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Abstract—The wet tropospheric correction (WTC) retrieval over
coastal regions is still nowadays a challenging task. The open-ocean
retrieval algorithms, which rely on microwave radiometers (MWR)
brightness temperatures (TBs) measurements, fail to provide ac-
curate WTC values over these transition surfaces, due to the land
contamination on the TBs. The retrieval errors rapidly increase
with the approach of the satellite to the coastline. In this article,
an improvement of the WTC retrieval over coastal regions for the
Sentinel-3 mission is proposed, based on the dual-band MWR mea-
surements, complemented with additional parameters to account
for surface effects. Methods of modification of the MWR TBs and
the synthetic aperture radar altimeter backscatter coefficient σ0,
at Ku band, are presented, which aim to mitigate land contam-
ination effects. On a first phase, these modified inputs are used
in the open-ocean retrieval algorithm to compute the WTC. On
a second phase, the same modified inputs are used in developed
WTC retrieval algorithms specifically trained in coastal regions.
The comparison against independent Global Navigation Satellite
Systems derived WTC at coastal stations show that the use of
coastal WTC retrieval algorithms with modified inputs is able to
significantly reduce the retrieval errors over these regions, with rms
values of 3.1 cm between 5 and 10 km from the coast and 3.3 cm up to
5 km from the coast. For the Sentinel-3 MWR-derived operational
WTC retrieval algorithm, these values are 9.2 cm between 5 and
10 km from the coast and 16.2 cm up to 5 km from the coast.

Index Terms—Coastal regions, satellite altimetry, Sentinel-3, wet
tropospheric correction (WTC).

I. INTRODUCTION

THE wet tropospheric correction (WTC) is one of the major
sources of uncertainty for the precise estimation of sea

surface heights derived from satellite altimetry [1]. The cor-
responding path delay (PD) in the altimeter signal, which can
reach almost 50 cm, is mostly due to the tropospheric water
vapor content, and is characterized by a high spatial and temporal
variability [2], [3]. Thus, for the purpose of retrieving the WTC,
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a nadir-looking microwave radiometer (MWR) is deployed in
satellite altimetry missions, alongside the radar altimeter, whose
observations allow for the most accurate way to retrieve this PD
over open-ocean.

Two types of MWR are deployed on altimetric missions, with
two or three frequency bands. The three-band MWR, best suited
for the retrieval of the WTC, are deployed on the reference
altimetric missions, namely TOPEX-Poseidon (T/P), Jason 1-3,
and the most recent Sentinel-6 Michael Freilich. The two-band
MWR operate on the complementary altimetry missions, namely
ERS-1 and −2, Envisat, and Sentinel-3 missions from the Eu-
ropean Space Agency (ESA), and on the Geosat Follow-On
and SARAL/ALtiKa missions. The main frequency for both
MWR types is located around the 22 GHz frequency, very
close to the water absorption line peaked at the 22.235 GHz,
mainly sensitive to the atmospheric water vapor content. The
second frequency common to both MWR types is deployed
in the 34–37 GHz window, particularly sensitive to the cloud
liquid water content in the atmosphere. The third frequency,
located around the 18 GHz, deployed only on MWR onboard the
reference missions, allows for the consideration of sea surface
effects. Additional high-frequency channels are being exploited
for the first time on Sentinel-6, at 90, 130, and 168 GHz, with the
experimental high-resolution microwave radiometer (HRMR),
deployed alongside the advanced microwave radiometer for
climate (AMR-C) for climate [4]. Data from the HRMR are
expected to extend the WTC retrievals closer to the coast.

Over open-ocean, the relationship between the MWR bright-
ness temperatures (TBs) and the WTC has been established by
means of two main types of approaches. For the reference mis-
sions, a statistical log-linear algorithm has been used, function
of the three-band TBs [5]. For the ESA Sentinel-3 mission, two
types of MWR-derived WTC operational products are available,
retrieved from neural network algorithms with three or five
inputs, respectively, first developed for the Envisat mission [6],
[7]. The three-inputs neural network (Op. 3I) considers the
two MWR TBs, measured at 23.8 and 36.5 GHz, respectively,
and the altimeter backscatter coefficient, σ0, at Ku band. The
five-inputs neural network (Op. 5I), an improvement of the
first, considers additionally the sea surface temperature (SST),
extracted from four static seasonal tables, and the atmospheric
temperature lapse rate, γ800, from a climatological table. Recent
studies suggest the need for improvement of the Sentinel-3
MWR-derived WTC retrieval algorithms [8], [9].
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However, at coastal regions, the two main types of approaches
described above between the MWR observations and the WTC
fail. When approaching land, the mixed land/sea frequency-
dependent footprints of the MWR result in increased anomalous
values in the TBs observations due to land contamination. At
the microwave region, between 18 and 34 GHz, land surfaces
possess a higher and more variable emissivity than ocean sur-
faces. Moreover, since the MWR footprint sizes decreases with
increasing frequency, this land contamination effect occurs at
different stages of the approximation of the satellite to the coast,
for each MWR frequency, with a first land contamination sig-
nature at the lowest frequency channel. As such, the operational
WTC retrieval algorithms, trained over pure ocean conditions,
compute PD corrections not accurate enough for coastal satellite
altimetry applications. The MWR-derived WTC retrieval errors
over coastal regions, predominantly due to the land contami-
nation in the MWR observations, start to increase rapidly at
distances from the coast in the range 20–30 km, depending on
the altimetry mission [10].

Several approaches have been proposed in the literature with
the purpose of minimizing the land contamination errors in the
MWR observations [11], [12], [13]. In the approach proposed
in [11], applied to special sensor microwave/imager (SSM/I)
data observations, the problem of mixed land/sea footprints at
coastal regions is addressed with the usage of a high-resolution
land–sea mask to infer the fraction of water for each SSM/I ob-
servation. These corrected radiometer observations are then used
in the open-ocean retrieval algorithm. The accuracy of the pro-
posed data fusion technique is impacted by three main sources:
1) accuracy of the representation of the effective antenna pattern
function (EAPF) of the SSM/I; 2) navigation uncertainty of the
SSM/I; and 3) variations in the satellites’ altitude, which leads to
variations in the size of the EAPF of the SSM/I. The navigation
uncertainty of the SSM/I was identified to be the dominant error
source of the data fusion method.

In [12], several approaches are analyzed and two improved
solutions, applied to T/P data measurements, are developed. The
scarce ground-truth measurements available in coastal regions
were identified as a major difficulty for the evaluation of the
proposed methods. Nevertheless, of all the analyzed methods,
the one proposed in [11] showed the best results.

