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Abstract: Satellite altimetry (SA) is one of the most valuable
techniques that measure the sea level data at both the near-
coast and offshore. There exists, however, multiple chal-
lenges and hindrances in determining and using accurate
sea level data. The most pertinent is that evaluation of SA
performance requires that all data sources (such as tide
gauges (TG) and hydrodynamic models (HDMs)) refer to
the same vertical datum. Thus, knowledge of the geoid (equi-
potential surface of the earth) is essential in linking different
sources of sea level. Accordingly, this study examines per-
formance of along-track data for three satellite missions
(Sentinel-3A, Jason-3, and Sentinel-6A) to obtain realistic
sea level variation and to determine the accuracy of the
various missions in the complex area of the eastern Baltic
Sea. The methodology consisted of utilizing SA, HDM, and TG
data and a high-resolution geoid model. Results show that
root-mean-square error (RMSE) varied for Jason-3 within a
range of 1.68-50.14 cm, Sentinel 3A with a range of 2.8-46.27
cm, and Sentinel 6A with a range of 3.5-43.90 cm. Sentinel
6A was determined to be the most accurate and reliable satel-
lite mission. Results also showed higher RMSE (15.7-46.2 cm)
during (i) the seasonal sea ice month (e.g. March 2018); (ii) at
locations of several islands (e.g. eastern section of Gulf); and
(ii)) at locations where rivers discharged into the Gulf (e.g.
Nava, Kemi, Luga, and Neva rivers). These features tended
to show up as peaks in the final results even though robust
data processing for outliers were undertaken. These results
suggests that improvements can still be made in the SA
retrackers and also in the data-processing techniques utilized.
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1 Introduction

Satellite altimetry (SA) is an advancing technology that is
constantly being improved and perfected over different
satellite missions to capture sea level at both the coast
and offshore area. Currently (as of year 2022), there are
eight SA missions observing the Earth (CyroSat-2, HY-2A,
HY-2B, SARAL, Sentinel-3, Jason-3, Sentinel-6, SWOT) (Grgic
and Basi¢, 2021). With satellite missions being utilized for
various purposes and with new advanced features being
implemented, it is important to examine the performance
of some of the newest satellite missions. This is essential to
determine whether the new advances implemented (e.g.
corrections, retracking algorithms) actually improve the
accuracy and quality of sea level data. As a result, this study
examines the accuracy of the Sentinel-3A and Jason-3A (both
launched in 2016) and the recent Sentinel-6A (launched in
2020) mission. However, to actually access the sea level accu-
racy of a particular satellite mission requires that some sea
level source serves as the ‘ground truth’. Fortunately, there
exist several other potential sources that can be utilized.
For instance, some of the most common sources of sea level
data are tide gauges (TG), SA, and hydrodynamic models
(HDMs). Whilst these sources are capable of obtaining the
sea level, they, however, are often limited in their capabil-
ities by different resolutions (in both space and time) and
dissimilar or unknown vertical reference datum (Jahan-
mard et al,, 2021). It is important to note that these various
sources will also have different constraints based on their
method of acquirement (e.g. models vs in situ). Intuitively,
however, comparison of different data sources potentially
allows determination of the problematic issues (both spa-
tially and temporally) among the data sources. Nevertheless,
for this to be effective, it is first essential that all the different
sources be referred to the same vertical datum and that one
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of the sources should be identified as representative of the
“almost ground truth.”

This study explores a method for deriving sea level
data obtained from TG, HDM, and SA to a common vertical
datum, with basically TG representing the “almost ground
truth.”

TG records are known for being one of the most reli-
able sources of sea level. Typically, their vertical reference
datum refers to some chart datum (e.g. some historic mean
sea level, lowest astronomic tide) or a physical model like
the geoid (IHO, 2020). One major limitation of TG is that
they are often land bounded, which means that they do not
represent offshore domain (Mostafavi et al., 2021). HDMs, on
the other hand, can simulate sea level data for both coastal
and offshore areas. They are based on a series of Navier—
Stokes mathematical equations, which try to attempt to
model reality by using meteorological and hydrological
data (Lehmann, 1995; Ophaug et al., 2015). Nevertheless, a
major disadvantage of HDM is that the vertical datum is
often undisclosed. This implies that only reliable and avail-
able source of sea level for both near-coast and offshore
is SA.

The basic measurement process of SA measurement is
that a pulse of radiation with known power is transmitted
from the satellite towards the sea. The pulse interacts with
the rough sea surface and part of the incident radiation
within the altimetric footprint reflects back to the radar
altimeter, which records the returned echo of the pulse.

