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Abstract: Accurate determination of dynamic topography (DT) is expected to quantify a realistic sea
surface with respect to its vertical datum and in identifying sub-mesoscale features of ocean dynamics.
This study explores a method that derives DT by using satellite altimetry (SA) in conjunction with a
high-resolution marine geoid model. To assess the method, DT was computed using along-track SA
from Sentinel- 3A (S3A), Sentinel-3B (S3B), and Jason-3 (JA3), then compared with DT derived from
a tide-gauge-corrected hydrodynamic model (HDM) for the period 2017–2019 over the Baltic Sea.
Comparison of SA-derived DT and corrected HDM showed average discrepancies in the range of
±20 cm, with root mean square errors of 9 cm (for S3B) and 6 cm (for S3A and JA6) and a standard
deviation between 2 and 16 cm. Inter-comparisons between data sources and multi-mission SA over
the Baltic Sea also potentially identified certain persistent and semi-persistent problematic areas that
are either associated with deficiencies in the geoid, tide gauge, HDM, and SA or a combination of
all of these. In addition, it was observed that SA data have the potential to show a more realistic
(detailed) variation of DT compared to HDM, which tended to generate only a smooth (low-pass)
surface and underestimate DT.

Keywords: satellite altimetry; Baltic Sea; absolute sea level; dynamic topography; geoid model;
hydrodynamic model; hydrogeodesy; tide gauge

1. Introduction

Accurate and consistent absolute sea level determination is a fundamental indicator
of changes in our climate and is applicable in many research disciplines, including hydro-
geodesy and oceanography. It is well known that sea level can be deduced from different
sources, including tide gauge (TG) stations, hydrodynamic models (HDMs), and satellite
altimetry (SA) [1]. These data sources, whilst capable, often refer to different vertical
datums with different spatio-temporal resolutions [1]. For instance, for SA derived sea
surface heights (SSH), the vertical reference is the ellipsoid, whereas TG data may refer to a
geoid (equipotential surface of the earth) or mean sea level (MSL), and the vertical datum
of HDM can often be undisclosed (Figure 1) and generally may have a bias that varies
both spatially and temporally with respect to the records of nearby TG stations [1,2]. These
differences often make it challenging for comparison and consistency among the sources.
Consequently, this hinders the full understanding of continuous sea level variations from
coast to offshore.

Instead, a useful component that reasonably represents sea level dynamics, capturing
both mean and sub-mesoscale dynamics (i.e., <10 km ocean features), is dynamic topogra-
phy (DT), which dynamically varies in a spatio-temporal domain in intricate patterns [3].
DT can be derived using two methods. Firstly, via an oceanographic approach, DT is
calculated by using sea level data from ocean models. However, in many cases, the vertical
datum often is unknown or undisclosed. Secondly, DT is calculated by using the differ-
ence between the SA-determined SSH and a suitable geoid model (i.e., DT = SSH-geoid).
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Note that DT is a more realistic component than the sea level anomaly (SLA = SSH-MSL).
Instead of mean sea level (MSL), using a geoid allows for the determining of both mean
and time-varying dynamics that exist so that sub-mesoscale dynamics can potentially be
determined. Thus, the main intention of this study is to describe in detail a methodology
that computes DT obtained from SA. A secondary aspect that this study examines is a
quantitative comparison of the differences between the DT obtained from SA and the TG
corrected HDM (i.e., biases accounted for) and a provisional investigation into the causes
of these differences.
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Even though multiple global geoid models are available (such as the Earth Gravita-
tional Model EGM08 [4]), they are not sufficient in terms of accuracy and spatial resolution.
For DT to make a difference, one requires the utilization of high-resolution regional geoid
models [1,5] that can be obtained by in situ gravity and remote sensing measurements
(using SA-derived gravity data products and ship- or airborne gravity measurements)
along with robust and intricate modeling techniques [6]. Most study areas are limited in
developing high-resolution geoid models due to a lack of vital technical expertise and
equipment (which can be expensive). Many countries, however, are moving forward
in computing accurate geoid models for their land–sea areas (e.g., the Baltic Sea region,
Canada, Australia, etc.). An example is illustrated with respect to the Baltic Sea countries
of pursuing a collaboration amongst nations, which has now resulted in a regionally cal-
culated high-resolution geoid model (NKG2015) [6]. This effort now paves the way for
further developments in marine studies that were not possible before.

Historically, TG stations provide a reliable measurement of relative sea level, i.e.,
relative to land-bound benchmarks. However, in some areas (such as the Baltic Sea region)
it is necessary for TG records to be corrected for vertical land motion (VLM) to acquire
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absolute sea level (i.e., refer to the Earth’s center of mass) [7]. In addition, the major
limitation of TG observations is that they are not representative for offshore sea level
variability. Meanwhile, SA and HDM data are quite capable of representing absolute sea
level both in coastal and offshore areas; once a HDM is corrected for the bias and tilts that
exist, a realistic comparison with other sources is possible. Note that HDM compilations
are based on mathematical models whereas the actual marine areas are unpredictable and
turbulent. Thus, it is expected that the comparison of SA (which remotely measures the
real sea surface) with corrected HDM (which is the only available source of DT offshore)
can reveal the actual sea surface topography and possible modeling imperfections. In
addition, the present study hints at problematic issues either with the geoid, HDM, TG, or
SA datasets. Recently developed high-resolution regional HDMs can reproduce the best
spatio-temporal resolution sea level variations nearshore and offshore. Therefore, it will be
more effective to use SA data in conjunction with HDM to validate the retrieval of accurate
absolute sea level variations offshore, with TG data providing realistic quality control at
the coast [8,9].

The perspective undertaken in this study is to show that SA-derived DT can be
accurately calculated both at the coast and offshore. It should be noted that SA data have
some limitations, especially in coastal areas and sub-arctic sea ice regions. The SA data
are affected by the vicinity to the coast of a few kilometers, where the radar echo interacts
with the nearby land surface, leading to corrupted waveforms [10]. Moreover, SA data are
aligned to the International Terrestrial Reference Frame (ITRF), which may not necessarily
coincide with the reference frame of the coordinates of land-bounded TG stations. TG
stations normally refer to other pan-continental or national reference datums, such as
the European Terrestrial Reference System (ETRS) and its national realizations. Another
difficulty is related to the tidal effects and altimeter observation corrections (including
geophysical and media corrections) that often become inaccurate close to the coast [11].
Furthermore, seasonal sea ice coverage, irregular coastlines, and the presence of numerous
archipelagos, small islands, and rocks within 10 km from the coastline would affect SA
data quality in many areas [10,12–16].

The potential of SA for monitoring coastal sea level variations and many oceanographic
fields has motivated the development of coastal altimetry studies. Hence, several projects
(e.g., PISTACH [17]; PEACHI [18]; COASTALT [19]; X-TRACK [20], Baltic+SEAL [21]) have
been developed to improve the retrieval of sea level parameters from coastal waveforms
of SA. In particular, the European Space Agency’s Baltic+ Sea Level (ESA Baltic+SEAL)
Project, launched in April 2019, is generating enhanced multi-mission sea level products
that are specifically developed for the Baltic Sea. To attain a consistent description of sea
level variability, a new re-tracking algorithm was developed and applied. This yields a
homogeneous SSH determination that is particularly adapted for the complex areas of the
Baltic Sea and North Sea, especially with respect to the presence of seasonal sea ice and
complex coastal geomorphology [21].

As mentioned earlier, the focus of this study is to explore a developed methodology to
estimate accurate DT in the Baltic Sea using a synergy of SA, corrected HDM, a dense TG
network, and a high-resolution geoid model. The Baltic Sea is a semi-enclosed shallow sea
in northern Europe that is heavily influenced by a massive density of marine traffic, coastal
activities, port development, and sub-mesoscale marine dynamics [10]. Thus, knowledge
of accurate DT variations in the Baltic Sea is critical for many reasons (e.g., consistency
amongst data sources, sea level trends estimate, derivation of currents, etc.). In addition,
since no sea level source is perfect (mentioned above with respect to the limitation of HDM
and SA), but given that they all refer to the same vertical datum, this now allows a logical
inter-comparison to be performed. By performing statistical analysis, this comparison
has the potential to identify the problematic areas of the sea level sources utilized. Note
that the sources of these problematic areas are only provisionally explored in this study to
demonstrate the usefulness of DT and the benefits that the synergy of different sources of
sea level data can indirectly reveal. For a more detailed understanding of these sources,
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more resources are required that are out of the scope of this study but can be pursued
for future studies. Note that the other sources of sea level from which DT can also be
derived consist of shipborne GNSSs (global navigation satellite systems) and airborne
laser scanning profiles. For instance, Ref [22] used airborne laser scanning profiles for
determining DT. In addition, Ref [23,24] used shipborne GNSS profiles for determining DT
over the Baltic Sea. Usage of these other sources are, however, restricted by their spatial
and temporal resolution.

The method developed and described in this study was possible for the Baltic Sea
region, which is fortunate to have a dense multi-national TG network, a high-resolution
geoid model, a land uplift model, and access to data-assimilated HDM and SA data
specifically tuned to the sea conditions. In particular, HDM bias with respect to the TG
readings has been eliminated along the SA track, so the corrected HDM provides accurate
DT estimates both near- and offshore. Such a combination can assist in retrieving accurate
DT from relatively short altimetry time series [25]. This method to our knowledge has
not been performed before, especially from the point of view of utilizing multi-mission
along-track SA data and a high-resolution geoid model. It also can be applied to other
sea areas.

Previous studies have examined the performance of SA data in the Baltic Sea [10,12–16,26–28],
but these studies mostly examined the sea surface in terms of SSH and were limited to
mostly validation of SA data. In addition, many of these studies examined only a section of
the Baltic Sea.

Thus, the focus of this study is (i) development and demonstration of a detailed
method for determining accurate DT using along-track SA, derived for multiple satellite
missions in the entire Baltic Sea, and (ii) by statistically and qualitatively comparing the
discrepancy between SA and corrected HDM to identify the persistent and semi-persistent
patterns that could potentially reveal problematic areas of the various sources utilized
(e.g., geoid model, TG, HDM, and SA). The time period examined for all data sources was
between 2017 and 2019; this was based on the availability of all the data sources, since
the SA data were sourced from the Baltic+SEAL project and these data were up to 2019
(at the time of the study). This three-year long-term period, however, is considered to be
representative enough for our objectives to describe the method and to show its potential.

This paper is organized in a format such that the developed methodology is described
in Section 2 and the study area and utilized datasets are described in Section 3. Section 4
presents the results of the obtainable DT accuracy and identifies the areas with persistent
and semi-persistent patterns by comparing the different sources of sea level data and
multi-mission SA. The results of this study are discussed in Section 5, whereas Section 6
contains a brief summary of this study.