In the studies mentioned above, the same approach is pre-
sented, which consists of the removal of the land contamination
effects in the radiometer observations in such a way that the
open-ocean retrieval algorithms can still be used over coastal
regions. In [13], a different and more in-depth approach is
presented, first designed for the Jason-2/OSTM advanced mi-
crowave radiometer (AMR). The method consists of the modifi-
cation of the open-ocean log-linear WTC retrieval algorithm
used for the reference missions, described in [5], to derive
a new algorithm applicable over coastal regions, designed as
Mixed-Pixel Algorithm (MPA). Instead of coefficients strati-
fied by wind speed (WS) and a first PD approximation, the
coefficients are now stratified by the land fraction (LF) in the
frequency-dependent radiometer footprint and a first PD approx-
imation. The modification of the stratification of the algorithm
coefficients by WS to a stratification by LF is justified by the

fact that the increase in the MWR TBs due to an increase in
WS over open-ocean is undifferentiated from an increase in the
formers due to an increase in the LF in the radiometer footprint
over coastal regions. Moreover, the WS estimates used in the
coefficient’s stratification of the open-ocean log-linear algorithm
are derived from MWR observations, and the former are also in-
valid in coastal regions. To account for the frequency-dependent
radiometer footprint size, the LF parameter considered for the
MPA coefficients stratification is the main beam LF of the lowest
frequency channel. The MPA is valid up to an LF of 50% in the
18.7 GHz channel radiometer footprint.

Other approaches to compute the WTC in coastal regions
using data from external sources were proposed [14], [15].
The Global Navigation Satellite Systems (GNSS) derived path
delay plus (GPD+) algorithm, described in [14], combines data
from several sources: GNSS stations in mainland coastal re-
gions and islands; from satellite missions with scanning-imaging
MWR, e.g., SSM/I; valid along-track MWR observations; and,
ultimately, from European Centre for Medium-Range Weather
Forecasts (ECMWF) atmospheric models. Through an objective
analysis technique, the GPD+ algorithm estimates the WTC for
altimeter observations with an invalid MWR-derived WTC, also
possessing the ability to be applied to satellite altimetry missions
without an onboard MWR.

In [15], the one-dimensional variational method is evaluated
for the retrieval of the WTC in coastal areas. It combines a
priori information on atmospheric and surface states, radiometer
measurements, and additional information on emissivity and
temperature to retrieve specific humidity and temperature pro-
files, which are then used to compute the WTC. The presence
of clouds and rain have been identified to decrease the quality
of the retrieval.

The methods described in [12] and [13] have been success-
fully applied to satellite altimetry missions with three-band
MWR. No similar study has been found on the enhancement of
the WTC in coastal regions focused on the usage of observations
from missions with dual-band MWR, which lack the lower
frequency channel.

Among the current altimeter missions, the Global Monitor-
ing for Environment and Security Sentinel-3 mission from the
Copernicus program is of particular interest and the focus of
this study [16]. The Sentinel-3 mission is currently composed
of two satellites: Sentinel-3A and Sentinel-3B. Each of the two
satellites is composed of identical instruments, namely a dual
frequency (Ku and C band) synthetic aperture radar altimeter
(SRAL) and a dual-band passive MWR. Both satellites operate
on the same near-polar, sun-synchronous orbit (orbit inclination
of 98.65°), with a phase shift of ±140° and a repeat cycle of 27
days each.

The aim of this study is to improve the WTC retrieval in
coastal regions for the Sentinel-3 mission, based on modified
improved TBs from the dual-band MWR, at 23.8 and 36.5 GHz,
complemented with additional parameters to account for surface
effects.

For this purpose, methods for improving the WTC retrieval
parameters in coastal regions, TBs and σ0, are proposed. These
improved parameters are then used to estimate the WTC, first
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Fig. 1. GNSS stations location used for the independent assessment of the
developed methodologies.

using an open-ocean algorithm and second using algorithms
specifically trained over coastal regions, inspecting to what
extent these new coastal algorithms outperform the open-ocean
retrieval algorithms.

The article is organized as follows. A description of the data
used, as well as the corresponding data processing steps, is
provided in Section II. In Section III, the analysis, over coastal
regions, of the WTC retrieval parameters is presented, and meth-
ods for their improvement are described. The development of
coastal WTC retrieval algorithms is also described in Section III.
In Section IV, a method for computing the LF in the MWR foot-
prints aboard satellite altimeter missions, from external sources,
is presented. In Section V, the results and discussion are outlined.
Finally, in Section VI the conclusions are presented.

II. DATA DESCRIPTION

Sentinel-3A Non-Time Critical (NTC) Level 2 ocean data
products at 1 Hz (baseline collection 004), available from the
European Organisation for the Exploitation of Meteorological
Satellites (EUMETSAT) Data Store, were processed over coastal
regions. Valid measurements with no rain or ice contamination,
within the [−50°, 50°] latitude range, and with a distance from
the nearest coast between 0 and 60 km were considered.

Two datasets were developed, each composed of 2 years of
Sentinel-3A SRAL and MWR measurements. The first dataset,
with measurements from Sentinel-3A cycles 12 to 38, was
used for the development of the methodologies (development
dataset). The second dataset comprises measurements from
Sentinel-3A cycles 39 to 66 (test dataset). The latter was used
for the independent assessment of the developed methodologies,
using a noncollocated comparison against zenith wet delays
(ZWD) from inland coastal and islands GNSS stations, and
against the WTC derived from the ECMWF ERA5 atmospheric
model [17]. The processing of the GNSS stations data is de-
scribed below.

GNSS stations from three GNSS networks, the International
GNSS Service (IGS), SuomiNet, and EUREF Permanent GNSS
Network(EPN), were selected based on a maximum distance
to the nearest coast of 100 km and a maximum orthometric
height of 100 m. The last filtering condition aims to mitigate the
errors derived from the height reduction method of the WTC,
further explained below. A total of 381 GNSS stations match
these filtering conditions. In Fig. 1, the location of the GNSS
stations used for the assessment is illustrated.

For each GNSS station, zenith total delay (ZTD) measure-
ments, with a time-step of 30–60 min are available. These can
be expressed as the sum of the wet and hydrostatic components
(ZWD and ZHD, respectively). Thus, the ZWD can be expressed
as

ZWD = ZTD − ZHD. (1)

The ZHD component used in (1) was computed from sea
level pressure (SLP) grids from the ECMWF ERA5 model, with
0.25° by 0.25° spatial resolution and available every 6 h, in two
steps. First, the total atmospheric pressure, Ps, at the orthometric
height of each GNSS station, Hs, was computed from ERA5 SLP
values, according to [18]. Second, the ZHD was computed from
Ps using the modified Saastamoinen model, first described in
[19] and later modified by [20].

