3 (Figure 7), the
difference between the model and satellite over the repeating
track of 19 months is of —0.23 m, with the largest values close
to the coast. The average bias for each point over the entire
period (Figure 7) shows that regions with high tidal range have
better agreement between satellite and model. In the Straight
of Dover, the North-East Irish Sea, and the German Bight the
differences are lower than over the rest of the domain. However,
when looking at each repeat period individually the tracks with
the largest differences are in these same areas of high tidal range
(English Channel, Irish sea, Bristol channel or German Bight).

Considering the TWL data from both satellites and the model,
there is a good fit between results (Table 2), but the model is
underestimating the S3 observations with a mean difference of
—0.23 m, a RMSE of 0.28 m, and a SD of 0.16 m. The SD ranges
between 0.15 m in July 2016, August 2016, and September 2016
and 0.18 m in December 2016, November 2017, and December
2017. Amm15 is also underestimating the C2 observations with
a mean difference of —0.15 m, a RMSE of 0.22 m and a SD of
0.16 m. This difference is more pronounced when the satellite
data is close to land.

The RMSE for S3 data farther than 50 km from the coast
(Figure 8) varies between 0.24 and 0.30 m, with the highest
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FIGURE 3 | Comparison of S3 with TG at Stornoway, which had the lowest
error of all stations considered. The color shows the distance of the Satellite
from the TG (blue is at the TG location; yellow is up to 100 km away from the
TG). The marker size indicates the distance of the satellite from the coast (The
smallest markers are within 1 km of the coast, the widest markers are up to
50 km from the coast). Note that the distance of the satellite from the TG has
a smaller impact than the distance to the coast over the resullts.
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FIGURE 4 | Comparison of C2 with TG at Stornoway, which had the lowest
error of all stations considered. The color shows the distance of the Satellite
from the TG (blue is at the TG location; yellow is up to 100 km away from the
TG). The marker size indicates the distance of the satellite from the coast (The
smallest markers are within 1 km of the coast, the widest markers are up to
50 km from the coast). Note that the distance of the satellite from the TG has
a smaller impact than the distance to the coast over the results.

RMSE in April 2016, May, and June 2017. When assessing data
within 10 km of land, the error increases showing a much
clearer seasonal variation (Figure 8). In this case the RMSE varies
between 0.34 m in July 2016, September 2016, and July 2017,
and 0.47 m November 2017 for S3, with the error tending to

reduce during summer months. For the comparison of the C2
satellite (Figure 9), the error of data within 10 km from land
varies between 0.25 m in March 2017 and 0.35 m in May 2017,
while that of data farther than 50 km from land varies between
0.20 m in January, March, and September 2017, and 0.26 m in
May 2017.

All points with lower agreement are coastal points
(Figures 10A,B). However, it is important to note that a lot
of coastal points with high correlation are present. Overall, the
correlation between model and satellite was about 0.98 each
month, although it must be noted that the tide dominates the
signal, which is not necessarily representative of how well the
satellite is reproducing the surge. Focusing on the last 100 km
from the coast (Figures 10A,B) shows that the error tends to
reduce away from land. Data within the last 3-4 km are noisier.
Over 19 months of S3 data, the correlation evaluated per km
bins only drops from 0.98 in the center of the basin to 0.97 at
4 km from land and reaches 0.95 at 3 km from land, while for
the 16 months of C2 the correlation remains 0.98 up to (and
including) 4 km from land, lowering to 0.96 at 3 km.

DISCUSSION

Comparison to TGs

To analyze data in the coastal regions, which are the most
challenging for altimeters (Vignudelli et al., 2019), the satellite
data was compared to observations from seventeen TGs. As these
are close to the coast, proximity between the satellite tracks and
the TG does not always translate into a good agreement because
of land contamination and inaccurate corrections affecting the
altimeter performance (Figures 3, 4). Results show that the
satellite can correlate well with TGs, with higher error when the
site is located within a harbor or close to features that may interact
with the satellite footprint. In these cases, the use of the model
can be helpful to complement the observations. Considering all
stations, the correlation between the two kinds of observation
is on average 0.85 (S3) and 0.80 (C2), with a maximum value
of 0.98 in Stornoway for both satellites (RMSE of 0.21 m for S3
and 0.20 m for C2). Results show that the difference between
TG and satellite is lower when the satellite is close enough to
the gauge to observe the same area, but not close enough for
the land to affect results. The lowest RMSE in our comparison
is 0.20 m, which is comparable to the difference between satellite
and model, however, in this case this difference cannot be due to
an offset in time between the two measurements, but will more
likely be due to the distance between the satellite observation and
the TG.