2. Methodology

This section describes the method employed to achieve accurate DT using two ap-
proaches: the first approach utilizes HDM, and the second approach uses SA. The first
approach involves extracting the HDM data points that coincide with the SA along-track
data points. Once this is performed, the HDM data points are corrected via TG observations
by means of utilizing virtual stations (Section 2.1). The second approach requires a geoid
model and some other vital auxiliary corrections for obtaining DT from the SA-computed
sea surface heights (Section 2.2). This original HDM provides high-correlation estimates of
TG-observed sea levels along the Baltic coastline. However, the original HDM also contains
some biases due to the undisclosed actual vertical datum used [2]. Hence, for further com-
putational steps, it is vital to retrieve reliable DT values in a stable vertical reference datum
by correcting the HDM. For this purpose, the HDM correction method with respect to the
TG observations by means of utilizing virtual stations (VS) was applied (cf. Section 2.1),
to consider these biases as well as unify the vertical reference of the HDM to the same
reference surface as the TG and SA data. The second approach requires a geoid model and
some other vital auxiliary corrections for obtaining DT from the SA-computed sea surface
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heights (Section 2.2). The difference between SA-derived DT (DTSA) and HDM-derived
DT (DTHDM) is then calculated both spatially and temporally using VSs. It is expected
that the HDM may appear to be somewhat insensitive in terms of fully capturing the
short-wavelength marine surface variations; this is mainly due to the fact that it is a model
with limitations (e.g., parametrization, approximations model forcings, etc.). The HDM,
however, is still a key source because it is capable of simulating both coastal and offshore
sea level data. The assumption in the present study is that once the HDM is corrected for
this bias and tilts, it can be compared to the SA data. Utilization of the geoid allows the
comparison of the corrected HDM and SA to be performed; otherwise, the two datasets
would be incomparable in an absolute sense.

In this study, it was essential that the HDM was corrected and considered as the ground
truth during examination of the DTSA estimates. Note, however, that in the comparisons,
one of the sources had to be assumed to be the ground truth (in this case the corrected
HDM via TGs) to obtain the discrepancies. So, the comparison of appropriately corrected
HDM (which was always the case in the further comparisons) versus DTSA provides a
good quantification of the accuracy of the latter.

2.1. TG/HDM Based DT Estimates
2.1.1. General Overview of the Method

This section describes the method used to correct the HDM derived DT (DTHDM) at
specific locations that are referred to as virtual stations (VSs). The concept of utilizing VSs
originates from the following characteristics: (i) it is important that DTHDM be calculated
at the same data points as SA (i.e., in space and time); (ii) correction of HDM is assumed to
be more accurate at VSs rather than at the near-shore location of TGs, and (iii) the study
area is equipped with numerous TGs that may lie in proximity to SA data points.

It is commonly known that TG records are valid nearshore and may not adequately
represent offshore DT. Instead, a regional HDM is an independent data source that can
provide sea level data both at the coast and offshore. The method proposed is that by
calculating the relative difference between DTs of HDM at the location of a TG and the
location of the proposed VS, it is possible to calculate the DT at the VS via the TG’s readings.
This is performed by simply adding this relative difference in DTs (Equations (1)–(3)).
Different interpolation methods (linear interpolation, thin plate spline regression, and
inverse distance weighted (IDW)) were explored in [2] and the results show a difference of
around 2 cm. However, the IDW showed slightly more realistic results, so in this study, a
similar procedure was implemented.

In addition, the vertical reference datum of HDM is often unknown/undisclosed and
may contain some errors and discrepancies from the exact reality of sea level. To overcome
such limitations, a bias correction solution needs to be introduced to correct the HDM by a
one-dimensional vertical shift at a single time instant (which changes during the time of the
SA cycle). This correction represents the difference between the TG and the HDM data at a
VS. The correction values (i.e., bias) change over time, and we computed this correction at
the time of SA. The reason why it changes is due to two components: (i) The fact that the TG
measures in situ data (i.e., the actual situation) whilst the HDM is based on a mathematical
model that attempts to model the sea surface based on the input forces, models, etc. So, it is
expected that the HDM may have an error when compared to reality. (ii) The HDM vertical
reference is often undisclosed and can vary both spatially and temporally. Basically, the
error between the HDM and the tide gauges can be separated into two parts: constant and
time-variable. For simplicity, we express the “HDM bias” as a combination of all errors.
In Ref. [2], a detailed examination was made into the bias and the study showed that the
HDM bias can be spatially interpolated at each time instant in order to correct the HDM,
and since the bias was interpolated (not the sea level), IDW interpolation can be a good
choice. This bias correction method between a TG and HDM at a VS is explained in more
detail below in Equations (1)–(5) for each SA cycle. Note that in the used equations, the
HDM correction values (Equation (5)) are both time- and location-dependent.
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2.1.2. Detailed Method

Determination of the VS locations is the first step of HDM correction. A VS is selected
as the closest location of a good-quality SA data point approaching the coastline (Figure 1).
Each SA track has at least two VSs (at the beginning and the end of the track), though many
tracks have more along-track VSs, close-to-coast, and nearby TG stations (cf. Figure 2a).
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Figure 2. Determination of the HDM bias and selection principles of virtual stations (VSs). (a) The
horizontal profile of a single SA pass and selection of VSs along the SA track near TG locations.
(b) Determination of the HDM bias at the location of VS (BiasVS

HDM) using the DTTG by adding the
relative DT.

Note that the coastline-located TGs may not exactly coincide with the HDM data
grid nodes. In addition, the available HDM data near TG locations are expected to have
some errors due to the limitations of HDM in nearshore and shallow waters. In addition,
given the dense network of TG stations in the study area, the TG-derived DT may be valid
toward offshore within a valid domain (including the VS’s location) using adjacent TGs
and by adding the relative DT, i.e., the difference in DT at the HDM location of the VS
and the location of the TG (cf. Figure 2b). In such cases, the DT of the VS is determined
using inverse distance weighted (IDW) interpolation slightly seaward at the VS locations.
Hence, VS is assumed to represent an enhanced duplicate of the TGs and is consistent with
HDM data.

A VS intends to represent the k-nearest TG stations at a SA pass. The nearest TG
(hourly, t) readings are interpolated (interp) linearly at the time of SA overfly cycle time
(tcycle), whereas the relative DT (DTRelative) is added to this to retrieve DT at the loca-
tion of the VS (DTTG@VS). The DTRelative is the difference between the HDM-based DT
at the location of the VS (DTHDM

(
ϕVS, λVS, tcycle

)
and that at the location of the TG

(DTHDM

(
ϕTG, λTG, tcycle

)
). The DTRelative could provide more realistic DT of TG readings

at the location of the VS rather than simple interpolation (cf. Figure 2b) since the assump-
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tion is that the HDM is providing a reference base surface sea level, not a precise one. By
adding the DTRelative to the timewise-interpolated DTTG interp

(
DTTG

(
ϕj, λj, tcycle

))
, the

DTVS is obtainable. The adjacent DTTG@VS (Figure 2b red triangle) to the VS are averaged
using IDW [29] to yield the DT at the VS location (DTVS(ϕVS, λVS)), which now can be
used to determine the bias of the HDM.

DTTG@VS

(
ϕj, λj, tcycle

)
= interp

(
DTTG

(
ϕj, λj, tcycle

))
+ DTRelative

(
ϕj, λj, tcycle

) (1)

where

DTRelative

(
ϕj, λj, tcycle

)
= interp[DTHDM

(
ϕVS, λVS, tcycle

)
− DTHDM

(
ϕTG, λTG, tcycle

)
]

(2)

and

DTVS

(
ϕVS, λVS, tcycle

)
=

1

∑k
j=1 pj

∑k
j=1 pj . DTTG@VS

(
ϕj, λj, tcycle

)
(3)

Note that k is the total number of available TG stations reasonably close to the VS.
Hence, a 130 km radius was selected based on empirical experience in the study area to
guarantee the availability of at least one TG station within this radius and exclude farther
TGs. The symbol pj is the assigned IDW weight for the j-th TG station with coordinates(

ϕj, λj
)
, which is computed as follows:

pj =
c0

distj
(4)

where c0 is the minimum distance of the associated TGs to the VS and distj is the distance
of the j-th participating TG to the VS. Using the IDW, the TG station with the minimum
distance (~3 km) to the VS has the maximum effect on DTVS. In addition, distant TGs
would be neglected (TGs exceeding 130 km distance). The DTVS is expected to represent a
more truthful condition of the sea level (in contrast to DTTG) that can be compared to the SA
data point. For the SA passes that are near only a single (k = 1) TG at each side of the coast,
only one TG reading is selected to obtain the DTVS (i.e., DTVS

(
tcycle

)
= interp(DTTG(t)),

interpolated time-wise only) with maximum weight (p = 1).
DTVS is compared with DTHDM to remove any possible bias of the HDM. The HDM

bias at the location of each VS (BiasVS
HDM(ϕVS, λVS)) is determined by the difference between

DTVS and the initial HDM values DTHDM:

BiasVS
HDM

(
ϕVS, λVS, tcycle

)
= DTHDM

(
ϕVS, λVS, tcycle

)
− DTVS

(
ϕvs, λVS, tcycle

)
(5)

Recall that the assumption made in this study is that the VS tends to represent TG
observations and is more or less a reliable ground truth that better reflects nearshore
sea dynamics. The BiasVS

HDM represents both vertical reference datum discrepancies and
HDM modeling errors. In addition, both HDM and TG data have hourly records, so
the DTHDM and DTTG are temporally (and linearly) interpolated at the SA overfly time
instant (tcycle). In addition, since HDM data points spatially do not exactly coincide with
SA along-track points (ϕSA, λSA), a bilinear interpolation of HDM is applied at the SA
data points (including VS location). The BiasVS

HDM is interpolated linearly between a pair

of VSs along each SA ground track denoted by “interp(BiasVS
HDM

(
ϕSA, λSA, tcycle)

)
” and

then subtracted from the initial DTHDM. As a result, the corrected along-track HDM
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(DTHDM−corr) is obtained, which now coincides and is simultaneous with SA data locations
(ϕSA, λSA) at the SA overfly time instant

(
tcycle

)
:

DTHDM−corr

(
ϕSA, λSA, tcycle

)
= DTHDM

(
ϕSA, λSA, tcycle

)
− interp(BiasVS

HDM

(
ϕSA, λSA, tcycle)

) (6)

This along-track DTHDM−corr is assumed as the “first approximation ground truth”
and will be checked against the SA derived DT (Section 2.2).

2.2. Estimation of DT from Satellite Altimetry and Statistical Examinations

The general concept of SA measurement includes the satellite’s altimeter transmitting
a pulse of known power toward the sea surface. On interacting with the sea surface, the
pulse is then reflected to the altimeter. The two-way travel time is determined, yielding
the range of the satellite after applying range correction (including geophysical and media
corrections). Given the known SA orbit, SA-derived SSH is then obtainable with respect to
the reference ellipsoid (cf. Figure 1).

However, a more realistic reference surface to be employed would be that of a geoid
to retrieve the DT. For this purpose, along-track DTSA(ϕi, λi) is determined by subtracting
the geoidal height (N) from the SSHSA using the following expression:

DTSA

(
ϕi, λi, tcycle

)
= SSHSA

(
ϕi, λi, tcycle

)
− dh(ϕi)− N(ϕi, λi) (7)

Since original datasets of different SA missions and geoids may refer to different
reference ellipsoids, the ellipsoidal correction (dh(ϕi)) of each data point is required. The
ellipsoidal correction is due to the differences in parameters that are associated with each
reference ellipsoid (including semi-major and minor axes, flattening, and eccentricity). By
applying dh, both datasets (SA and geoid) will refer to the same reference ellipsoid (see
also [10]).

dh(ϕi) =
á
(
1− é2)√

1− é2 sin2(ϕi)
−

a
(
1− e2)√

1− e2 sin2(ϕi)
(8)

where a and a’ are lengths of the semi-major axes of the participating ellipsoids, e and e’
are their corresponding eccentricity values, and ϕi is the latitude of the point of interest.
The discrepancies between the DTSA and DTHDM−corr will be examined statistically. In
addition, unqualified SA data points (which could be different for each SA cycle) need to
be excluded from further data processing.