The ZWD component obtained from (1) is referred to each
station orthometric height. Thus, a height reduction to sea level
needs to be applied. For this purpose, the Kouba reduction
method, described in [21], was adopted, which can be used up
to height reductions of 1000 m. Therefore, the threshold in the
GNSS stations orthometric height (100 m) was set to mitigate
errors coming from the Kouba reduction method.

The colocation method between Sentinel-3A SRAL/MWR
observations and GNSS stations was conducted individually for
each GNSS station. In a first step, for each station location,
all the Sentinel-3A SRAL/MWR observations with a maximum
distance of 80 km were considered. Second, a time colocation
method was applied individually for each altimeter observation.
A linear time interpolation method was applied to derive the
GNSS ZWD observation for each altimeter measurement, con-
sidering the GNSS observations, in time, immediately before
and after the altimeter observation. A maximum absolute time
difference of 30 min was considered between the altimeter
observation and the two used GNSS observations mentioned
earlier.

For the ECMWF ERA5 model, the reference WTC values
were computed from atmospheric temperature, T, and specific
humidity, q, grids at pressure levels, with 0.25° by 0.25° spatial
resolution and available every 3 h, obtained from the Coperni-
cus Climate Change Service (C3S) Climate Data Store (CDS)
[22]. The WTC was computed through a numerical integration
method of q and T at 37 pressure levels, from 1000 to 1 hPa,
and space–time interpolated to each Sentinel-3A SRAL mea-
surement position. The numerical integration method provides
the most accurate way to compute the WTC from atmospheric
models. More details on the mathematical formulation can be
found in [2].

III. IMPROVEMENT OVER COASTAL REGIONS OF THE

SENTINEL-3A WTC RETRIEVAL PARAMETERS AND

ALGORITHMS

The need for improvement of the two Sentinel-3 MWR-
derived WTC operational products has already been addressed
[8], [9]. In [8], a new learning dataset for the Sentinel-3 mis-
sion was developed for open-ocean. Several algorithms were
developed, focused on the combination of different inputs.
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Results showed that the consideration of a dynamic SST, i.e.,
space–time interpolated for each altimeter position, from the
ECMWF ERA5 atmospheric model, improves the WTC re-
trieval. Moreover, the use of a dynamic atmospheric temperature
lapse rate, γ800, alongside the dynamic SST, provided redundant
information.

In this section, an analysis of the WTC retrieval parame-
ters over coastal regions is presented. In order to remove the
land contamination effects, methods of modification of the two
Sentinel-3A MWR TBs are presented. These modified TBs are
then used alongside the Sentinel-3A SRAL σ0 parameter, at Ku
band, in the three-inputs open-ocean UP3S0 algorithm described
in [8] to retrieve the WTC.

A modification method of the SRAL σ0 is also presented.
In this context, an additional goal is to explore to what extent
the usage of WS from the ECMWF ERA5 atmospheric model,
instead of the observed or modified SRAL σ0 measurements,
enhances the WTC retrieval over coastal regions. For this last
approach, the open-ocean UP3WS algorithm described in [8]
is also exploited. This algorithm considers as inputs the two
Sentinel-3A MWR TBs alongside the 10-m U and V components
of WS from the ECMWF ERA5 model.

At last, a description of the development of WTC retrieval
algorithms specifically trained over coastal regions is provided.
The aim is to explore to what extent these new coastal algorithms
outperform the open-ocean retrieval algorithms.

A. Analysis of the Sentinel-3A WTC Retrieval Parameters
Over Coastal Regions

Aiming at characterizing, over coastal regions, the various
parameters used in the WTC retrievals, a first task was to analyze
the Sentinel-3A SRAL and MWR parameters of interest in
these regions. In Fig. 2, the mean and standard deviation of
the Sentinel-3A MWR 23.8 and 36.5 GHz TBs and the SRAL
backscatter coefficient σ0, at Ku band, are illustrated, computed
in classes of 5 km width from distance to the nearest coast, using
data from the Sentinel-3A development dataset.

In the range of 20–60 km from the coast, a stable value of
the two MWR TBs is observed, both in terms of the mean and
the standard deviation, with higher values for the 23.8 GHz
channel. An exponential increase of the mean value is observed
for both MWR channels, starting from about 20 km from the
coast. It can also be observed that this exponential increase starts
slightly closer to the coast for the 36.5 GHz channel, which is
in line of agreement with its smaller footprint size relative to
the 23.8 GHz channel footprint size. In terms of the standard
deviation, an exponential increase is observed for the 36.5 GHz
channel starting at 10 km from the coast.

An almost linear increase is observed for the Sentinel-3A
SRAL σ0 for decreasing distance from the coast, in the range of
distance from the coast between 20 and 60 km, both in terms of
the mean and the standard deviation. From 20 km and up to the
coast, this linear increase in both statistical parameters changes
to an almost exponential increase.

In Fig. 3, the same analysis presented in Fig. 2 is depicted for
the two Sentinel-3A radiometer WTC operational products (Op.

Fig. 2. Mean (left) and standard deviation (right) of the Sentinel-3A MWR
23.8 (blue) and 36.5 GHz (red) brightness temperatures (top) and the SRAL
backscatter coefficient σ0, at Ku band (bottom), computed in classes of 5 km
width from distance to the nearest coast using data from the Sentinel-3A
development dataset. Grey bars represent the number of observations available
in each class.

Fig. 3. Mean (left) and standard deviation (right) of the two Sentinel-3A
radiometer wet path delay operational products (Op. 3I and Op. 5I, respec-
tively), and the wet path delay derived from the ECMWF operational model,
computed in classes of 5 km width from distance to the nearest coast using data
from the Sentinel-3A development dataset. Grey bars represent the number of
observations available in each class.

3I and Op. 5I, respectively), as well as for the WTC derived from
the ECMWF Operational Model (ECMWF Op.) [23] (available
in the Sentinel-3A products, alongside the Op. 3I and Op. 5I
radiometer WTC). The mean and standard deviation values are
presented in terms of the Wet Path Delay (WPD = −WTC).