Long Term Comparison Between the S3
Satellite and Model

Comparing S3 and Amm15, the most interesting result is the
consistent —0.23 m difference between satellite and model over
19 months. This nearly constant bias is understood to be induced
by the differences in the reference levels used by the model and
the satellite. The latter relates its mean sea level to the WGS84
ellipsoid, whereas the Amm15 TWL output are referenced to the
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model’s equipotential reference level. Other studies with accurate
calibration of the geoid reference level and satellite correction
specific to the study area showed biases of only a few centimeters
when comparing both S3 and C2 data to tidal gauges (Bonnefond
et al., 2019). These calibrations required in-situ field work that
could not be repeated in this study.

Moreover, the satellite provides extremely high frequency data
at 1 Hz giving practically instantaneous measurements, whilst the
model outputs hourly data, therefore the closest point in time
between model and satellite can be up to half an hour away.
In this time, the tide in this area can change of about 0.2 m,
which is comparable to the S3-Amm15 differences (Figures 7, 8).
Presumably when only considering points closer in time, the
difference between model and satellite due to the variation in
tidal stage should reduce. There was an attempt to demonstrate
this by only comparing model and satellite points closer than half
an hour in time, but the number of sampling points that can
be considered varies so much that it was not possible to draw
conclusions from this experiment.

Another point underlining the impact of the tidal stage is that
the highest equinoctial spring tide in 2017 occurred on the 28
April®>, when some of the highest errors appear in the results.

Zhttps://www.ntslf.org/tides/hilo

Moreover, even though areas with high tidal range are better
represented by model and satellite considering the overall mean
over 19 months, these regions showed a high variability in the
results when looking at individual repeat period. The areas with
high tidal range showed tracks with some of the major errors in
an individual month, but these were different tracks each month
therefore this does not appear in the mean bias plot. This again
suggests that the timing between the satellite and model might
affect results. A half an hour lag in time will appear more obvious
in these regions of high tidal range, even though over all these
areas are better represented.

Impact of Storms Events

Altimetry measurements are increasingly used to complement
observations from TGs in order to study storm surges (Antony
et al., 2014) or to improve surge forecast by assimilating
observations to models (De Biasio et al., 2017). Their application
to the monitoring and forecasting of surges is developing and
increasingly used, one of the most recent initiatives being the
European Space Agency’s eSurge project’. Satellite observations
have the advantage of covering the open ocean areas which
cannot be observed by tide gauges, but the poor temporal

3http://www.storm-surge.info/esurge
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sampling means that not all storm events might be captured.
For the altimeter to capture the surge there is a reliance on
coincidence between the satellite track and the storm time.
While this provides extremely valuable information, altimetry
measurements must often be used combined with other data
source to accurately study surges and storms. In this study, the
highest monthly RMSE (Figures 8, 9) often occurs in periods
hit by either storms, surges, or extreme wave events. However,
looking in more details and considering the dates affected by
storms or surges separately from those without them, the RMSE
and correlation between both satellites and the model does
not vary much (Figures 5, 6). Note that the error scales with
the magnitude of the storm is absolute, not normalized. The
correlation remains of 0.98 in either cases, while the RMSE only
varies of up to 0.04 m in regions within 10 km from land with
the C2 data. The S3 comparison to the model has a slightly
lower RMSE (0.01 m difference within 10 km from land) in
periods without storms, while for C2 the opposite happens. In
this case the RMSE decreases by 0.02 m offshore and 0.04 m
near land during periods with storms. The SD for S3 data is
0.17 m with storms and 0.16 m without them, while for C2 the
SD of data is 0.15 m with storm and 0.16 m without them. It

must be considered that the number of sampling points during
storm periods (6911 for S3, 6817 for C2) is more than thirty
times lower than that of periods without storms (215058 for S3,
218410 for C2), which will affect these differences. It must also
be noted that some minor storms or extreme wave events that
have not been considered here could have happened during that
period. Looking at storms individually, some events showed a
higher difference between model and satellite than throughout
other periods, without there being any obvious difference to the
number of passes over land. Overall, the results show that the
altimetry data can capture TWL during storms as well as in
quiet periods.