Using SA data, the time and thus the distance (range) of
the altimeter to the target (liquid) surface is determined.
Knowledge of the precise positioning of the satellite itself
allows the altitude of the satellite to be calculated. The
difference between the altitude of satellite and the range
allows the sea surface height (SSH) to be derived. The ver-
tical reference of SSH, however, is the reference ellipsoid
(Figure 1).

This indicates that whilst SSH is useful and many stu-
dies have reliably used SSH for validation (Mostafavi et al.,
2021; Birgiel et al.,, 2019) and climate change studies, it does
not represent the sea level with respect to a physical sur-
face but to the reference ellipsoid, which is a mathematical
model. For satellite data to realistically represent sea level
data, the geoid should be utilized. The geoid represents the
shape of the equipotential ocean surface under the influ-
ence of the gravity and rotation of Earth alone (i.e., without
the influence of winds, tides). This indicates that the geoid
can be considered as the natural “zero” which represents a
stable physical vertical datum. The geoid gives an under-
standing of realistic heights and depths. The importance of
accurately defining the geoid is that the dynamic topo-
graphy (DT) can now be derived by subtracting SSH from
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Figure 1: Involved data types, vertical datum, and interrelations between
them (Jahanmard et al., 2021).

the geoid (N), i.e., SSH-N. This concept is illustrated in
Figure 1. Deriving DT now allows realistic physical knowl-
edge of that sea level that can be used to determine ocean
current (GGOS, 2022), sea level variations (Mostafavi et al.,
2023), and so on. Calculation of DT also allows comparison
with other sources of sea level data, which shall be explored
in this study. Once the TG vertical datum is referred to the
geoid (TG-based DT is used here), it indicates that it is com-
patible with the SA-derived DT.

Both sources are now referred to the same common
vertical datum. This indicates that the HDM is the only
other source that is not referred to the geoid. To make
the HDM compatible with the TG and SA requires develop-
ment of a method to refer the HDM sea level data to the
geoid. Several studies have attempted such development
by using the geoid-referred TG to shift the HDM data
(Jahanmard et al., 2021, 2022). This study utilizes a similar
approach as that performed in the study by Jahanmard
et al. (2021) by using simple linear interpretation. Thus,
once both TG and HDM data are referred to the geoid, a
comparison can be made with different satellite missions.
For such a method to be implemented requires (apart from
SA sea level data) a reasonable network of TG data that are
referred to the geoid, an accurate high-resolution geoid,
and a HDM. The Baltic Sea region is a study site that has
been fortunate to have access to mentioned high-resolution
datasets and well-developed regional geodetic infrastruc-
ture. The Baltic Sea is known for its’ many archipelagos,
complex coastlines, and presence of sea ice, which has
made it challenging for obtaining accurate sea level data
(Passaro et al., 2021). Due to these characteristics and
varying sea level dynamics of the Baltic Sea, it is important
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to access how accurate the SA-derived sea level data are in

the region. Thus, this research focuses on examining the

accuracy of multi-mission SA data in the eastern section of

Baltic Sea — the Gulf of Finland.

Previous studies have examined the accuracy of var-
ious SA derived sea level data for the Baltic Sea (Mostafavi
et al., 2021; Birgiel et al., 2018, 2019; Liibusk et al., 2020). For
instance, Mostafavi et al. (2021) reported the obtainable
accuracy as of 8.5-7.7 and 3.9-5.0 cm for JA3 and S3 re-
tracked datasets, respectively. Whilst Birgiel et al. (2018)
reported that Sentinel-3 accuracy varied from 5.2-19.9
and 6.4-13.5 cm. These studies used different time periods,
and the actual derivation of the DT was not performed.
This study now examines a different perspective of using
SSH instead as done in many earlier studies. We now
derive the DT to examine the realistic sea level variation
and the accuracy of various satellite missions. Sentinel-6 is
one of the newest SA missions being explored in this study.

Sentinel-6 Micheal Freilich satellite was launched in
November 2020, but its high-resolution data became only
available from November 2021 (ESA, 2021). Limited studies
have been performed on the accuracy of Sentinel-6 SA
derived DT, and it is expected that the results of this study
can be used for further improvements in sea level deter-
mination. Given that each new SA mission is with improve-
ments, the following questions are now examined in this
study: (i) What is the performance of the different missions
and (ii) Do new satellite missions and re-trackers improve
the accuracy of sea level data? As a result, this study exam-
ines the performance of three different satellite missions,
Sentinel-3A, Jason-3, and Sentinel-6A, at two different time
periods —Sentinel-3A in 2018 and Sentinel-6A and Jason-3 at
the end of the year 2021 and beginning of 2022. The newest
contribution examines the latest Sentinel-6A satellite mis-
sion that is comparable to the results of Jason-3 satellite
mission because they pass over the Gulf of Finland at the
same track with around 2 min apart. To compare the per-
formance of all three satellite missions, two aspects are
explored:

(i) Along-track perspective — compare SA and HDMs to
determine the realistic sea level data (i.e, DT) and
the accuracy of the SA and

(ii) Inter-comparison of SA missions may hint of proble-
matic areas or with sources of data.