In terms of the mean of the WPD, an exponential increase is
observed for the WPD derived from both radiometer geophysical
retrieval algorithms (Op. 3I and Op. 5I, respectively), starting
from about 25 km from the coast. This increase is very similar
to those observed for the MWR TBs in Fig. 2, which can be
explained by the high relative importance between the TBs
and the WPD. In terms of the mean value, the WPD derived
from the ECMWF Op. does not show this increase due to land
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contamination. The increased variability observed for the three
WPD analyzed products is not significantly impactful, with a
maximum increase of the standard deviation of approximately
1 cm for the Op. 3I WPD.

B. Modification of the Sentinel-3A MWR Brightness
Temperatures

As shown in the last subsection, and stated in previous articles,
the land contamination in the MWR TBs is the predominant error
source for the accurate retrieval of the WTC in coastal regions.
As such, previous articles have focused on the removal of the
land contamination effects in such a way that the open-ocean
retrieval algorithms are still applicable.

In this subsection, a proposal for the modification of the
Sentinel-3A MWR TBs is presented, in order to mitigate land
contamination effects. The method consists of the application,
for each measurement, of the following correction:

Corr = 〈TB (f)〉(d, WPD) − 〈TB(f)ocean〉WPD (2)

where 〈TB(f)〉(d, WPD) is the mean value of the Sentinel-3A
MWR TBs, for each frequency, parametrized by classes of
distance from coast, d, with 5 km width between 0 and 25 km, and
WPD classes from the ECMWF Op., with 5 cm width between 0
and 50 cm. 〈TB(f)ocean〉WPD is the mean value over open-ocean,
computed using the observations in the range 25–60 km of
distance from the coast and parametrized by WPD classes, as
described. Thus, for each Sentinel-3A MWR TB observation,
the applied modification is function of the satellite distance from
coast and of a first WPD value, and consists of the subtraction,
for each MWR frequency, of the excess in TBs relative to the
mean open-ocean TBs values. The closer to the coast and greater
the first WPD value from the ECMWF Op., the greater the
applied modification. The parametrization by WPD classes aims
to account for the temporal and spatial variability of the TB
observations, which are related to the corresponding space–time
variability of the atmospheric water vapor.

A second approach, more in line with the methods described
in [13], consists of switching the parametrization by classes
of distance from coast, outlined in (2), to classes of LF in the
radiometer footprint, depending on the frequency. This method
is expected to present a better performance than the previous,
since the parametrization by classes of distance from coast can be
misleading. For instance, in the cases where the satellite is close
to islands, the distance to the nearest coast is small, although
the land contamination can be also small, depending on the
island size. Thus, decreasing distances from the coast are not
necessarily related to increasing LF values for each radiometer
channel footprint. The new correction method takes the form

Corr = 〈TB (f)〉(LF, WPD) − 〈TB(f)ocean〉WPD (3)

where 〈TB(f)〉(LF, WPD) is the mean value of the Sentinel-3A
MWR TBs, for each frequency, parametrized by classes of LF
in the frequency-dependent MWR footprint, with 0.05 width
between 0 and 1 (0 corresponds to pure ocean scenes and 1
to MWR footprints completely over land), and WPD classes
from the ECMWF Op., with 5 cm width between 0 and 50

Fig. 4. Mean (left) and standard deviation (right) of the Sentinel-3A MWR
23.8 and 36.5 GHz brightness temperatures (top and bottom panels, respec-
tively), alongside the same brightness temperatures values obtained from the
application of the two modification methods (DistCoast&WPD and LF&WPD,
respectively). Computed in classes of 5 km width from distance to the nearest
coast using data from the Sentinel-3A development dataset. Grey bars represent
the number of observations available in each class.

cm. For this second approach, the mean value over open-ocean,
〈TB(f)ocean〉WPD, is computed using the MWR observations for
which the LF is equal to zero (LF = 0) and parametrized by
WPD classes as described earlier.

Hence, the modification of the Sentinel-3A MWR TBs is now
function of the LF in the frequency-dependent MWR footprint,
and a first WPD value from the ECMWF Op. The method
works in the same way as described before, and the applied
modification is greater the greater the LF and the first WPD
values.

Unlike the reference altimetry missions, such as Jason-3 and
Sentinel-6, for the Sentinel-3 mission, the LF values for the two
MWR frequency channels are not provided in the Level-2 NTC
products. Thus, for this purpose, a method to compute the LF val-
ues, for each Sentinel-3A MWR frequency channel, relying on
the Global Surface Water (GSW) Dataset [24], has been applied.
This method is described in detail in Section IV. It possesses the
ability to be applied to any satellite altimetry mission with an
onboard MWR, given that the respective frequency-dependent
footprint sizes are known. For the Sentinel-3A satellite, the
MWR footprint sizes are 22.93 and 18.29 km for the 23.8 and
36.5 GHz frequencies, respectively [9].

In Fig. 4, similar to Fig. 2, the mean and standard deviation of
the Sentinel-3A MWR 23.8 and 36.5 GHz TBs are illustrated,
alongside the same TB values obtained from the application of
the two modification methods described earlier, computed in
classes of 5 km width from distance to the nearest coast, using
data from the Sentinel-3A development dataset. Both methods
of modification of the TBs are able to significantly reduce the
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Fig. 5. Mean of the Sentinel-3A SRAL backscatter coefficient σ0, at Ku band,
alongside the modified σ0 parameter, computed in classes of 5 km width from
distance from the nearest coast using data from the Sentinel-3A development
dataset. Grey bars represent the number of observations available in each class.

respective land contamination effects for both MWR frequency
channels.

C. Modification of the Sentinel-3A SRAL Backscatter
Coefficient σ0

Similar to the MWR TBs, the Sentinel-3A SRAL σ0 param-
eter, at Ku band, shows an almost exponential increase over
coastal regions, as depicted in Fig. 2. Thus, since this parameter
is used alongside the MWR TBs to compute the WTC for the
Sentinel-3 mission, a proposal of modification of the Sentinel-
3A SRAL σ0, similar to the methods of modification described
in the last subsection for the MWR TBs, is presented in this
subsection. The correction method, applied for each SRAL σ0

measurement, is of the form

Corr = 〈σ0〉d − 〈σ0 ocean〉 (4)

where 〈σ0〉d is the mean value of the Sentinel-3A SRAL σ0,
parametrized by classes of distance from coast, d, with 5 km
width between 0 and 25 km, and 〈σ0 ocean〉 is the mean value
over open-ocean, computed using the observations in the range
25–60 km of distance from the coast. Thus, for each Sentinel-3A
SRAL σ0 observation, the modification method is only function
of the satellite distance from coast. As in the cases outlined
before, it consists of the subtraction of the excess in σ0 relative
to the mean open-ocean values, with increasing modifications
for decreasing distance from the coast.