Evaluating How the Error Changes as a

Function of the Distance From the Coast

The coastal region has always been the most complex area for
both models and satellites when evaluating sea level changes.
However, as the value of both altimetry observation and accurate
simulations in this region are widely recognized, increasing
efforts are made to improve the quality and accessibility of such
data. For altimetry, improving observations within the last 10 km
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from land has been the focus of several coastal altimetry studies
in recent years (Cipollini et al., 2009), with projects such as
Coastal Altimetry (COASTALT)* funded by the European Space
Agency (ESA). In this study, when analyzing data considering
distance from the coast, it appears that the correlation between
model and satellite tends to reduce when getting closer to land.
In most cases, considering both the S3-Amm]15 and the C2-
Amm]15 comparison, the only regions where the RMSE (averaged
per kilometer bin) exceeded 0.3 m was within 3-4 km from
land (Figure 10B). The correlation of data (Figure 10A) plotted
considering the distance of each point along track from the
nearest coast shows that all the major discrepancies between
satellite and model data are at the coast. However, there is also
a significant number of coastal points where model and satellite
are in good agreement. The RMSE of data within 10 km from
the coast varies between 0.34 and 0.47 m over S3’s 19 months
comparison, and between 0.25 and 0.35 m for C2’s 16 months.
Moreover, other studies pointed out how noise due to land
contamination can interfere with the accuracy of both §3 and C2
data in coastal areas (Vignudelli et al., 2019). These near shore
regions can be better observed using high frequency data, such
as 20 Hz frequency (Birgiel et al., 2018), which were not used in
this study. Also, altimetry products based on coastal-dedicated
re-trackers, such as the Adaptive Leading Edge Subwaveform
(ALES) re-tracker (Passaro et al., 2014), provide higher quality
data close to the coast and their use is recommended when
the focus is on the coastal zone. Nevertheless, it is increasingly
recognized that standard products from SAR altimeters such
as S3, can provide coastal data of comparable quality to data
processed with dedicated coastal re-trackers. Indeed, results from
our study show that there is a good fit between satellite and
model data up to 4 km from land, which is similar to the
closest distance to coast that coastal re-trackers can achieve
on average.

“http://www.coastalt.eu/

Remaining Uncertainties and Future
Work

This analysis shows significant differences between the
comparisons of S3-Amm15 and the C2-Amm15. The variability
of data is extremely consistent in both cases, with higher
disagreement close to the coast and in areas of high tidal
range, however, it is striking that the mean bias appeared to be
significantly lower in the C2-Amm15 comparison than in the S3-
Amm15 case. Therefore, in the following part of the discussion
we attempt to understand whether this is significant. The better
agreement between C2 and the model could be due to the
differences between the satellites, which have a unique reference
frame offset and sea state bias. The RMSE was improved from
an average of 0.28 m over the 19 months of S3 observations to
0.22 m for the 16 months of C2 observations. Improvements
are visible especially over the open ocean, but also in coastal
areas (Table 2 and Figures 10A,B). Within 10 km from land the
RMSE values reduced to an average of 0.30 m when comparing
the coupled model to the C2 satellite, as opposed to an average
of 0.40 m in the S3-Amm15 comparison. Another issue that
needs to be resolved is that of the reference level difference
between model and satellite. It is important to quantify what that
difference is to better compare the data. Other studies mention
issues related to the geoid slope affecting results (Fenoglio-Marc
et al., 2015) and the use of high-resolution geoid models was
shown to improve S3 validation over coastal areas (Birgiel et al.,
2018). To assess this in future work the difference between the
model and satellite reference level will need to be resolved. As
this study highlights, the absolute reference level is important in
relatively short (19 months) time scales, and not relevant only
when studying longer time-scale changes in mean sea level.

Moreover, there are more complex coupled models available
which include atmospheric models as well as oceans and waves,
such as the UKC3 in development at the Met Office (Lewis
H. et al, 2019). It was not possible to use this tool in the
present study, however, the incorporation of the atmosphere
could have an interesting impact over results and should be used
in future studies. It would allow tracking of the storms through
the atmosphere data and check the location of surges with
respect to the satellite assessing in greater details the accuracy of
observation during storm events.