The organization of this article is as follows: Section 2
presents the methodology section where the developed
methodology is described. Section 3 describes the study
area where some essential characteristics of the Gulf of
Finland is described. Section 4 is an essential part of the
study where the processing of the different SA missions are
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described in detail. Section 5 continues with a description
of the HDM and TG data sources used. Section 6 presents
the results of the data analysed followed by a discussion.
Section 7 presents the conclusion where the main findings
are summarized.

2 Method

Due to the fact that every data source used in this study
uses various reference ellipsoids or arbitrary vertical datum,
the methodology consisted of various data examinations and
interpolations, such as correction for the ellipsoidal correc-
tion, adding land uplift, calculating DT and removing outliers.
This can be viewed in Figure 2 for each data source used.
Methodology is explained in detail in following subsections.

2.1 Satellite derived DT

The basic concept of satellite measurement is that the satel-
lite altimeter sends pulse-like signals of known power
towards the sea surface. After interacting with the sea sur-
face, the pulse is reflected back from the sea surface to the
altimeter, where the two-way travel time is computed. This
gives the variable range R,y of the satellite. From the
reference ellipsoid, hg, is determined and the SSH is calcu-
lated (cf. Figure 1):

SSH(@, A, t) = hsa — (Rops + cOIT), (6]

where the corr term represents all the corrections used to

compute SSH. For example, these corrections consists of

dry tropospheric correction, wet tropospheric correction,
dynamic atmosphere corrections (DACs), and so on. In this
study, two other corrections are applied.

(i) The ellipsoidal correction dh corrects the SSH data due
to usage of different reference ellipsoid. This correc-
tion is taken into account (e.g. by Jekeli (2006)), while
calculating SSHg, for Sentinel-3. (Sentinel-3A data are
referred to Topex-Poseidon reference ellipsoid, whereas
the rest of SA data and the geoid model are referred to
GRS-80.)

(i) The second correction is DAC. This correction is auto-
matically removed from the SA data when down-
loading the data from the database, and therefore, it is
de-corrected. The reason for this is to compare the instan-
taneous data from various sources, e.g. TG records reflect
the instantaneous atmospheric pressure. The SA-derived
SSH at locations (¢, A) is then obtained:
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Figure 2: Flowchart of the methodology applied.

SSHsa(9, A, t) = SSH(g, A, t) + DAC — dh,  (2)

where SSHga(, 4, t) is the SA derived SSH.

Due to the SA footprint being contaminated by different
causes, such as islands and coastal marine traffic, the outliers
need to be removed. Outliers usually appear as steep peaks
along the SSH track graphs. Outliers are removed by two
steps — firstly for every data point which is over 40 cm than
the average SSH value of adjacent data points and secondly
by rmoutliers function (MatLab 2020), which removes outliers
from the remaining data.

To obtain a more realistic representation of sea level,
DT is calculated by subtracting geoidal height (N) from the
instantaneous SSH:

DTSA(QJJ A, t) = SSHSA((", A: t) _N((D’ A) (3)

DT represents the physical sea level as signals from
both low and high frequency (GGOS, 2022) that can further
be evaluated for detecting ocean currents, eddies, and so
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on. Hence, this DT, is used for comparison with TG station
records and the HDM model data in our study.

2.2 DT of TG

This study utilizes TG from both Estonian and Finnish
coasts; however, they refer to different vertical data. On
the Finnish side, the TG data are referred to the theoretical
mean sea level, and on the Estonian side, the TG data are
referred to the Estonian vertical data EH2000. Since the
theoretical mean sea level is an arbitrary value, a conver-
sion term is added to change the values to N2000 (the
Finnish national height system). Both vertical datums of
N2000 and EH2000 are national realizations of the Baltic
Sea Chart Datum 2000 (BSCD2000) and therefore to the
same geoid model (Varbla et al., 2022a).