In the case of the SRAL σ0, the development of the correction
method parametrized by classes of distance from coast, instead
of MWR LF classes, is due to the lower relative importance of
σ0 with the WTC, when compared to the MWR TBs weight.
Thus, a simpler correction method can be adopted.

In Fig. 5, the mean value of the Sentinel-3A SRAL σ0, at Ku
band, is presented, alongside the same parameter obtained after
applying the modification method described earlier, computed in
classes of 5 km width from distance to the nearest coast, using
data from the Sentinel-3A development dataset. Quantitively,
the modification method is able to significantly reduce the σ0

parameter over coastal regions. Given the mathematical formu-
lation of the modification method, the standard deviation values
are the same as the ones for σ0 with no modifications applied,
which are already presented in Fig. 2.

TABLE I
ALGORITHM DESCRIPTION FOR THE FOUR DEVELOPED COASTAL ALGORITHMS

D. Development of the Coastal Wet Tropospheric Correction
Retrieval Algorithms

For the purpose of the development of WTC retrieval algo-
rithms specifically trained in coastal regions, a random split of
train and validation measurements was applied to the Sentinel-
3A development dataset, described in Section II. Only observa-
tions in the range 0–20 km of distance from the nearest coast
were considered for this train/validation split, in order to strictly
limit the learning of the algorithms to land contamination scenes.
From all the observations from the Sentinel-3A development
dataset within this range of distance from coast, 80% compose
the train database (179 961 measurements) and 20% (44 990
measurements) refer to the validation database.

A total of four neural network algorithms were developed.
All algorithms were trained with the stochastic gradient descent
with momentum retro-propagation algorithm, and all consider
the same architecture used for the operational WTC retrieval
algorithms of the Sentinel-3 mission: neural networks with one
hidden layer with eight neurons and the tan-sigmoid activation
function, with a linear output regression layer [6], [7]. Thus, the
difference between all algorithms relies on the number and type
of inputs used, as described below. A brief description of each
developed coastal algorithm is presented in Table I.

The first coastal neural network algorithm (denoted C2C UP1)
considers the two Sentinel-3A MWR TBs, at 23.8 and 36.5 GHz,
and the SRAL σ0, at Ku band, with no modifications applied to
either of the inputs.

The second algorithm (denoted C2C UP2) considers the same
three inputs of the first algorithm, with modifications applied
to both the MWR TBs and the SRAL σ0 from the methods
described in the previous subsections.

The third algorithm (denoted C2C UP3) is the same as C2C
UP2, with the addition of the SST from the ECMWF ERA5
model, space–time interpolated to each Sentinel-3A SRAL po-
sition. Relative to the third algorithm, the fourth algorithm
(denoted C2C UP4) also considers the atmospheric temperature
decrease rate, γ800, from the ECMWF ERA5 model.

The validation database purpose is to evaluate the quality of
the training process for each developed algorithm. As output,
each algorithm returns the WPD, in cm. The SST input used
in the last two coastal algorithms is the SSTskin, defined as the
temperature of the ocean up to a maximum depth of ∼10 μm.
ECMWF ERA5 atmospheric model grids with a 0.50° by 0.50°
spatial resolution and available every 6 h, obtained from the
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C3S CDS [25], were used. For the fourth coastal algorithm,
γ800 global grids with 0.25° by 0.25° spatial resolution and
available every 3 h were adopted. These grids were created
from ECMWF ERA5 atmospheric temperature grids at pressure
levels, obtained from the C3S CDS [22]. Each γ800 value results
from the application of a linear fit to the atmospheric temperature
using the ERA5 pressure levels between 1000 and 800 hPa.

The reference WPD values used in the development of the
coastal algorithms were derived from the ECMWF ERA5 atmo-
spheric model, computed from the numerical integration method
of specific humidity and atmospheric temperature described in
Section II.

IV. COMPUTATION OF MWR LAND FRACTIONS FROM THE

GLOBAL SURFACE WATER DATASET FOR SATELLITE

ALTIMETRY MISSIONS

The GSW Dataset provides information on the spatial and
temporal distribution of surface water globally over the last 38
years, with 30-m spatial resolution. Details on the development
of this database can be found in [24]. Different types of infor-
mation are provided, namely the water occurrence, which shows
where surface water occurred over the 38 years period. Perma-
nent water surfaces have 100% occurrence, whereas permanent
land surfaces have 0% occurrence.

The GSW occurrence dataset is provided globally in a total
of 504 tiles of 10° by 10° each, with 0.00025° resolution (40
000 by 40 000 pixels). This level of detail makes its routine use
impracticable; therefore, a first task was to resample the dataset
to a lower resolution. The resample process consisted of the
computation of the mean occurrence value in a 64 by 64 pixels
sliding window, with a final spatial resolution of 0.016° (∼1.78
km, at the equator).

The GSW occurrence possesses a complementary relation-
ship with LF. Therefore, one can easily compute LFGSW for
each GSW grid pixel from the occurrence values (OccGSW),
with the following equation:

LFGSW =
100− OccGSW

100
. (5)

To compute the LF values for each MWR channel, for satellite
altimetry missions possessing an onboard MWR, one has to
account for the respective frequency-dependent footprint size.
The developed method from the GSW Dataset can be applied to
any satellite altimetry mission with an onboard MWR. First, the
GSW grid values within a predefined search radius, in degrees,
centered in the MWR measurement position and function of
the respective footprint size on the ground, are determined.
Additionally, this search radius is weighted by the convergence
of the meridians for increasing latitudes. Second, the mean
LFGSW is computed from this subset of values within the MWR
footprint.

Since the Jason-3 products provide the main beam LF for
each AMR frequency channel, the method was first applied to
the Jason-3 AMR, followed by the assessment of the computed
LFGSW against the ones provided in the products. In this way,
the performance of the method could be evaluated prior to its
application to the Sentinel-3 mission.

Fig. 6. Scatter plots of the main beam land fractions for the 18.7, 23.8, and
34 GHz channels of the Jason-3 AMR, evaluated against the corresponding
distance from the nearest coast. Measurements over land possess a negative
distance from coast.

Jason-3 GDR-F, Level-2 NTC data products, available from
AVISO+, were processed over coastal regions. Observations
from cycles 34, 43, 52, and 61 were filtered by latitudes in the
range [−50°, 50°] and within the range [−50, 50] km of distance
from the nearest coast (measurements over land possess negative
distance to the coast). For these range of distance to the coast,
AMR footprints completely over land and completely over sea,
as well as mixed land/sea footprints, are available and the method
can be evaluated for these three footprint conditions.