This analysis also shows that some storm events led to an
increase in the RMSE compared to the average over the long time-
interval, however, considering all storms that were registered
during the period of study, there is no significant difference
between the error for data recorded over periods with or without
storms. More work should be done over individual events to
understand why that is.

CONCLUSION

Results showed that in all cases there is a good fit between
satellite and model with a 0.98 mean correlation, which is also
reflected in the comparison of the satellites to TGs. Between
June 2016 and December 2017, the monthly mean difference
between the S3 satellite and the Amm15 model is —0.23 m,
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and —0.15 m for C2 between June 2016 and September 2017.
The comparison is affected by the time lag between satellite and
model data, which means there can be a phase difference in the
tidal stages compared. This is especially visible over areas with
high tidal range, which show the greater variability in the data
error. These areas, however, are better represented looking at the
overall bias of the repeated S3 track points between June 2016 and
December 2017. Moreover, there appears to be a link between
the presence of some storms and the absolute error although,
overall, the RMSE and correlation between the satellites and
model is similar whether storms are included or not. More work
should be done to understand why specific storm events lead to
higher discrepancies.

The coast is the most difficult area to resolve for both satellite
and model, but in this comparison, observations and simulations
are consistent close to land and discrepancies increase only 3-
4 km from land (R equal 0.97 at 4 km from the coast and
0.95 at 3 km from it for S3, and R equal 0.98 up to 4 km
from land, lowering to 0.96 at 3 km for C2). Within 10 km
from the coast the RMSE varies between 0.34 and 0.47 m over
19 months comparison (S3), and between 0.25 and 0.35 m for
the 16 months comparison (C2). Other studies show how the

coastal region is better observed by high frequency 20 Hz data,
as opposed to the 1 Hz considered in this study (Passaro et al.,
2014; Birgiel et al, 2018), which should be used if working
close to land. Both satellites and models can provide useful
information complementing tide gauges observation in these
regions, however, more work needs to be done to further improve
the accuracy of data at the coast. The comparison to TG data
in this case showed that the correlation with both satellites
could be as high as 0.98, and the RMSE as low as 0.21 m
for S3 and 0.20 m for C2, however, the location of TGs with
respect to the track greatly influence the results. To exploit
the relative advantages of both observations and simulation,
previous studies have assimilated satellite altimetry data to surge
models, improving the forecast of extreme events (De Biasio
et al., 2017). While altimetry data alone can be used to study
storms and extreme events (Antony et al., 2014), we believe
that in future work the best approach would be to consider
observations and simulation as complementary to each other,
especially when applied to the study of coastal regions where
uncertainties increase in both methods.

Uncertainties remain about the differences between the S3-
Amm15 comparison and the C2-Amml5 comparison. More
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work needs to be done to reduce the systematic bias

between the two satellite, and between satellite and the model.

A better understanding of the bias will not only improve the

inter-comparison but will have important implications for the use
of these observations for studying extreme coastal water levels
and changing mean sea-level.
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In conclusion, from the data analyzed it appears that the
discrepancies between satellite and model can increase during
large storm or surges, but overall the RMSE of data recorded
during storm periods is similar to that of periods without
them and the altimeter can observe both equally well. The
tidal range was shown to have an effect over the accuracy
of the results because there can be a time lag between
the simulations and the observations compared. The winter
and spring seasons also had higher error for S3, probably
in relation to a higher number of storms in these periods.
The discrepancies between data also increase near the coast,
however, results are consistent up to 4 km from land, which
demonstrate the improvement in satellite altimetry’s near shore
records, as well as the importance of numerical modeling
as a tool to resolve the coastal regions along with other
observational records. In future work it will be important to
better understand the sources of bias between satellites and
models with respect to their differences in reference levels.
It will also be interesting to investigate the impact of storm
surges and tidal stage over the accuracy of both instruments,
which could lead to important developments. Overall, from the
data used in this study, the satellite altimetry data and the
model appeared to be extremely consistent with each other,
even in most of the coastal areas. Through a synthesis of
these independent datasets, we have great confidence in the
representation of TWL.
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