Errors and outliers of the SA dataset occur due to many reasons such as land-
contaminated areas, extreme sea events (e.g., storms, surges, etc.) and waveform retracking
sampling problems [10]. To remove these outliers from each SA track/cycle, a sequential
approach for data screening is applied. The steps involved:

1. DTSA values larger than a specific predefined threshold (|DTSA| > threshold) are
considered as gross errors and removed from the data points. This threshold value
(here selected as 1.5 m) corresponds to the study area characteristics that depend
on historical extrema of the DT occurring in the study area (which is ~1.3 m in the
Baltic Sea);

2. The erratic DTSA are identified as those three times larger than the standard deviation
(STD) of the mean value of the whole track in a cycle (the longer tracks are divided
into sub-tracks to obtain more homogeneous selections);

3. The outliers are detected as elements more than three local scaled moving medians
(MADs) from the median DTSA over the 0.5◦ latitude (~55 km) window length along
the track to have a smooth low-pass DTSA behavior.

This approach assists in filtering unqualified data, which allows a more accurate
determination of DTSA. After excluding the gross errors and outliers from all SA along-
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track data points, the remaining good-quality data points (their locations are denoted by
sub-index s, e.g., ϕs, λs) are used for further steps.

The difference between DTSA and DTHDM−corr is the discrepancy (∆DTSA−HDM),
which is computed for each footprint point of each participating satellite mission by

∆DTSA−HDM

(
ϕs, λs, tcycle

)
= DTSA

(
ϕs, λs, tcycle

)
− DTHDM−corr

(
ϕs, λs, tcycle

)
(9)

These discrepancies provide a tentative idea of SA agreement to the ground truth
within the studied portion of each SA track for each SA mission separately. Statistical
analyses of the discrepancies are conducted in terms of the root mean square error (RMSE),
standard deviation (STD), and mean of ∆DTSA−HDM by the equations below:

MEANSA−HDM (ϕs, λs) =
1
m ∑m

cycle=1 ∆DTSA−HDM

(
ϕs, λs, tcycle

)
(10)

STDSA−HDM(ϕs, λs)

=

√
1

m−1 ∑m
cycle=1

(
∆DTSA−HDM

(
ϕs, λs, tcycle

)
−MEANSA−HDM(ϕs, λs)

)2 (11)

Equations (10) and (11) potentially represent the validation of SA versus the corrected
HDM over a single location considering all cycles of the SA mission (minor deviations in
data points’ locations from each other at sequential cycles is negligible). The m symbol
is the number of qualified SA cycles on each location (ϕs, λs). The threshold of m can
be selected as 90% of the total number of available cycles of each SA mission during the
study period over the study area. The locations (ϕs, λs) containing datapoints less than
this threshold are excluded. By having the along-track mean of the discrepancies at each
location (MEANSA−HDM (ϕs, λs)), the performance of the individual SA mission over the
entire sea (or any selected basin) can be evaluated by:

MEANSA−HDM (mission/Basin) =
1
b ∑b

s=1 MEANSA−HDM(ϕs , λs) (12)

STDSA−HDM(mission/Basin)

=
√

1
b−1 ∑b

s=1(MEANSA−HDM(ϕs, λs)−MEANSA−HDM (mission/Basin))2 (13)

RMSE(mission/Basin) =

√
1
b ∑b

s=1(MEANSA−HDM (ϕs, λs))
2 (14)

where b is the total number of (ϕs, λs) locations (along-track locations of all passes, sepa-
rately for each SA mission).

Equations (12)–(14) provide statistics for each SA mission. The RMSE and STD are
commonly used to examine both along-track and mission/basin SA data quality. They
provide statistically meaningful estimates of DTSA accuracy at a given location or the whole
basin via different SA missions. Different SA missions’ data were not merged in this study;
therefore, the range of m varies for each mission. The particulars of the used datasets are
explained in Section 3. Figure 3 shows the flowchart of the applied methodology and data
processing steps.
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The used data products (in brackets) refer to the case study.

3. Study Area and Datasets
3.1. Baltic Sea

The Baltic Sea is the world’s second-largest brackish water body (after the Caspian Sea)
that has limited water exchange with the North Sea via narrow and shallow Danish straits.
This estuarine-type water body’s main source of freshwater originates from the numerous
rivers that flow into it. The Baltic Sea is surrounded by nine countries and subdivided
into several sub-basins that are based on the geomorphology and bathymetry of the sea
area. Due to glacial isostatic adjustment, the Baltic Sea region is also strongly affected by
vertical land motion (VLM) [30]. Due to the numerous countries surrounding the Baltic Sea,
it has a high density of marine traffic and coastal activities. These attributes make it vital to
have a common and realistic vertical datum (e.g., a geoid) that sea level can be referenced
against, especially with the marine engineering and navigation activities performed for the
Baltic Sea.

Several components based on different time frames affect the sea level dynamics in
the Baltic Sea. With respect to the long term, the global sea level change (due to thermal
sea water expansion and the melting of glaciers) will influence the Baltic Sea’s level, whilst
the variation in temperature, precipitation, and evaporation is expected to mostly exert
influence on a decadal time scale [7]. For short-term influences (yearly, seasonally, daily,
etc.), variations in the water balance caused by water exchange in the Danish Straits (e.g.,
saltwater intrusions from the Atlantic (Major Baltic inflow)) that are driven by atmospheric
conditions may cause drastic sea level changes. River runoff also affects the water balance,
with the biggest freshwater contributor being the Neva River located on the eastern side of
the Baltic Sea [31]. It is common in winter months for the Baltic Sea to become ice-covered;
the number of sea ice days also changes the dynamics of the sea level [32]. Ice coverage is
common in the winter months for the Baltic Sea, especially in the northern (Gulf of Bothnia)
and eastern sections (Gulf of Finland). This also has been a challenge for SA in determining
the sea surface. However, improved SA coastal retrackers are expected to provide better
data products over this region, e.g., Baltic+SEAL [10].
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In much shorter time frames (e.g., weekly, daily, and hourly), other localized events
also affect the sea level. Most of these events tend to be influenced by meteorological
factors [33], especially the winds, which can be strongly anisotropic in the Baltic Sea [34].
However, the dominant wind direction in this area is southwest, but it is common for
northerly winds to also be prevalent. Storm surges [35] and coastal upwellings [36] are
also quite prevalent in the Baltic Sea, with a more or less seasonal trend. The strongest
winds and highest waves are highly expected in the winter and autumn seasons [37].
In addition, temperature and precipitation may contribute to 15–35% of the sea level
variability between winter and summer [38]. It is somewhat expected that HDMs may
have difficulty reproducing some of these localized events. In addition, the internal Rossby
radius can be relatively small, usually within the range of 1–2 km [39]. This makes it
very challenging for the numerical models to replicate the (sub)-mesoscale dynamics in
this water body. However, with SA, if the satellite flies over at the correct time and its
measurement is represented as DT, the SA data may be able to capture some evidence of
these small-scale dynamics.

3.2. Datasets
3.2.1. Tide Gauge Stations

The Baltic Sea has one of the world’s densest observational tide gauge networks with
remarkably long-term and high-quality local sea level records [40]. Within the study area,
74 TG stations (Figure 4a) were selected to have suitable locations near satellite tracks. The
details of each TG station per country can be found in Table 1. An identification number
(ID) was assigned to each TG station; the relevant details are given in Appendix A Table A1
as well.
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Figure 4. Characteristics of the study area: (a) Location of the Baltic Sea (the background represents
the NKG2015 geoid model) together with the location of the tide gauges (triangle symbols). The
names of sub-basins and main islands are denoted in white and red, respectively. (b) TG data
availability between December 2016 to April 2019 of each TG ID (b). The TG numbering is clockwise,
starting from the eastmost Estonian TG station and finishing with the Russian Kronstadt TG station
(No. 74), which is located at the eastmost end of the Gulf of Finland.
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Table 1. Used TG stations of each country, their vertical datums, and the data agency.

ID Country 1 Vertical Datum 2 No. TGs No. of Data Gaps 3 [h] Data Provider

1–14 NEstonia EH2000 14 1128 www.ilmateenistus.ee,
accessed on 18 February 2020

15–21 NLatvia LAS2000,5 7 56 www.meteo.lv,
accessed on 25 February 2020

22 NLithuania LAS07 1 2163 www.aaa.am.lt,
accessed on 2 February 2020

23–27 NPoland PL-EVRF2007-NH 5 100 www.imgw.pl,
accessed on 11 April 2020

28–31 NGermany DHHN92 4 4419 www.bsh.de,
accessed on 23 October 2020

32–35 NDenmark DVR90 4 1861 www.emodnet-physics.eu,
accessed on 12 October 2020

36–59 NSweden RH2000 24 37,567 www.smhi.se,
accessed on 31 March 2020

60–73 NFinland N2000 14 0 www.ilmatieteenlaitos.fi,
accessed on 28 March 2020

74 NRussia BHS77 (+15 cm) 1 9125 www.emodnet-physics.eu,
accessed on 15 February 2020

1: Note that the TGs are distinguishable country-wise by the corresponding triangle color in Figure 4. 2: A national
realization of EVRS. 3: Between 2017 and 2020.

These TG networks are operated by national tide gauge agencies and refer to the
corresponding national realization of the EVRS2000 (European Vertical Reference System
2000) vertical datum, the zero level of which is the Normaal Amsterdams Peil (NAP).
Hence, all data record vertical datums are harmonized with EVRS2000 using the Baltic
Sea Chart Datum 2000 (BSCD2000). In addition, in BSCD2000, land uplift was modeled
according to the NKG2016LU model at the epoch 2000.0 [41].

Since TGs measure relative sea level with respect to land, their measurements are
required to be corrected for VLM in order to obtain absolute sea level. In the Baltic Sea
region, vertical land motion is due to geophysical GIA and varies from -1 mm/year in the
Arkona Sea to 10 mm/year in the Gulf of Bothnia [42]. In this study, the land uplift effect
was removed from TG observations using the NKG2016LU model. This model includes the
latest GIA land uplift model for the Baltic Sea region developed by the Nordic Commission
of Geodesy (NKG, www.nordicgeodeticcommission.com, accessed on 26 August 2021).
It covers an area from 49◦ to 75◦N and 0◦ to 50◦E [30]. The VLM corrections (from the
reference time epoch, i.e., 2000.0) were applied from the model (linearly interpolated at
the location of TG) by adding it to the TG readings (to the observation time epoch) [6].
During the selected time span of 2017–2019, some TG hourly data gaps exist, as can be
seen in Table 1 and Figure 3b. These gaps were filled using highly correlated adjacent
TG stations to reconstruct gap-free TG data, cf. [43]. Figure 5 shows the steps for the TG
observation reconstructions. In further steps, TG#33 was excluded from the dataset due to
data inconsistency with the other TGs.

Remote Sens. 2023, 15, x FOR PEER REVIEW  12  of  36 
 

 

 
 

(a)  (b) 

Figure 4. Characteristics of the study area: (a) Location of the Baltic Sea (the background represents 

the NKG2015 geoid model)  together with  the  location of the  tide gauges  (triangle symbols). The 

names of sub-basins and main islands are denoted in white and red, respectively. (b) TG data avail-

ability between December 2016 to April 2019 of each TG ID (b). The TG numbering is clockwise, 

starting from the eastmost Estonian TG station and finishing with the Russian Kronstadt TG station 

(No. 74), which is located at the eastmost end of the Gulf of Finland. 

These TG networks are operated by national tide gauge agencies and refer to the cor-

responding national  realization of  the EVRS2000  (European Vertical Reference System 

2000) vertical datum,  the zero  level of which  is  the Normaal Amsterdams Peil  (NAP). 

Hence, all data record vertical datums are harmonized with EVRS2000 using the Baltic 

Sea Chart Datum 2000 (BSCD2000). In addition, in BSCD2000, land uplift was modeled 

according to the NKG2016LU model at the epoch 2000.0 [41]. 