In Fig. 6, the main beam LF for the 18.7, 23.8, and 34 GHz
channels of the Jason-3 AMR are evaluated against the corre-
sponding distances from the nearest coast.

A clear increase of the LF values is observed with the approx-
imation of the satellite to the coast. As expected, this increase
starts at different distances from coast for the three AMR fre-
quencies. Very close to the coast, a wide spread of LF values is
observed for the whole range of main beam LF, sustaining the
beforementioned idea, in subsection B of the last section, that
decreasing distances from the coast are not strictly related to
increasing LF values for each radiometer channel footprint.

For each Jason-3 measurement, the LF computation method
from the GSW Dataset described above was applied. The foot-
print sizes for the 18.7, 23.8, and 34 GHz were defined as 41.6,
36.1, and 22.9 km, respectively, as described in [26]. For each
AMR frequency, an assessment has been performed against the
main beam LF values provided in the Jason-3 Level-2 NTC
products. The mean, standard deviation, and root mean square
(rms) values of the differences LFAMR – LFGSW (in percentage)
were evaluated individually for the three possible LF scenes:
pure ocean scenes, where LFAMR = 0%; mixed sea/land scenes,
where LFAMR ϵ]0, 100[ %; and pure land scenes, where LFAMR

= 100%. The results are summarized in Table II.
A negative mean difference between LFAMR and LFGSW is

observed for all three AMR frequencies, both for pure ocean
and mixed sea/land scenes, indicating an overestimation of the
LF values computed from the GSW Dataset relative to the ones
provided for each AMR channel. The statistics of the differences
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TABLE II
MEAN, STANDARD DEVIATION, AND RMS OF THE DIFFERENCES LFAMR –

LFGSW (IN PERCENTAGE), FOR EACH JASON-3 AMR FREQUENCY CHANNEL

for pure land scenes are very satisfactory, with values inferior
to 1%. Nevertheless, the most crucial results to analyze are
the ones for mixed sea/land scenes, since coastal regions are
characterized by this type of radiometer footprint scenes. For the
MPA, described in [13] and first developed for the Jason-2 AMR,
a 10% relative error was assumed for the 18.7 GHz LF. For this
purpose, a maximum error tolerance of 10% was also defined,
and the results of the rms of the differences are satisfactory
given this tolerance. Nevertheless, just as in the case of the MPA,
a 10% maximum error is conservative since the computed LF
values are only used for choosing the parameters for the MWR
TBs modification method, presented in Section III-B, which are
binned by LF and WPD classes.

V. RESULTS AND DISCUSSION

A. Independent Assessment Against Inland Coastal and
Islands GNSS Stations

A total of 116 416 measurements from Sentinel-3A
SRAL/MWR cycles 39 to 66 (test dataset) were successfully col-
located, in time and space, with inland coastal and islands GNSS
stations. Since the colocation methods were performed individu-
ally for each GNSS station, the same Sentinel-3A SRAL/MWR
measurement can have a successful colocation with more than
one GNSS station. Thus, for these cases, the colocation for which
the distance to the GNSS station is minimum was kept, and the
others discarded. The new dataset used for the independent as-
sessment with GNSS stations is composed of 95 799 Sentinel-3A
SRAL/MWR measurements.

In a first phase, the evaluation of the two methods of mod-
ification of the Sentinel-3A MWR TBs (function of classes of
distance from coast and function of MWR LF) was conducted.
For this purpose, the modified TBs were used alongside the
Sentinel-3A SRAL σ0, at Ku band, in the open-ocean UP3S0
algorithm, described in [8], to derive the WTC. The first algo-
rithm, denoted O2C UP3S01, considers the MWR TBs modified
by distance from coast and WPD classes, whereas the second
algorithm, denoted O2C UP3S02, considers the MWR TBs

Fig. 7. Mean (top) and rms (bottom) of the differences WPDGNSS –
WPDMWR, in classes of 5 km width of distance from coast, for the Sentinel-3A
three-inputs MWR operational algorithm (Op. 3I), and the UP3S0 algorithm
with TBs modified by distance from coast and WPD classes (O2C UP3S01) and
modified by MWR land fraction and WPD classes (O2C UP3S02). Grey bars
represent the number of observations.

modified by MWR LF and WPD classes. The mean and rms of
the differences WPDGNSS – WPDMWR are presented in Fig. 7,
in classes of 5 km width of distance from coast.

In terms of the mean of WPD differences, a clear exponential
decrease is observed for the Sentinel-3A MWR Op. 3I algorithm
as approaching the coast, which can reach −14 cm for the first
class of distance from coast. This behavior may be explained by
the optimization of the algorithm toward open-ocean conditions.
Over open-ocean, high values of the MWR TBs are associated
to high WPD values. However, over coastal regions, the land
contamination effects results in increased TBs, as already seen
in Fig. 2. As such, the algorithm computes high WPD values
since this is the relationship “learned” over open-ocean. When
compared to GNSS observations, the radiometer WPD values
are overestimated relative to the first, with a decrease in the
mean of the differences WPDGNSS – WPDMWR up to the coast
in line with the land contamination effects.

This behavior is not observed for the two WPD corrections
computed from the UP3S0 algorithm with modified TBs (O2C
UP3S01 and O2C UP3S02, respectively). The two proposed
approaches of modification are able to significantly reduce the
mean and rms of WPD differences, with an improvement in
the rms, relative to the Sentinel-3A MWR Op. 3I algorithm,
in the order of 10 cm up to 5 km of distance from coast. For
the O2C UP3S01 algorithm, the rms of WPD differences is
4.7 cm between 5 and 10 km from coast and 6.2 cm up to 5 km
from coast. The O2C UP3S02 algorithm rms values are 4.1 cm
between 5 and 10 km from coast and 4.9 cm up to 5 km from
coast. Thus, for the first two classes of distance from coast, the
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Fig. 8. Mean (top) and rms (bottom) of the differences WPDGNSS –
WPDMWR, in classes of 5 km width of distance from coast, for the Sentinel-3A
three-inputs MWR operational algorithm (Op. 3I), the UP3S0 algorithm with
modified TBs (O2C UP3S02) and a modifiedσ0 (O2C UP3S03), and the UP3WS
algorithm with modified TBs and the 10-m U and V wind-speed components of
the ERA5 model (O2C UP3WS). Grey bars represent the number of observations
available in each class.

approach of modification of the TBs parametrized by classes
of MWR LF and a first WPD value (O2C UP3S02) shows a
better performance than the first TBs modification approach
(O2C UP3S01).