Also the TGs of both Estonian and Finnish coasts are
corrected for the vertical land motion (VLM), estimated



DE GRUYTER

from the NKG2016LU model (Vestgl et al., 2019). The abso-
lute sea level (ASL) is calculated as follows:

ASL(p, 4, t) = RSL(p, A, t) + VLM(g, A, ©)
x (t - ty),

where RSL(g, 4, t) is the relative sea level measured by TG,
VLM(o, A t) is vertical land motion, ¢ is the time epoch of
interest, and the ¢, is reference time-epoch (Varbla et al.,
2022b). Time epoch t for this study is either 2018 or 2022
depending on the satellite mission examined, and the
reference time-epoch ¢, is for the year of 2000. The annual
VLM values used for this study are less than 1cm/year.
Since the land uplift value in our study area is positive,
then this correction increases artificially the TG DT values.

@

2.3 DT of HDM

To validate the SA offshore points, a regionally computed
HDM is used. Essentially, the results of HDMs used in this
study are equivalent to DT, but not referred to the geoid.
The HDM usually provides hourly estimation of gridded DT
for a time period. Due to an unknown vertical datum in the
HDM, a shift between TG of both Estonian and Finnish
coasts, and the HDM is found.

This shift (Shiftypy) essentially marks the difference
between TG and HDM model values, whereas it depends on
the coordinates of viewable time period of the TG:

Shiftupm(@rg, Arg, tre) = DTupm(@qg, Arg, tre)
— Dre(@rg, Are, tre).

(5

The shift (Shiftypy) is calculated and applied to the
original HDM model through linear interpolation to match
with the TG values. In Figure 3, the shift is marked as a blue

line. It is named as corrected HDM (DT!DM):

DTen (@, A, t) = DTupm(@rg, Arg, trg)
— Shiftgpm(@rg, Are, tre).

(6)

Difference between SA-derived DT (DT(p, A, t)) and
corrected HDM (DTIPM(g, A, t)) at a location and time
instant ¢, 4, t is found by:

ADT(p, A, t) = DTsa(p, A, t) -DTHM(g, A, 1). (D)

This is the basic quantity that is used for evaluating the
accuracy and performance of each SA dataset.

Root-mean-square error (RMSE) is used to measure dif-
ference between values of corrected HDM and the values
observed from SA. In this study, the RMSE (RMSE(#track, t))
explains the difference between satellite-derived DT and the
corrected HDM.

Performance of along-track multi-mission satellite altimetry == 5
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Figure 3: Example of tide gauges of both Estonian (vertical datum:

EH2000) and Finnish (vertical datum: N2000) coast as well as corre-
sponding original HDM at the same time instant with corrected HDM.

(ADT(¢, A,0)):

RMSE(#track, t) = (X -ADT(g, 4, O)n), ()

where n stands for the number of data points in the cycle.

3 Study area

The Baltic Sea is a semi-enclosed sea located in northern
Europe which are surrounded by several countries. It can
be characterized as an estuarine environment, with fresh-
water being sourced from the numerous rivers that sur-
round it and salt water sourced from the Atlantic Ocean
that infiltrates via the narrow Danish straits. The Baltic Sea
is divided into several subsections based on the geomor-
phology and bathymetry. This study examines the perfor-
mance of SA in the Gulf of Finland that is located at the
eastern end of the BS (Figure 4a).

The Gulf of Finland is narrow and elongated, having a
length of approximately 400 km and a width of 48-135 km.
The mean water depth is around 38 m, and maximum
water depth is 123 m (Delpeche-Ellmann et al., 2021). The
Gulf is surrounded by three countries — Estonia, Finland,
and Russia. The dominant wind direction is south-west, but
it is common for northerly winds to also be prevalent.
Storm surges (Suursaar and Sooddr, 2007) and coastal
upwellings (Delpeche-Ellmann et al., 2017) are also quite
prevalent in the Baltic Sea with a more or less seasonal
trend. Typical wave height ranges from 0.5 to 0.8 m, and
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Figure 4: Location of the study area (red rectangle): (left) the Baltic Sea region with bathymetry (HELCOM, 2018) and (right) Gulf of Finland including
its largest rivers Neva, Kymi (Kymijoki), Narva, and Luga (Emelyanov et al., 2017).

maximum wave height can be around 5.2m (Soomere
et al., 2008). Mean sea surface topography in the Gulf can
range from 20 to 29 cm (averaged over 2014-2019) and
occurs mostly in the eastern section of the Gulf of Finland
(Kollo and Ellmann, 2019), and the extreme sea level
maxima was 4.21m in 1824 (Wolski et al., 2014). The Gulf
has cliff-like or low-lying coastline with multiple penin-
sulas. The coastal area has many archipelagos, big islands,
and rocks within 10 km from the coast, which makes it a
challenge for SA. Sea ice is also present in the winter
months and in some winters can even almost completely
cover the whole sea area. However, improved satellite
postprocessing algorithms are expected to improve the
SA results in sea ice areas (Passaro et al., 2021).