Since TGs measure relative sea  level with respect  to  land,  their measurements are 

required to be corrected for VLM in order to obtain absolute sea level. In the Baltic Sea 

region, vertical land motion is due to geophysical GIA and varies from -1 mm/year in the 

Arkona Sea to 10 mm/year in the Gulf of Bothnia [42]. In this study, the land uplift effect 

was removed from TG observations using the NKG2016LU model. This model includes 

the latest GIA land uplift model for the Baltic Sea region developed by the Nordic Com-

mission of Geodesy (NKG, www.nordicgeodeticcommission.com, accessed on 26 August 

2021). It covers an area from 49° to 75°N and 0° to 50°E [30]. The VLM corrections (from 

the reference time epoch, i.e., 2000.0) were applied from the model (linearly interpolated 

at the location of TG) by adding it to the TG readings (to the observation time epoch) [6]. 

During the selected time span of 2017–2019, some TG hourly data gaps exist, as can be 

seen in Table 1 and Figure 3b. These gaps were filled using highly correlated adjacent TG 

stations to reconstruct gap-free TG data, cf. [43]. Figure 5 shows the steps for the TG ob-

servation reconstructions. In further steps, TG#33 was excluded from the dataset due to 

data inconsistency with the other TGs. 

 

Figure 5. Steps for TG observation data reconstructions and corrections. 

   

TG 
Observation 

input

datum 
unification 
(EVRS2000)

data gap 
reconstruction

land uplift 
correction 

(NKG2016LU)
DTTG products

Figure 5. Steps for TG observation data reconstructions and corrections.

3.2.2. Hydrodynamic Model

Nemo-Nordic is a three-dimensional coupled ocean–sea ice model of the Baltic and
North Sea based on the NEMO-3.6 (Nucleus for European Modeling of the Ocean) ocean
engine, which was developed by the Swedish Meteorological and Hydrological Institutes
(SMHI) [44]. In this study, a data-assimilated version (NS01) of the Nemo-Nordic model
with an hourly temporal resolution and a spatial resolution of 1 nautical mile (~2 × 2 km)
was utilized for the period 2017–2019 (www.smhi.se, accessed on 14 April 2020). The

www.ilmateenistus.ee
www.meteo.lv
www.aaa.am.lt
www.imgw.pl
www.bsh.de
www.emodnet-physics.eu
www.smhi.se
www.ilmatieteenlaitos.fi
www.emodnet-physics.eu
www.nordicgeodeticcommission.com
www.smhi.se
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bathymetry of the model was obtained from the General Bathymetric Chart of the Oceans
Grid (GEBCO-2014). This HDM provides high-correlation estimates with the TGs along
the Baltic coastline. However, this model also contains some errors, which are limited to a
standard deviation of around 10 cm due to the undisclosed actual vertical datum used [2].
More details on the possible deficiencies of this particular HDM can be found in [2]. Hence,
for further computational steps, it is vital to retrieve reliable DT values in a stable vertical
reference datum by applying HDM correction. In this study, the applied methodology to
identify and eliminate the above-mentioned HDM errors (for more details see [2]) using
geoid-referenced TG-corrected HDM is described, which can be now used for deriving
instantaneous and realistic sea level data near- and offshore. Then, the corrected HDM can
be used to validate the SA derived DT. For this purpose, the HDM correction method with
respect to the TGs was applied (cf. Section 2.1) to consider these biases, as well as unify the
vertical reference of the HDM to the same reference surface as for the TG and SA data.

HDM correction (cf. Section 2.1) is basically a shift due to the biased vertical datum of
the HDM (with respect to the zero level of the national vertical datum) that can also be due
to HDM modeling errors. In this study, the TG was not only used to correct the HDM, but
also for examining the discrepancies between HDM data and TG observations at each TG
station (ϕTG, λTG) using hourly data (ti) by:

∆DTHDM−TG(ϕTG, λTG, ti) = DTHDM(ϕTG, λTG, ti)− DTTG(ϕTG, λTG, ti) (15)

The mean and standard deviation (STD) of HDM data discrepancies at each TG station
(here 73 stations, TG#33 excluded) during the whole study period can be estimated as:

MEANHDM−TG (ϕTG, λTG) =
1
y ∑y

i=1 ∆DTHDM−TG(ϕTG, λTG, ti) (16)

STDHDM−TG(ϕTG, λTG)

=
√

1
y−1 ∑

y
i=1(∆DTHDM−TG(ϕTG, λTG, ti)−MEANHDM−TG (ϕTG, λTG))

2 (17)

where y represents the total number of hourly DT records during 2017–2019
(y = years × days × hours) for Figure 6a or amount of data for each month during 2017–2019
(for Figure 6b). Figure 6 shows the mean and STD of HDM data residuals relative to
TG observations during 2017–2019. In the figure, the circle size represents the mean
(Equation (16)), whereas the color shows the STD at each TG location over entire Baltic Sea.

From Figure 6b,c, a seasonal pattern of HDM discrepancies is observed. Figure 6c
indicates that the maximum discrepancies in the HDM (~30 cm) occur from February
to March (winter–spring) and are the smallest during the autumn and summer seasons
(less than 20 cm). This could be due to river runoff, snow melting, and other effects
(e.g., steric effect) that may not be included in the original HDM (also cf. Section 3.1).
Note that for the purpose of this study, the HDM was only corrected at the time instants
of the SA cycles. In addition, from Figure 6a, the Swedish TGs (from TG#50 to TG#59)
have larger MEANHDM−TG (ϕTG, λTG) (~25 cm). This indicates that either the HDMs are
overestimating the DT more than usual or that there may be a problem with TG corrections
in this part of the study area. Compared to other stations in the Baltic Sea, the Latvian and
Estonian TGs (e.g., TG ID 12–19) have the largest STDHDM−TG (more than 9 cm), as well
as some Danish and German TGs (e.g., ID#31, 36, and 37) in Arkona Sea. The TGs with
larger STDHDM−TG may indicate problematic issues that require further examination for
future studies. For instance, some of these issues could be due to TG data inconsistencies
(including the TG zero level).
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Figure 6. Statistics of HDM discrepancies with respect to participating TG stations. (a) Means
(characterized by the circle size) and standard deviations (characterized by the colors) of discrepancies
between HDM and TGs (Equations (16) and (17)) during 2017–2019 over the Baltic Sea. (b) Monthly
average of HDM discrepancies over three years (Equation (16)). (c) Monthly average of HDM
discrepancies at six selected TG locations (one station in each country with the largest STD or mean).
TG IDs are explained in Figure 4a as well as in Table A1 (Appendix A).

3.2.3. Geoid Model

The NKG2015 gravimetric quasi-geoid model for the Nordic–Baltic countries was
developed by the NKG in 2016 [6]. It is referred to the Geodetic Reference System GRS80 el-
lipsoid and extends from 53◦ to 73◦N and from 0◦ to 34◦E with a grid spacing 0.01◦ × 0.02◦.
The NKG2015 quasi-geoid determination is based on the least-squares modification of
Stokes’ formula with additive corrections and using the GOCE/GRACE geopotential
model and corrected with a one-parameter fit to the national realizations of the EVRS and
has a good agreement with GNSS/levelling control points with a STD of 3.0 cm, whilst the
EGM2008 (global model) STD is 4.4 cm [6]. The NKG2015 model was used to retrieve DTSA
from satellite derived SSH data (i.e., DT = SSH-geoid). Various studies have estimated the
NKG2015 geoid error [24] that could reach up to 15 cm over certain marine areas. Such de-
ficient geoid modeling areas were associated with the poor coverage of marine gravity data.
Contrastingly, the global geoid models that are customarily used by the satellite altimetry
community are less accurate and with a poorer spatial resolution (typically 0.1◦ × 0.1◦).
The availability of such a high-resolution regional geoid model is clearly advantageous for
the SA-based DT determination in the present study.

3.2.4. Satellite Altimetry

In this study three satellite missions including Sentinel-3A (S3A), Sentinel-3B (S3B)
and Jason-3 (JA3) are examined to determine the DT. These missions have different charac-
teristics (Table 2) and track geometry (Figure 7). S3A and S3B have almost the same track
patterns and observed the same place on the Earth within 30 s. The main difference is that
S3B orbit flies ±140◦ out of phase with S3A. In addition, S3A/S3B uses SAR (synthetic
aperture radar) mode (by SRAL: Synthetic Aperture Radar Altimeter) whilst JA3 uses LRM
(low-resolution mode) over the global ocean (by Poseidon-3B altimeter). The characteristics
of the missions are summarized in Table 2.
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Table 2. The used SA missions and their main specifications.

Mission Altimeter Mode Altitude [km] Inclination [◦] Cycle [Days] Used
Retracker Launch Date

Sentinel-3B SRAL SAR 814.5 98.65 27 ALES+SAR Apr’18
Sentinel-3A SRAL SAR 814.5 98.65 27 ALES+SAR Feb’16

Jason-3 Poseidon-3B LRM 1336 66.04 9.91 ALES+ Feb’16
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Recent coastal SA retrackers including ALES+ and ALES+SAR appear to improve
the SA data quality [10]. In this study, the ALES+ retracker SA data products for the JA3
data and ALES+SAR for S3A and S3B [21] are used. The difference between ALES+ and
ALES+SAR is due to the different signal-to-noise ratios of the SAR mode VS LRM. ALES+
is a modification of ALES (Adaptive Leading-Edge Sub-waveform), which is based on the
Brown-Hayne functional form that models the radar returns from the ocean to the satellite.
This retracker uses sub-waveforms and adapts the fitting of the signal depending on the
sea state also on the slope of its trailing edge [21,45]. Based on ocean and coastal waveform
characteristics, it uses leading-edge detection for peaky waveforms. These data are pro-
duced by the Baltic+SEAL team project (www.balticseal.eu, accessed on 23 March 2021).
The Baltic+SEAL consists of a novel improved multi-mission sea level data product (neces-
sary corrections are applied) for the Baltic Sea, that has been created and validated using
the latest innovations in coastal altimetry and data processing. The data products are based
on the use of retrackers for both LRM (JA3) and delayed Doppler altimeters (including S3A
and S3B) [21].

Compared to the open ocean, SA data are degraded near the shoreline due to land
contamination on the radar echo, seasonal sea ice conditions, and corrections effect (e.g.,
wet tropospheric correction). This yields the altimeter measurements close to the coast
(~3 km away) to be flagged as poor data in the Baltic+SEAL dataset. In this study, quality
flagging has not been applied in order to assess all available data in the region. Instead,
this study applies an iterative data screening approach (cf. Section 2.1) for the removal of
the gross errors (|DTSA| > 1.5 m) and outliers (using STD and MAD filters, cf. Section 2.2).
However, some other corrections are still needed prior to further investigation to make the
SA data compatible with terrestrial data.

www.balticseal.eu
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SA data in Baltic+SEAL products are not directly compatible with TG data (instan-
taneous sea level data) as the former dataset is corrected for atmospheric pressure effect
using Dynamic Atmosphere Correction (DAC). Since the instantaneous DT is examined
in this study, the SA data needs to be de-corrected by adding the DAC back to the SSH
before the comparison [27]. In addition, these SA data are referenced to TOPEX/Poseidon
(T/P) ellipsoid and ITRF (realization 2008), while the TG observations are referred to NAP
and ETRF (European Terrestrial Reference Frame). Also recall that the NKG2015 geoid
model refers to the GRS-80 reference ellipsoid. The height difference between the ETRF
and ITRF in terms of ellipsoidal heights was applied to the SA data. Moreover, SA data
are in the mean tide system while TG readings adopt the zero-tide system [46]. Therefore,
the effect of these permanent tide systems is accounted for using [47] conversion into the
zero-tide system. In addition, the SA terrestrial reference frame needs to be transferred
from ITRF2008 to ETRFYYYY, which is an ETRF realization of the year “YYYY” related
to TG observations (in this study: 2017–2019), using the method described by [48]. The
aforementioned corrections are necessary to be accounted for to enable using SA data with
the modified HDM for retrieving absolute instantaneous DT. These steps are illustrated in
Figure 8.
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Figure 8. SA data preprocessing steps diagram including data filtering, harmonization,
and corrections.