On a second phase, the modification method for the Sentinel-
3A SRAL σ0, parametrized by classes of distance from coast,
was evaluated. In parallel, the substitution of σ0 by the 10-m U
and V components of WS, from the ECMWF ERA5 model, was
also evaluated. The modifiedσ0 was used alongside the modified
MWR TBs, using the methods of modification by MWR LF and a
first WPD value from the ECMWF Op., in the UP3S0 algorithm
(O2C UP3S03 algorithm). For the second approach, the 10-m U
and V components of WS from the ECMWF ERA5 model were
used in the UP3WS algorithm, also described in [8], alongside
the same modified MWR TBs (O2C UP3WS algorithm). The
results are presented in Fig. 8.

The use of a modified SRAL σ0 (O2C UP3S03), instead of
the one with no modifications applied (O2C UP3S02), further
improves the WTC retrieval in coastal regions. However, the
improvement is significantly lower relative to the improvements
observed in Fig. 7, given the lower relative importance of σ0

against the MWR TBs for the WTC retrieval. The corresponding
rms of WPD differences for the O2C UP3S03 algorithm is
3.9 cm between 5 and 10 km from the coast and 4.4 cm up
to 5 km from the coast. Thus, relative to the O2C UP3S02
algorithm, rms reductions of 0.2 cm between 5 and 10 km from
the coast and 0.5 cm up to 5 km from the coast have been
achieved.

Fig. 9. Mean (top) and rms (bottom) of the differences WPDGNSS –
WPDMWR, in classes of 5 km width of distance from coast, for the Sentinel-3A
three-inputs MWR operational algorithm (Op. 3I), the UP3S0 algorithm with
modified TBs and a modified σ0 (O2C UP3S03), and the four developed coastal
algorithms. Grey bars represent the number of observations available in each
class.

The use of the 10-m U and V components of WS from the
ECMWF ERA5 model (O2C UP3WS), instead of the SRAL
σ0 input with no modifications applied (O2C UP3S02), also
improves the retrieval, although the results of the rms of WPD
differences are in line of agreement with the ones with the
modified SRAL σ0 input (O2C UP3S03), with rms values of
4.1 cm between 5 and 10 km from the coast and 4.5 cm up to
5 km from the coast.

The third and last step was the assessment of the four de-
veloped coastal WTC retrieval algorithms. The first coastal
algorithm (C2C UP1) considers the two Sentinel-3A MWR TBs
and the SRAL σ0 with no modifications applied to either of
the inputs. Given the results presented in Figs. 7 and 8, all the
remaining three algorithms (C2C UP2, C2C UP3, and C2C UP4)
take as input the MWR TBs modified by classes of MWR LF
and a first WPD value from the ECMWF Op., and the SRAL
σ0 modified by classes of distance from coast. Additionally, the
C2C UP3 algorithm considers the SSTskin input and the C2C
UP4 algorithm the SSTskin and γ800 inputs, from the ECMWF
ERA5 model. The results are presented in Fig. 9.

A clear improvement is observed with the usage of coastal
algorithms with modified MWR TBs and modified SRAL σ0 in-
puts, relative to the open-ocean UP3S0 algorithm with the same
three modified inputs (O2C UP3S03). In fact, with the exception
of the C2C UP1 algorithm, all the remaining developed coastal
algorithms show a mean of WPD differences of 1 cm or lower,
in absolute value, in the first 10 km from coast. The inclusion
of the SSTskin input from the ECMWF ERA5 model in C2C
UP3 algorithm further improved the results of the rms of WPD
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Fig. 10. RMS of the differences WPDGNSS – WPDMWR, in classes of 5 km
width of distance from coast and classes of 5 cm width of a first WPD value
from the ECMWF operational model, for the Sentinel-3A three-inputs MWR
operational algorithm (Op. 3I), the open-ocean UP3S0 algorithm with modified
TBs and a modified σ0 (O2C UP3S03), and the second and fourth developed
coastal algorithms (C2C UP2 and C2C UP4, respectively). The top figure shows
the number of observations for each image tile.

differences, relative to the results for C2C UP2 algorithm, with
rms values of 3.0 cm between 5 and 10 km from the coast and
3.3 cm up to 5 km from the coast. The fourth developed coastal
algorithm, C2C UP4, which uses additionally theγ800 parameter
from the ECMWF ERA5 model, provided similar results to the
previous one, with rms values of 3.1 cm between 5 and 10 km
from the coast and 3.3 cm up to 5 km from the coast. Thus, the
inclusion of a dynamic γ800 input, alongside a dynamic SST,
was not significantly impactful in coastal regions. These results
are consistent with the results discussed in [8] for open-ocean
algorithms.

To complete the analysis presented in Figs. 7–9, in Fig. 10,
the results of the rms of the differences WPDGNSS – WPDMWR

are presented, computed in classes of 5 km width of distance
from coast and classes of 5 cm width of a first WPD value
from the ECMWF Op. Only the best results in each stage were
selected for this analysis. To better understand the improvement
of each approach, in Fig. 11, the differences of rms of the results
presented in Fig. 10 are also presented.

Up to 10 km of distance from coast, the Op. 3I algorithm
shows an rms of WPD differences of 4.5 cm and higher for the
entire WPD range up to 40 cm. For these ranges of distance from
coast and WPD, the improvement, relative to the last algorithm,
of the UP3S0 open-ocean algorithm with modified inputs (O2C
UP3S03) can reach 1 cm and higher values.

The improvement of the usage of a coastal algorithm with
modified inputs (C2C UP2), relative to the UP3S0 open-ocean
algorithm with the same modified inputs, is also in the order of

Fig. 11. Differences of rms values between the four WTC retrieval algorithms
presented in Fig. 10, in classes of 5 km width of distance from coast and classes
of 5 cm width of a first WPD value from the ECMWF operational model. Red
colors are related to positive rms differences and blue colors to negative rms
differences.

1 cm and higher values for distances from coast up to 20 km and
the entire WPD range (center image in Fig. 11). An increase of
the rms of WPD differences is observed for C2C UP2, relative to
the prior algorithm, for distances from coast of 20 km and higher
values. This increase is due to the fact that only Sentinel-3A
SRAL/MWR measurements up to 20 km from the coast were
used for the training of the coastal algorithms. Thus, C2C UP2
algorithm is not optimized for distances from coast equal or
larger than 20 km.