In this study, more than 4 million S3A/3B and JA3 data points (Table 3) along
116 passes during 2017–2019 (131 cycles) were extracted from Baltic+SEAL 20 Hz data
products. These SA passes cross 74 nearby TGs; see Tables A2 and A3 in the Appendix A.
The numbers of used TGs are at maximum 16, at minimum 2, and 6 stations on average
for Jason-3 tracks and 13, 2, and 6 for Sentinel-3 tracks, respectively (cf. Table A2 in the
Appendix A). Table 3 shows the main statistics of these datasets. The SA data points
out of the HDM coverage (near the coastline) were excluded (cf. the number of outliers
in Table 3) for the consistency of the datasets. The number of locations represents the
persistent locations of SA data points in the cycles. The used different SA data periods
are also summarized in Table 3. Although the S3B mission was launched in April 2018,
the start of usable data is in November 2018. Thus, the S3B data before November 2018
were excluded in this study. Accordingly, in statistical evaluations (by Equations (10)–(12)),
92 cycles of JA3 (whereas the number of qualified cycles m = 82), 33 cycles of S3A (m = 29),
and 7 cycles of S3B (m = 6) over 3 years (2017–2019) were investigated.

Table 3. SA data details including total number of passes, observations, and outliers for the study
area within 2017–2019.

Mission Passes Footprint Locations (ϕs ,λs) VS (ϕVS ,λVS) Observations Outliers Cycle No. Data Period

S3A 42 42,536 6595 1,459,334 101,422 13–45 January 2017–May 2019
S3B 41 41,277 1396 267,084 19,767 19–25 November 2018–May 2019
JA3 33 20,483 9493 2,473,488 212,386 30–121 December 2016–May 2019

Total 116 104,296 17,484 4,199,906 333,575 131 cycles -
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4. Results

This section presents the statistical results of the method described in Section 2. The
main focus is on SA derived DT (from multiple missions) and its evaluation against
a corrected HDM both near- and offshore. The results and analysis are presented in
the following sequence: (i) examination of the SA along-track performance in terms of
∆DTSA−HDM (using selected SA tracks) and (ii) spatial evaluation of DT accuracy in terms
of MEANSA−HDM (ϕs, λs) and STDSA−HDM (ϕs, λs); in addition, (iii) the spatial pattern
of ∆DTSA−HDM where problematic (in terms of larger MEANSA−HDM) areas are identified.

4.1. SA Along-Track Performance

Figure 9 displays an example of the along-track DTSA for the S3A pass #272, which
stretches from the southwest to the northern Baltic Sea and represents a reasonable example
of the HDM and SA data quality and values (Figure 9b). In this figure, three cycles (18, 21,
and 26 in 2017) of DTSA for this pass are compared with the DTHDM−corr (green line).
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Figure 9. (a) Comparison of S3A pass #272 DTSA (blue dots) with the TG-corrected HDM
(DTHDM−corr) (green line) for 3 cycles (representing different seasons) in 2017. The DTSA mov-
ing average is denoted by the blue solid line, the grey zones showing masked near coast and land
areas, and the triangles denote locations of virtual stations; (b) the location of the S3A pass #272 in
the Baltic Sea.

The actual data points of DTSA are displayed (blue dots). The blue solid line shows
smoothed DTSA that was calculated as a moving average over a sliding window of 0.5◦ lat-
itude length across adjacent DTSA. The along-track RMSE between DTSA and DTHDM−corr
was estimated for each cycle.
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From Figure 9a it can be observed that: (i) Seasonal variations in DT (e.g., May 2017
varied within 5–20 cm, August 2017 within 20–40 cm, and December 2017 within 40–60 cm);
(ii) the SA data (blue solid line and blue dots) reveal more variation in DT compared to
the HDM data, which represents a fairly smooth surface; (iii) on approaching the coastal
areas (i.e., within the vicinity of the virtual stations), the SA data appear more scattered
(e.g., latitude 59–60◦ and 66◦). Most of the DTHDM−corr values appear to be slightly lower
than DTSA (e.g., latitude 54–56◦). In addition, DTHDM−corr provides long-wavelength
estimates of sea level by hourly temporal resolution and one nautical spatial resolution
(hence yielding a smooth profile). Contrastingly, DTSA provides instantaneous estimates of
sea level with ~300 m spatial resolution and consequently provides more detailed (higher
frequency) sea level features. Further investigation via MEANSA−HDM (ϕs, λs) about these
locations was performed with respect to each mission for the whole Baltic Sea and can be
found in Sections 4.2 and 4.3.

4.2. Evaluation of DT Accuracy and Identification of Problematic Areas

Comparing the differences ∆DTSA−HDM not only allows the DT accuracy to be de-
termined but also intuitively (by using statistics from Equations (10) and (11)) hints at
persistent or semi-persistent patterns at questionable locations that may exist. This compar-
ison allows for the identification of potential problem areas via the synergy of SA, corrected
HDM, TG, or geoid datasets (or any combination of those). Accurate sea level variability
is obtainable by utilizing a high-resolution quasi-geoid model (rather than the mean sea
surface). The geoid is the key component in determining accurate DT by SA and can be
used to validate different SA missions and determine the problematic area by multi-mission
comparison. This is examined in Section 4.2.2 in terms of the MEANSA−HDM (ϕs, λs) and
STDSA−HDM (ϕs, λs).

4.2.1. Along-Track MEANSA−HDM(ϕs, λs) over Baltic Sea

Figure 10 shows an example of statistics in terms of MEANSA−HDM (ϕs, λs) (Equation (10))
for four tracks of S3A (pass #158, #169) and JA3 (pass#111, #16) using all available cycles
during 2017–2019. These tracks were specially selected to represent an example of the
satellite data coverage from north–south and east–west of the Baltic Sea for both ascending
and descending passes. The pass numbers 158 (S3A) and 111 (JA3) are descending while
169 (S3A) and 16 (JA3) are ascending passes to represent a reasonable example of SA pass
coverage area in the Baltic Sea. The whole-track average of the MEANSA−HDM (ϕs, λs)
was also calculated and referred to (Equation (12)). The figure also includes the location
of each pass over the Baltic Sea (red line) and associated TGs (black triangles) in the
bottom row (Figure 10e–f). This examination allows for: (i) illustrating the spatially
persistent areas where discrepancies may exist; (ii) quantifying the discrepancy; and (iii)
provisionally identifying the source of the discrepancies. The previous section revealed that
SA shows more detailed variation than the corrected HDM, so some level of discrepancy
is expected. When, however, the discrepancy appears to be larger than expected (e.g.,
>±5 cm) and its shape appears to be abnormal (e.g., steep jumps), it can reveal the location
of problematic areas that may possibly be related to the data sources. Examination of the
standard deviation (dashed red line) assists with the identification of the persistent and
semi-persistent patterns that may exist. Figure 10 shows the possible discrepancy and hints
to the possible sources that may be the reason.
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Figure 10. Along-track MEANSA−HDM (ϕs, λs) for 4 SA passes ((a): S3A#158, (b): S3A#169,
(c): JA3#111, and (d): JA3#16) considering all available cycles during 2017–2019. The blue line
represents the moving median of MEANSA−HDM (ϕs, λs) and the dashed red lines represent the
moving standard deviation “envelope”. The average of MEANSA−HDM (ϕs, λs) is also denoted. The
bottom row (e–h) represents each pass location in the Baltic Sea. The grey zone denotes masked land
areas. The potential problematic areas are classified into three types. Yellow shaded regions: the
suspected geoid model problems; green shade: TG records problem (or the HDM problem); purple
shade: SA problem, possibly due to sea ice presence or land contamination.

Examination of these tracks shows that, in general, a difference (mean ∆DTSA−HDM)
of ±10 cm exists. The yellow masked areas in Figure 10a show the persistent locations
with sudden jumps (2–7 cm with respect to the nearby values) of ∆DTSA−HDM around 62◦

latitude. The standard deviation is smaller in this highlighted area, which verifies it is more
or less persistent. This hints that it could be probably due to geoid or HDM/TG deficiencies.
Further examination of five S3A passes that are present in this section of the Baltic Sea
(two descending (passes #158, #272) and three ascending (passes #169, #283, #37)) and cross
the Gulf of Bothnia hints that the problem is most likely due to the geoid (see Figure 11).
Figure 11 shows the MEANSA−HDM during 2017–2019, whereas the geoidal heights reveal
a suddenly decreasing slope from 20 to 17.5 m around the latitude 63◦. Note that the
identification of the geoid model as the potential source of the problem is representative
of the SA data since Equation (7) includes the geoid component. Further evidence of the
geoid model being the potential problem is also shown in Section 4.2.2, where all the SA
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cycles are examined (see Figure 12) as well as in Section 4.3, where the key problematic
areas are identified. Further future exploration is required for the final verification of the
possible sources since the intention of this study was to a develop method for SA-derived
DT and provisionally hint at problematic areas and their possible sources.
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Figure 11. The averaged MEANSA−HDM during 2017–2019 over the Gulf of Bothnia of S3A for two
descending (a) and three ascending passes (b), denoted in blue lines. The geoid undulations along the
passes are denoted in magenta-color lines (the different line styles represent each pass). The yellow
masked area is the location of steep geoid slopes, which may cause deteriorations in ∆DTSA−HDM.
The locations of yellow masked areas in the left-hand-side profiles are denoted by red rectangles in
the right-hand-side maps (c,d), whereas the NKG2015 geoid model is in the background. Note that
for pass#272 the drastic drop at 63◦ is most likely due to land contamination.
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Figure 12. Statistics of the along-track SA examination. (top row) Mean ∆DTSA−HDM, discrepancies
between SA along-track DT data (DTSA) and DTHDM−corr (MEANSA−HDM) during 2017–2019 for
(a) S3B, (b) S3A and (c) JA3 missions (Equation (10)). The |∆DTSA−HDM| > 20 cm are represented
as black dots in the MEANSA−HDM plots and this is excluded from the calculation of the RMSE
value of the whole basin per each mission (Equations (12) and (14)). In addition, (bottom row; (d–f))
associated STDs of ∆DTSA−HDM (Equation (11)) larger than 20 cm are denoted in black dots.

Deteriorations in ∆DTSA−HDM also occur around the latitude of 54–55.5◦ (Figure 10a,b)
with a deviation from 5 to 10 cm. The standard deviation varies and can be interpreted as
large, thus hinting at a semi-persistent pattern. However, in Figure 10a, Bornholm Island is
located in the purple highlighted area, where several large rocks exist within the near-coast
data corridor of the SA pass. In addition, around latitude 58.5◦ (Figure 10b,c), the SA passes
are located very close to the eastern coast of Saaremaa Island (cf. Figure 4 for its location),
Estonia. This could also hint at possible land contamination. Further examination into
these areas is also performed in Section 4.2.2 and Section 4.3.

At sub-arctic latitudes 63–66◦, (Figure 10a,c) a negative deviation from the zero line of
around 0 to −8 cm occurs. Notice that the standard deviation tends to be large at times,
thus hinting at semi-persistent patterns and possible seasonal trends. This suggests HDM
modeling or SA problems. One possibility for this may be due to SA not correctly tracking
the sea level due to sea ice presence (purple-masked area) during the winter months.
Similar observations are also made later on when examination of all the multi-mission SA
passes is performed in Section 4.2.2 (Figure 12). Sea ice charts were examined along with
the SA DT along-track data (Figure 13). The investigation strongly hints at this possibility
being due to the presence of seasonal sea ice in this area.

In addition, in Figure 10c,d, a large deviation (~3 cm) above latitude 61◦ near the
Swedish coast could be due to TG-corrected HDM (green masked area). The standard
deviation in Figure 10c is higher, thus hinting at semi-persistent patterns (e.g., seasonal
effects), whilst Figure 12d shows the standard deviation to be small, hinting at a persistent
pattern. Note that the employed method for HDM correction is quite robust. Nevertheless,
this method is still not errorless, so it is expected that some differences could also be due to
errors in the TG/HDM correction method applied. In addition, the Swedish TGs in this
area seem to have some problems compared to the other TGs in the Baltic Sea (cf. Figure 6).
These observations are also further examined in Section 4.3.
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Figure 13. Sea ice concentration over Baltic Sea for March (a) and June (b) 2017 (source: gridded ice
chart model available from Copernicus Marine Service Information) and the comparison between
DTHDM−corr (green) and DTSA (blue) over pass#158 in two cycles, cycle 15, March (c) and cycle 19,
June (d) 2017.

Note that whilst some of these discrepancies, especially the large and steep values,
were possibly identified to be related to limitations in SA (e.g., land contamination or sea
ice) and/or HDM/TG problems), it is more useful to examine all the SA track discrepancies,
which are explored further in Section 4.2.2. It is quite obvious from the examples shown
in Figure 10a–d that the along-track SA captures more realistic (detailed) variability in
the sea level than the HDM. This is due to the fact that the HDM is computed based on a
mathematical model that attempts to simulate the sea surface [2], whilst the SA measures
the actual instantaneous sea surface. Thus, the SA may be capturing more realistic small-
scale dynamics than the HDM (which provides a low-frequency smooth surface only).
Using this ability of SA, the SA data can lead to obtaining more information about sea level
behavior for future studies. This favorable SA ability can also contribute to exploring some
of the meso-scale dynamics that exist in the Baltic Sea (and other basins).
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4.2.2. DT Examination over the Entire Baltic Sea

Deeper examination of the accuracy of the along-track DTSA via multi-mission (S3B,
S3A, and JA3) was conducted by comparing the entire along-track DTSA with DTHDM−corr
at specific locations (ϕs, λs) in terms of MEANSA−HDM (ϕs, λs) and STDSA−HDM (ϕs, λs).
The key component in this comparison is that the HDM is now corrected via the TG
observations near the coast, so that DTHDM−corr represents accurate estimates along the SA
track. The DTSA and DTHDM−corr inter-comparison is illustrated in Figure 12, where the top
row shows the spatially averaged ∆DTSA−HDM along each SA mission track (Equation (10))
together with the mean and RMSE (Equation (14)) of these ∆DTSA−HDM over the entire
Baltic Sea for each mission, 2017–2019. The figure (bottom row) also indicates the along-
track STDs (Equation (11)) of these ∆DTSA−HDM for each mission.

Similarities and differences between JA3 with SA3/S3B in Figure 12 may help identify
the source of the problem. For example, differences between missions may indicate that
the problem may not be with the geoid or TG but most likely due to SA mission specifics
(e.g., some deficiencies in data capture or environment). This can be observed in the Bay
of Bothnia (above 63◦ latitude), which was identified as one of the areas with a large
∆DTSA−HDM (less than −20 cm) in Figure 12a,c for S3B and JA3. However, for S3A
(Figure 12b), the large values appear to mostly occur at the coast. This inconsistency
amongst the different SA missions suggests that the problem was not due to the geoid or
HDM/TG (for geoid and HDM/TG problems would show a consistent pattern). Instead, it
hints at a possible seasonal pattern and an association with this particular area of the Baltic
Sea. One possible reason could be sea ice. The northern part of the sea (62.1–65.8◦N) is
covered by sea ice during the winter–spring seasons (110–190 days of the year) [49]. The
Gulf of Bothnia is known for having seasonal sea ice; therefore, it may be challenging for
SA to track the sea surface correctly in the winter months. Figure 13 shows maps of sea
ice concentration obtained for the months of March and June 2017 (model by Copernicus
Marine Service Information, www.resources.marine.copernicus.eu) and the S3A pass#158
of cycle 15 (March) and cycle 19 (June) in 2017 of DTSA (blue dots) compared with DTHDM,
which shows for March that the ice extent covers these same areas with a high discrepancy,
whilst for the month of June, when no ice was present, the discrepancy was small.

In the Gulf of Bothnia, S3A appears to perform the best, whereas S3B performance in
this region was much poorer. However, it should be noted that the S3B data span covers
only 7 months during the winter/spring seasons (cf. Table 3), which makes for poorer
compatibility with SA derived DT (rather than S3A/JA3). In the figure, generally the JA3
associated MEANSA−HDM shows larger ∆DTSA−HDM due to the satellite constellation
(including orbit inclination), especially at sub-arctic latitude areas where the Jason mission
could not provide much reliable data (rather than the Sentinel series). Another reason could
be attributed to the SAR mode advantage (Sentinel-3) compared to the LRM mode (Jason-3)
in terms of retrieving more precise DTSA estimates. The SAR mode SA data reaches closer
to the coast [13], which also yields more scattered data. This is confirmed by Figure 11e,f,
where the S3A has more large errors (denoted by the black dots) near the coast than JA3.

Examining Figure 12 also shows that, within latitudes 60–63◦ (especially on the
Swedish shores), with all satellite missions, large differences ∆DTSA−HDM (7–20 cm) con-
sistently occur. This could potentially hint at HDM/TG related issues. For this particular
area, a similar problem was also identified in Section 3.2.2 for Figure 6a, where comparison
of uncorrected HDM-TG showed the largest residuals of around 25 cm for the Swedish
western coast and a seasonal trend, where it was at a maximum from February to March.
Given the observation that a seasonal pattern occurs, and that the standard deviation was
high, around 8–10 cm (Figure 12 d–f), there hints of issues with the HDM model itself, but
it is also possible that there may be an issue with the corrected HDM (due to the poor TG
data records).

For the southern Baltic Sea around Bornholm Island and Öland Island, large dis-
crepancies appear amongst all SA missions (10–20 cm). In addition, from Figure 12d–f
(STDSA−HDM), the standard deviation appears to be within the range of (4–6 cm). This

www.resources.marine.copernicus.eu
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standard deviation is considered to be more or less reasonabl; thus, a persistent pattern
(the black dots in Figure 12) shows the location of scattered SA data, which could be most
likely related to SA performance due to environmental/meteorological effects including
high land contamination and/or sea ice conditions over these regions, which cause certain
challenges for the DT estimations [50]. A similar identification was also found upon the
examination of the along-track data in Figure 12a–c (purple shaded areas). Moreover, large
∆DTSA−HDM values are also located within the complex coastal environments of the Baltic
Sea, such as the Åland Sea and the Archipelago Sea, where the geometric properties (e.g.,
presence of small islands) can significantly impact SA consistency. Over these areas, many
archipelagos, several small islands, and rugged coastlines exist. This area contains one
of the largest archipelagos in the world, having 30,500 islands and a 23 m average water
depth [51]. Over the Åland Sea and the Archipelago Sea, SA passes cross narrow and
shallow straits; therefore, land contamination may affect the SA results. Later in this study,
Figure 14 also identifies these areas as potentially being affected by land contamination or
sea ice in these areas and Figure 15c also shows SA along-track and how the SA data may
have been influenced upon approaching land.
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Figure 14. Problematic DT determination areas over the Baltic Sea. (a) Normalized mean of
∆DTSA−HDM (MEANSA−HDM) of S3A data (a) and JA3 data (b) over the Baltic Sea in 2017. The
problematic areas are enclosed by colored rectangles (and numbers) to classify the possible reasons.
Geoid: yellow, SA: purple, and HDM or TG: green. Four selected passes (two passes for S3A and two
passes for JA3) are specified to illustrate the possible reasons (cf. Figure 12).

In Figure 12a–c, large discrepancies ∆DTSA−HDM within the range of 30 cm are ob-
served at latitudes 59.6◦ around the western coast of Finland and in the eastern Gulf of
Finland. The small standard deviation values in these areas hint at a persistent pattern.
Thus, we assume that this may be due to possible geoid modeling problems for this area,
which was also identified in Figures 10a and 11, which more closely examined the SA pass
and the geoidal slopes. Later, Figure 15a,b (see Section 4.3) show that for both the S3A
and JA3 missions, the mean DT from SA is considerably far from that of the HDM within
latitudes 59.6◦ to 60◦. For instance, with the S3A pass at latitude 59.9–60◦ [~10 km], a
sudden difference in DTSA around 10 cm occurs, and with JA3 from latitude 59.6◦ to 59.8◦

[~20 km] the difference decreases 20 cm, and from latitude 60◦ to 60.2◦ increases again by
15 cm (these areas are shaded in yellow). In addition, the standard deviation was smaller
than 10 cm (see Figure 12e). This hints at a persistent problem and the evidence suggests
that it may be a geoid modeling problem.
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Figure 15. Along-track DT and MeanSA−HDM (Equation (10)) of four selected passes (cf., Figure 14).
The along-track mean DT of SA is denoted in blue dots (whereas the blue solid line is the moving
median of 0.5◦ latitude window) and HDM in green line (left axis). The MEANSA−HDM is represented
on the right axis by magenta color (a,c) for two S3A passes at almost the same locations as two JA3
passes (b,d). The problematic areas of possible geoid modeling are highlighted in yellow; the purple
areas are due to poor quality of SA data near the land (vertical dashed lines represent the locations of
islands). The grey zones mask land areas.

4.3. Spatial Pattern of ∆DTSA−HDM Discrepancies

It is important to identify the key areas that may be problematic and require further
attention. To accomplish this, the normalized MEANSA−HDM of the S3A and JA3 mission
for the entire Baltic Sea for the year 2017 (a full cycle to remove any seasonal effects) is
presented in Figure 14. The normalization was performed based on standard score (Z-
score) [52]. This indicates how much the MEANSA−HDM (ϕs, λs) values differ from the
whole Baltic Sea standard deviation (STDSA−HDM(mission/Basin)). In this figure, the areas
with large STDSA−HDM(ϕs, λs) (black dots locations in Figure 12e) are excluded, since they



Remote Sens. 2023, 15, 2189 26 of 37

are mostly due to land contamination at the coastal areas, which makes SA data more
scattered. The Figure 14a,b identify highly affected areas (larger MEANSA−HDM (ϕs, λs)
values) that can be explored further. By comparing Figure 13 with Figure 12a,b, the larger
discrepancies at the sub-arctic latitudes region are mostly due to the presence of sea ice in
the winter–spring seasons (cf. Section 4.2).