For distances from coast up to 15 km, the addition of the SST
and γ800 inputs in C2C UP4 algorithm improved the results,
relative to C2C UP2 algorithm, for the whole range of WPD
values, with a reduction of the rms up to 0.6 cm.

In Table III, the mean and rms of the differences WPDGNSS

– WPDMWR are summarized for the various algorithms, for the
first two classes of distance from coast.

In summary, the improvement, in terms of the rms reduction
of the differences WPDGNSS − WPDMWR, of using modified
inputs in the open-ocean UP3S0 algorithm (O2C UP3S03),
relative to the Sentinel-3A MWR Op. 3I algorithm is of 5.3 cm
between 5 and 10 km from coast and 11.8 cm up to 5 km from
coast. The usage of coastal algorithms with unmodified inputs
(C2C UP1) shows rms reductions, relative to the rms values of
the Op. 3I algorithm, of 4.4 cm between 5 and 10 km from coast
and 10.6 cm up to 5 km from coast. The combined strength of
coastal algorithms with modified inputs (C2C UP2) improves
further the rms values, with reductions of 5.9 cm between 5
and 10 km from coast and 12.6 cm up to 5 km from coast. The
inclusion of external parameters to account for surface effects,
namely the SSTskin, further improves the rms values, with rms
reductions relative to the rms values of the C2C UP2 algorithm,
of 0.3 cm between 5 and 10 km from coast and up to 5 km from
coast. Given the results presented in Table III, the inclusion of
γ800 alongside the SSTskin (C2C UP4 algorithm) does not show
a significant impact relative to the C2C UP3 algorithm.

B. Independent Assessment Against the ECMWF ERA5
Atmospheric Model

For the independent assessment against the ECMWF ERA5
atmospheric model, the totality of the Sentinel-3A SRAL/MWR
measurements from the test dataset with distance from coast in
the range 0–30 km were used. The database comprised a total of
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TABLE III
MEAN AND RMS OF THE DIFFERENCES WPDGNSS − WPDMWR FOR THE VARIOUS ALGORITHMS, FOR THE FIRST TWO CLASSES OF DISTANCE FROM COAST

Fig. 12. Mean (top) and rms (bottom) of the differences WPDERA5 –
WPDMWR, in classes of 5 km width of distance from coast, for the Sentinel-3A
three-inputs MWR operational algorithm (Op. 3I), the UP3S0 algorithm with
modified TBs and a modified σ0 (O2C UP3S03), and the second and fourth
developed coastal algorithms (C2C UP2 and C2C UP4, respectively). Grey bars
represent the number of observations available in each class.

539 272 Sentinel-3A SRAL/MWR measurements. This second
comparison serves as a complement to the assessment against
GNSS stations presented in the last subsection, and, additionally,
allows for a more broad and global assessment in regions without
GNSS stations.

The mean and rms of the differences WPDERA5 – WPDMWR

are presented in Fig. 12, in classes of 5 km width of distance
from coast, for a selected number of approaches presented in
the last subsection.

The results of the mean and rms of the differences WPDERA5

– WPDMWR agree with the same assessment results against
GNSS stations. The best results were obtained with C2C UP2
and C2C UP4 algorithms, with the last algorithm presenting
a slightly lower rms of WPD differences than C2C UP2 algo-
rithm for the first three classes of distance from coast, up to
15 km. For C2C UP4, the rms of WPD differences is 3.2 cm
between 10 and 15 km from the coast, 3.0 cm between 5
and 10 km from the coast, and 3.2 cm up to 5 km from the
coast.

In Fig. 13, the differences of rms values of the results pre-
sented in Fig. 12 are presented, computed in classes of 5 km
width of distance from coast and classes of 5 cm width of a first
WPD value from the ECMWF Op. The results are very similar
to those presented in Fig. 11.
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Fig. 13. Differences of rms values between the four WTC retrieval algorithms
presented in Fig. 12, in classes of 5 km width of distance from coast and classes
of 5 cm width of a first WPD value from the ECMWF Op. The top figure shows
the number of observations for each image tile.

VI. CONCLUSION

The WTC retrieval over coastal regions is still a challenging
task, mainly due to the land contamination in the radiometer
TBs and, also related to this effect, due to the nonoptimization
of the open-ocean geophysical retrieval algorithms over these
transition surfaces.

This study aimed to improve the WTC over coastal regions
for the Sentinel-3 mission, based on the dual-band MWR TBs
and complementary parameters to account for surface effects.
The use of the open-ocean UP3S0 algorithm with modified
inputs significantly improved the retrieval errors in the WTC,
relative to the Sentinel-3A MWR Op. 3I algorithm. Moreover,
the developed coastal algorithms, with the same modified inputs,
further improved the WTC retrieval errors.

A comparison against coastal and islands GNSS stations was
performed, although such comparison is limited to the locations
where such stations exist. Moreover, the comparisons are not
collocated in space and time, thus, comparisons between MWR-
derived WPD values against ZWD values derived from GNSS
stations possess an inherent error derived from the noncolloca-
tion between both sources.

The best results were obtained with a five-inputs coastal neural
network algorithm, with modified TBs, parametrized by classes
of MWR LF and a first WPD value from the ECMWF Op.,
a modified SRAL σ0, at Ku band, parametrized by classes
of distance from coast, and the SSTskin and γ800 parameters
extracted from the ECMWF ERA5 atmospheric model. When
compared to GNSS observations, the rms of the differences is
3.1 cm between 5 and 10 km from the coast and 3.3 cm up to
5 km from the coast. Moreover, the four-inputs version of the last
algorithm, where the γ800 parameter is not considered, provided
similar results, with rms values of 3.0 cm between 5 and 10 km
from the coast and 3.3 cm up to 5 km from the coast.

For the Sentinel-3A Op. 3I algorithm, the rms of the dif-
ferences for the same classes of distance from coast are 9.2
and 16.2 cm, respectively, leading to an rms reduction of 6.1
and 12.9 cm, respectively, with the proposed methodology.
For the first uncontaminated class of distances from coast,
between 15 and 20 km, the rms of the differences is 2.7 cm.
The increased rms values for the first two classes of distance
from coast, in the order of 0.6 cm higher, are due to land
contamination effects, which are significantly reduced with
the developed methods. All the results mentioned above are
in line of agreement with the comparison against the ERA5
model.

Although significant improvements have been achieved, more
work needs to be done to further reduce the retrieval errors and
meet the requirements for coastal altimetry applications. Addi-
tionally, one can also benefit from technological improvements
on the radiometer and altimeter sensors, which can aid for a
more accurate WTC retrieval over coastal regions.
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