Colored rectangles in Figure 14a,b identify problematic areas where persistent large
MEANSA−HDM (ϕs, λs) estimates exist. Recall that the extremely scattered SA data with
STDSA−HDM larger than 20 cm are excluded from such comparisons. To identify the
source of the problems, a combination of site characteristics and previous knowledge is
utilized. These areas are classified in three groups. The yellow rectangles identify persistent
discrepancy areas in both S3A and JA3, which are due to the possible geoid deficiencies
that occur in the Gulf of Finland and perhaps also in the Bothnian Sea. Note that geoid
problems in the eastern part of the Gulf of Finland were identified earlier in [53]. The purple
rectangles identify mostly coastal areas or locations within the vicinity of islands. Possible
reasons for this could be poor SA performance near land and/or the environmental effects
of sea ice at sub-arctic latitudes. The green rectangles are mostly located on the Swedish east
coast and in the southern Baltic Sea. They are most likely related to HDM problems or TG-
related issues. Recall also that a large residual (HDM-TG) within 20–30 cm was identified
in these areas (Figure 6). In addition, frequent data gaps occur for TG#54 (Figure 4b) and
the gap in TG stations between the Lithuanian and Polish coastline (Figure 4a).

To illustrate better these problematic areas, some examples of the along-track mean of
DT from SA data and corrected HDM data over four selected passes are shown in Figure 15.
These passes are selected to demonstrate the problematic areas almost at the same location
for two different missions (S3A and JA3) during the study period (2017–2019).

Regarding Figure 15a,b, both the S3A and JA3 missions show that the mean DT from
SA is considerably far from that of the HDM within latitudes 59.6◦ to 60◦. For instance, with
S3A, the difference increases from 0 to −10 cm from latitude 59.9–60◦ [~10 km], and with
JA3 from latitude 59.6 to 60.2◦, the difference increases from 0 to −20 cm (yellow-shaded
areas). This drastic change in the middle of the sea is not reasonable in this section of
the Gulf of Finland. It is suggested that this is most likely a geoid-related issue; see [53]
also. In addition, Figure 15c,d show the scattering SA data (purple masked area) near
the land for both missions when the SA tracks approach the islands (vertically dashed
black lines) and the coast (gray masked area). However, the data for S3A are less scattered
than JA3, and it also has more data points near the coast. Note that for Figure 15a,b, the
moving average of 0.5◦ (blue line) appears to be large but still the dots show the SA pattern
in this area. Note that by comparing the different sources of sea level data and also by
using different multi-missions’ SA, it was possible to hint at the problematic areas and
problematic data source. This aspect, however, was not the main scope of the present study;
it can be thoroughly examined in another future study.

5. Discussion

The focus of this study was on deriving accurate DT from multi-mission SA data and
comparing its accuracy to a TG-corrected HDM (DTHDM−corr). Comparison with different
SA missions and different sources of data not only determined the accuracy of the SA
assessment but also indirectly identified problematic areas with different sources of errors.
According to our method, the TG-corrected HDM served as the “ground truth”. Since
DTSA is comparable to DTTG only at the coastline, there was a need for the along-track SA
data to be validated offshore using the corrected HDM (Section 2.1).

It should be considered that often, systematic biases between DTHDM and in situ data
exist (see Section 2.1). By measuring the bias of HDM at VS locations (BiasVS

HDM) using
adjacent TGs (Equations (1)–(6) and Figure 2), the inconsistency between the geoid-referred
TGs and HDM data (with undisclosed reference datum) was expected to be resolved, and
can now be utilized for the comparison with DTSA (Section 2.1). The average residuals
(bias) between HDM and TG (MEANHDM−TG (ϕTG, λTG)) varied from 10 cm to 35 cm,
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whereas in most cases the HDM overestimated the DT (Section 3.2.2). The maximum
residuals occurred in the Swedish east coast (TG ID 50–56) and some other locations on
the southern Baltic Sea and Latvian coastal area, e.g., near TG#16, 22, and 31 (see Figure 6).
The monthly average residuals of the HDM and TG over the Baltic Sea also displayed a
seasonal pattern (cf. Figure 6b,c), with maximum bias occurring during February to March
(winter–spring) and being the smallest during the autumn and summer seasons.

In the evaluations, the location-dependent discrepancies MEANSA−HDM(ϕs, λs) were
calculated after data filtering of each SA pass/cycle over the Baltic Sea (Equations (9) and (10)).
Hence, the MEANSA−HDM(ϕs, λs) represents the relative accuracy of the DTSA with re-
spect to DTHDM−corr. The uncertainties of SA data for each mission were evaluated in
terms of RMSE of the MEANSA−HDM(ϕs, λs). The RMSE(mission/Basin) estimates are
9 cm (for S3B) and 6 cm (S3A and JA6) in the entire Baltic Sea (cf. Figure 12b,c). Note that
for the S3B mission, only seven months of SA data were available for this study, which
may affect the reliability of statistics. Overall, the S3A dataset appears to be superior
to the S3B and JA3 ones. Consequently, the SAR mode altimeters (especially for S3A)
provide more accurate instantaneous DT estimates over the LRM-associated ones, which
can be more affected by local geometric impacts. In addition, the Sentinel constellation
and geometry of the orbits (due to the satellite orbit inclination and altitude) led to better
results in the Baltic Sea rather than the Jason mission, especially over sub-arctic latitude
areas (Figure 12a–c). The improved algorithms and additional corrections (especially for
sea ice and land contamination) that were employed in the Baltic+SEAL data may have
also improved the results compared to standard retrackers as in [10], although our analysis
shows that there is still some space for improvements, especially within coastal areas.

The comparisons of DTSA with DTHDM−corr (Equations (9)–(14)) were performed
and evaluated spatially. The results of the mean and STD of the deleted discrepancies
(Equations (10) and (11)) and Figure 11) showed larger values in the complex part of the
Baltic Sea at the coastal areas, where the presence of the archipelagos and small islands
affect the retrieval of DTSA (cf. Section 4.2). This also demonstrates that our algorithms
for removing the outliers can also be improved, as in this study a common method (see
Section 2.2) was used for all the data both at the coast and offshore. However, it was
observed that outliers remained, especially in the complex archipelago areas. An alternative
would be to use smaller window lengths in the final stage of outlier removal. In addition,
in the northern part of the Baltic Sea (Gulf of Bothnia), the presence of seasonal sea ice
conditions caused poorer quality in SA data due to limited opportunities for SA beams to
interact with the open water.

These problematic areas were extensively made better identifiable by performing the
normalization of MEANSA−HDM(ϕs, λs) by Z-score. These results indicate that sea ice may
still be a major problem affecting the quality of SA data. Land contamination, especially
in areas such as the Baltic Sea where numerous archipelagos exist, due to the deviation
of returned radar waveforms is another source of errors. In addition, some other regions,
e.g., part of the eastern Swedish coast, may reveal TG issues (such as inadequate/incorrect
correction applied, gauge zero problems, also a lack of enough TG stations near the Russian
coast) and HDM problems. Geoid-related problems were also identified, e.g., in the eastern
part of the Gulf of Finland (Figures 12 and 14) cf. also [53].

It should be noted that in this study the corrected HDM was considered to represent
the offshore “ground truth”. Whilst this was necessary for the method to be implemented,
it also has its limitations. The examination of the along-track SA data (Figure 9) shows that
SA represents the sea surface more realistically than the HDM model. In fact, the SA data
in the offshore areas show the actual variation of the sea surface compared to the HDM,
which represents an unrealistically smooth sea surface. In addition, in most cases, the HDM
data underestimates the DT compared to SA. The residuals ∆DTSA−HDM (Equation (9))
also show that almost 95% of the data varied from −10 to +20 cm. These variations are a
key component in examining mesoscale ocean dynamics. It can also lead to the need to
improve the HDMs, which can be explored for future studies.
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In general, the performance of all tested SA missions appears to be within their design
requirements after data processing and corrections (cf. Figure 2). Furthermore, by com-
parison of retrieved DTs (∆DTSA−HDM) in the local regions, the problematic areas can be
determined. These areas could have special characteristics that could lead to large discrep-
ancies/inconsistencies. The reasons can be categorized as (i) environmental/meteorological
effects including land contaminations and sea ice conditions; (ii) inconsistencies in TG
readings (e.g., due to zero-level issues) that affect the correction of HDM; (iii) problems
with HDM modeling; and (iv) problematic issues with geoid models. This study attempted
to identify the reasoning for some of these problematic areas, but in many cases, further
examination is required using other complementary data.

6. Conclusions

This study demonstrates a method for determining accurate dynamic topography
(DT) by incorporating satellite altimetry (SA) data of Sentinel-3A (S3A), Sentinel-3B (S3B)
and Jason-3 (JA3) missions in conjunction with a tide gauge (TG) corrected Nemo-Nordic
Hydrodynamic Model (HDM). A core component in this study was the access to a high-
resolution NKG2015 quasi-geoid model that allowed retrieval of accurate DTSA over the
entire Baltic Sea.

The method showed that, on average, the discrepancies between HDM and SA (i.e.,
Mean ∆DTSA−HDM) were in the range of ±20 cm (with an average of −1 to 3 cm and
RMSE of 5–9 cm over entire Baltic Sea) with standard deviations within 2 cm and 16 cm,
respectively. The SA data show more realistic sea level data compared to those of the
HDM, which tend to underestimate the DT variations. A spatial assessment of these
discrepancies showed critical areas that require further examination. For instance, the Gulf
of Bothnia revealed areas of large discrepancies, which hints that SA possibly has challenges
in determining the sea surface due to the seasonal presence of sea ice. In addition, on the
Swedish east coast and the Southern Baltic Sea, possible TG problems may exist. In the
eastern part of Gulf of Finland, it is possible that geoid-related problems exist.

The inter-comparison of SA missions confirmed that better DTSA results are obtainable
via SAR mode (S3A and S3B) rather than LRM mode SA missions (JA3), since much larger
∆DTSA−HDM values were found with respect to those obtained for the JA3 mission. This
fact emphasizes that the JA3 dataset is noisier than that of S3A, and also that the SRAL
altimeter for Sentinel-3 missions better solves the signal in the coastal band. In addition,
due to the Jason mission’s orbit and inclination over sub-arctic areas, JA3 could not provide
much reliable data. Hence, the Sentinel-3 missions provided more accurate results than
Jason-3 over Baltic Sea.

The presented methodology is a promising solution that provides more realistic
SA-based absolute sea level data. The method also allows identification of problematic
areas due to the limitations of the data sources utilized. For future studies, an iterative
approach can be implemented to identify and correct these problematic areas/sources.
In addition, utilization of newly launched altimetry missions, for instance the Sentinel-6
Michael Freilich satellite (launched in 2020) and the Surface Water and Ocean Topography
(SWOT) (launched in 2022), could lead to more precise and reliable estimates and enhance
our knowledge about sea level heights.
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Appendix A

Table A1. The used tide gauge stations.

ID TG Station (Country) Latitude (◦N) Longitude (◦E)

1 Narva-jõesuu EE 59.46905 28.04211

2 Kunda EE 59.52100 26.54173

3 Loksa EE 59.58447 25.70721

4 Pirita EE 59.46887 24.82081

5 Paldiski EE 59.35076 24.04932

6 Dirhami EE 59.20843 23.49693

7 Haapsalu EE 58.95801 23.52743

8 Heltermaa EE 58.86555 23.04714

9 Ristna EE 58.92121 22.05518

10 Roomassaare EE 58.21725 22.50377

11 Virtsu EE 58.57225 23.51126

12 Pärnu EE 58.38747 24.48196

13 Häädemeeste EE 58.03745 24.46360

14 Ruhnu EE 57.78354 23.26350

15 Salacgrı̄va LV 57.75528 24.35361

16 Skulte LV 57.31583 24.40944

17 Daugavgrı̄va LV 57.05944 24.02333

www.smhi.se
https://doi.org/10.17882/94461
www.imgw.pl
www.bsh.de
www.aaa.am.lt
www.keskkonnaagentuur.ee
www.videscentrs.lvgmc.lv
www.ilmatieteenlaitos.fi
www.smhi.se
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Table A1. Cont.

ID TG Station (Country) Latitude (◦N) Longitude (◦E)

18 Mērsrags LV 57.33472 23.13278

19 Kolka LV 57.73722 22.59278

20 Ventspils LV 57.39556 21.53444

21 Liepāja LV 56.51556 20.99944

22 Klaipeda LT 55.73024 21.08112

23 Gdynia PL 54.51770 18.55520

24 Leba PL 54.76340 17.55050

25 Ustka PL 54.58800 16.85380

26 Kolobrzeg PL 54.18660 15.55340

27 Swinoujscie PL 53.90840 14.25430

28 Greifswald DE 54.09280 13.44610

29 Sassnitz DE 54.51080 13.64310

30 Warnemünde DE 54.16972 12.10333

31 Travemünde DE 53.95810 10.87220

32 Rodby DK 54.65000 11.35000

33 Tejn DK 55.25000 14.83330

34 Rodvig DK 55.25420 12.37280

35 Dragor DK 55.60000 12.68330

36 Helsingborg sjöv SE 56.04460 12.68700

37 Barsebäck SE 55.75640 12.90330

38 Skanör SE 55.41670 12.82940

39 Ystad sjöv SE 55.42270 13.82570

40 Simrishamn SE 55.55750 14.35780

41 Karlshamn sjöv SE 56.15420 14.82130

42 Kalmar sjöv SE 56.67130 16.38880

43 Oskarshamn SE 57.27500 16.47810

44 Ölands norra
udde

SE 57.36610 17.09720

45 Visby SE 57.63920 18.28440

46 Västervik sjöv SE 57.74820 16.67470

47 Arkö SE 58.48430 16.96070

48 Landsort norra SE 58.76890 17.85890

49 Loudden sjöv SE 59.34130 18.13730

50 Forsmark SE 60.40860 18.21080

51 Bönan sjöv SE 60.73840 17.31860

52 Ljusne sjöv SE 61.20670 17.14520

53 Spikarna SE 62.36330 17.53110

54 Lunde sjöv SE 62.88650 17.87640

55 Skagsudde sjöv SE 63.19060 19.01190
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Table A1. Cont.

ID TG Station (Country) Latitude (◦N) Longitude (◦E)

56 Holmsund sjöv SE 63.68030 20.33310

57 Furuögrund SE 64.91580 21.23060

58 Strömören sjöv SE 65.54970 22.23830

59 Kalix-storön SE 65.69690 23.09610

60 Kemi FI 65.67337 24.51526

61 Oulu FI 65.04030 25.41820

62 Raahe FI 64.66630 24.40708

63 Pietarsaari FI 63.70857 22.68958

64 Vaasa FI 63.08150 21.57118

65 Kaskinen FI 62.34395 21.21483

66 Mäntyluoto FI 61.59438 21.46343

67 Rauma FI 61.13353 21.42582

68 Föglö FI 60.03188 20.38482

69 Turku FI 60.42828 22.10053

70 Hanko FI 59.82287 22.97658

71 Helsinki FI 60.15363 24.95622

72 Porvoo FI 60.20579 25.62509

73 Hamina FI 60.56277 27.17920

74 Kronstadt RU 59.96670 29.75000

Table A2. SA pass numbers nearby used TG stations.

TG ID S3A JA3 S3B 1

1 72,197,311,425,528,642 92,168,187 83,197,311,425,528,642,756

2 83,197,411,528 72,187 83,197,311,414,528

3 83,300,414,739 - 83,300,414,739

4 186,311,625 16 186,300,625,739

5 72,186,511,625 16,111 186,511,625

6 72,511 16,111,194 72,397,511

7 72,511 194 72,397

8 397,72 111,194 72,283,397

9 283,683,728 111,194 728,283

10 72,169,283,728 118 72,169,186,283,397

11 72,186,397 187,194 72,186,397

12 186,300,511 187,194 186,300,511

13 300,511 187,194 300,511

14 186,283 187,194 72,169,186,283

15 300 118,187 397

16 300 118,194 397

17 397,283,300 118 283,300,397

18 300,186,283 118 283,300,397,186
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Table A2. Cont.

TG ID S3A JA3 S3B 1

19 72,169,186,283 118,187 283,72,169,186

20 55,169,728 187,118 55,72,169

21 55,597,711,728 187,42 55,72,597,711,728

22 369,483,597,711,728 187,220,9,144,187,220 72,369,483,597,711,728

23 369,500,597,614,728 144,187,68 141,255,369,483,500,597,614,728

24 255,369,386,500,614,27 187,68 141,255,369,386,500,614

25 27,141,255,272,386,500,683 68,187,246 141,255,272,386,500,683

26 27,158,272,386,569,683 246,68,11 27,158,272,386,569,683

27 44,158,272,455,569,683 246,111 44,158,199,272,455,569,683

28 44,455,700 246,111 44,158,199,272,455,569,683

29 44,227,341,455,700 35,111,170 44,158,199,341,455,569,700

30 113,227,244,341,472,586,655,700 35,170 85,113,216,227,341,541,558,586,672,700

31 113,227,244,358,472,586,655,769 35,170,213 85,113,216,227,358,472,541,558,586,655,672,769

32 113,227,244,341,358,472,586,655,769 35,170,213 85,102,113,216,227,244,341,358,472,541,
558,586,655,672,769

33 158,569,683,27,44, 68,111 569,683

34 341,586 246,35 85,199,216,341,455,586,672,700,769

35 455,586 246,35 199,216,455,586,672

36 16,130,244,341,358,455,472,586 137,213,246 16,102,130,199,216,227,244,302,341,358,
444,455,472,541,558,586,672,758

37 455,586 35,246 16,102,130,199,216,302,455,586,672,758

38 455,586,700 246,35 199,341,455,569,586,700

39 44,569,700 - 199,700

40 27,44,569,683,700 68 27,44,569,683

41 227,44,141,158,683 68,144 27,44,141,158,683

42 27,141,158,255 144 27,141,158,255

43 158,255,369,386,483,500 35,144,220 158,255

44 158,255,369,386,483,500 35,144,220 158,255,369,386,483

45 386,483,597 35,220 158,255,369,386,483

46 158,255,369,483,500 35,220 158,255,369,483

47 158,369,483,500 42,220 158,369,483,597

48 158,272,369,483,597 42,118,213 158,272,369,386,483,597

49 272,4,597,711 118,213 272,711

50 44,158,272,711 61,118,137,194,213 44,158,272,711

51 44,700,711 61,137,194 44,700

52 44,700,711 61,194,239,16 700,711

53 55,700,711 61,92,239,16 55,169,711

54 55,169,283,700 92,163,168,239,244 55,169,283,700

55 44,169,283,397,511,700 163,168,244 44,169,397,511,700
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Table A2. Cont.

TG ID S3A JA3 S3B 1

56 44,283,397,511,625,739 11,66,87,142,163,218,244 44,283,397,511,625,700,739

57 44,83,625,739 11,40,66,87,116,142,163,189,218 44,83,158,197,311

58 59,158,197,272,428 14,37,113,116,189,192 83,158,197,272,311,425

59 272,311,386,425,539 14,87,113,116,189,192 272,311,386,425,539

60 272,311,386,425,539 14,87,113,116,189,192 272,311,386,425,539

61 386,425,500,539 11,40,87,116,189,192 311,386,425,539

62 197,311,386,425,500 11,40,87,116,142,163,189,192,244 83,197,272,386,625,739

63 197,272,311,386,511,625,739 66,142,163,218,239,244 83,197,272,386,625,739

64 272,511,625,739 61,66,142,168,239,244 272,511,625,739

65 272,386,511 61,92,137,168,244 272,386,511

66 386,397 61,92,137,168 272,386,397

67 272,397,500 92,137,213 283,386,397,500

68 158,169,272,283,386,500,614 16,35,118,194,213 169,272,283,386,397,500,597,614

69 283,397,500,614,728 16,35,213 283,386,397,500,614,728

70 72,397,511,614,625,728 16,35 72,283,397,511,614,625,728

71 83,186,300,625,739 92,111 72,83,186,300,625,739

72 83,186,197,300,414 92,111,186 83,186,197,300,414,628,739

73 83,197,300,311,414,425,528,642,756 111,168,187 83,197,300,311,414,425,528,642

74 311,425,528,539,642,756 168,187 100,311,425,539,642,756
1 Pass number before final phase (before Nov 2018) also mentioned in the table but were excluded from the
analysis.

Table A3. TG stations near SA passes.

JA Pass# TG ID S3 Pass# TG ID Crossed Over

9 21,22,23 16 36

11 56,57,58,60,61,62 27 24,41,25,26,40,42

14 58,59,60 44 27,28,40,41,51,56,57,58,55,50,52,29,39

16 4,5,6,70,69,68,52,53 55 20,53,21,54

35 29,30,31,32,34,35,38,37,43,44,45,46,70,69,68 72 6,8,10,19,7,11,5,70,1,22

37 58,59 83 2,72,63,58,3,71,73,57

40 57,58,61,62 113 30,31,32

42 20,21,48,47 130 36

61 50,51,52,53,64,65,66 141 24,42,25,41

66 63,64,56,57 158 59,50,47,46,43,26,27,41,42,44,48,68,58

68 23,24,25,40,41,26 169 20,68,54,19,10,55

87 56,57,60,61,62 186 18,14,5,71,4,72,11,12,19

92 1,2,71,72,65,66,67,53,54 197 58,62,73,1,2,72,63,59

111 26,27,28,9,8,6,5,72,73,71,29 227 29,31,30,32

113 58,59,60 244 30,32,36,31

116 57,58,59,60,61,62 255 23,43,44,24,25,42,46
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Table A3. Cont.

JA Pass# TG ID S3 Pass# TG ID Crossed Over

118 50,49,48,68,10,14,15,16,17,18,19 272 25,48,65,64,60,67,26,27,49,50,68,63,59

137 36,50,51,65,66,67 283 55,9,10,19,54,56,68,69,14,18,17

142 56,57,62,63,64 300 72,3,12,13,15,17,71,73,4,16,18

144 21,22,23,41,42,43,44 311 1,73,62,59,74,58,60,61

163 62,63,54,55,56,57 341 29,32,34,30,36

168 1,72,73,74,66,65,64,55,54 358 31,32,36

170 29,30,31,32 369 47,44,22,23,24,46,48,

187 73,74,1,11,12,13,14,18,2,19,20,21,22,23,24,25 386 24,45,68,63,66,60,61,62,65,25,26,44

189 57,58,59,60,61,62 397 55,67,69,8,11,17,66,56,70

192 58,59,60,61,62 414 2,73,3,72

194 50,51,52,68,15,13,12,11,9,8,7,6 425 60,62,74,1,73,61,59

213 31,36,48,49,50,67,68,69,32 455 27,28,38,37,36,29,35

218 62,63,57,56 472 30,31,36,32

220 21,22,45,44,43,46,47 483 48,45,22,49,47,44,46,23

239 52,53,54,63,64 500 23,67,68,61,62,69,24,25,47,44,46

244 54,55,56,63,64,65 511 6,12,70,56,5,13,7,64,65,63,55

246 25,26,27,28,34,35,36,37,38 528 2,73,1,74

539 74,61,60

569 39,26,27,40

586 32,34,35,37,30,31,36,38

597 21,49,22,23,45,48

614 23,69,24,70,68

625 4,71,64,56,5,70,63,57

642 1,73,74

655 30,31,32

683 25,41,26,27,40,39

700 28,39,52,55,51,53,54,40,38,29,30

711 21,50,52,22,49,51,53

728 9,20,21,22,70,23,69,10

739 3,71,63,57,64,56,58

756 74,73

769 31,32
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