Changes in Gulfs’ sea level are mainly influenced by
several components that depend on the time scale investi-
gated. Since the time frame under examination in this
study is 2018 and 2021/2022, the short-term influences
(yearly, seasonally, daily, etc.) are expected to occur.
These short-term influences are mainly due to variation
in the water balance caused by water exchange in
the Danish Straits (e.g. saltwater intrusions from the
Atlantic), and river runoff (e.g. Neva River which is
one of the largest rivers in the Baltic sea (Figure 4b))
and ice melt are often the main drivers. On much shorter
time frame (e.g. weekly, daily, and hourly), other loca-
lized events also affect the sea level. The majority of
these events tends to be influenced by the meteorolo-
gical factors, especially the winds. The Gulf of Finland
has precise TG network (Figure 5). The Baltic Sea coun-
tries are also fortunate to have a high-resolution geoid
model (NKG2015).

4 Used SA data

4.1 Sentinel-3A

Sentinel-3A is operated by ESA and EUMETSAT and was
launched in 2016. Sentinel 3A orbits at an altitude of 814.5 km
and an inclination of 98.65°. The along-track resolution is
around 300 m, and across-track resolution is 1.64 km (Table
D. It is equipped with a synthetic aperture radar altimeter
(SRAL) that operates in a synthetic-aperture radar (SAR)
mode. SAR mode indicates that the transmit signals are
sent in bursts, and this allows for an inter burst interval
to receive the reflected pulses. It differs from the conven-
tional low-resolution mode (LRM) used by previous satellites
(except CRYOSAT) in that transmit and receive signals are
reprocessed incoherently. In the SAR mode, it is expected
that a noise reduction and a finer along track resolution would
exist (Dinardo, 2020). For Sentinel 3A, both SAR mode and
LRM are available, but in this study, solely the SAR mode
was utilized. The Sentinel 3 data used in this study were
obtained from the Baltic + SEAL dataset, which was obtained
from http://balticseal.eu/data-access/. This dataset has specified
algorithms derived for the Baltic Sea conditions, for instance,
for the Sentinel 3 data, the ALES + SAR retacker was imple-
mented, which are used for the delayed Doppler altimeters,
and it adopts a simplified version of the Brown-Hayne func-
tional form to track the leading edge of the waveform. The
ALES + SAR is expected to improve sea level estimation espe-
cially at the coast and sea ice (Passaro et al., 2021).
Sentinel-3A satellite pass cycle is in every 27 days and
10 tracks cover the Gulf. Depending on the date of the first
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Figure 5: The study area of the Gulf of Finland with used tide gauges (pink circles) and used satellite tracks (Sentinel-3 in yellow, and Jason-3 and

Sentinel-6 in red).

pass over the year, there could be either 13 or 14 passes in 1
year. In this article, passes # 0414, 0511, 0528, 0397, 0739,
0083, 0197, 0311, 0425, and 0625 were used. The passes
0528 and 0414 are descending, and the rest of passes are
ascending.

4.2 Sentinel-6

Sentinel-6A is a new satellite developed by a cooperation
with ESA, EUMETSAT, NASA, National Oceanic and Atmospheric
Administration (NOAA, 2020), and European Commission along
with support from the CNES French space agency. It was
launched in November 2020 and equipped with a Poseidon-4
SAR Radar altimeter (that provides high-resolution mode
and LRM measurements) and a microwave radiometer.
The LRM is matched with Sentinel-6 mission’s predecessor
Jason-3, and this is to ensure the continuity of Jason satellite
missions. The altimeter was also designed to bring the new
high-resolution Ku-band synthetic aperture radar measure-
ments into the altimetry reference time series, so that the
enhanced high-resolution data can be provided with abso-
lute confidence (ESA, 2021).

Similar to Sentinel 3A, the Sentinel-6A satellite alti-
meter is equipped with SAR capabilities; however, the
orientation of the passes shall be different, and the repeat
time is shorter. The improved re-tracker is expected to
derive better results. The low-resolution data were released
in July 2021, and the high-resolution data were released in
November 2021 (ESA, 2021). In this research, both high-

resolution and low-resolution datasets were examined.
Sentinel-6 satellite cycles repeat every 10 days, and there
exist five tracks that cover the Gulf. Since the high accu-
racy Sentinel-6 data became available from November
2021, only five or six passes over the Gulf of Finland
have been used at the period on November 2021-Feb-
ruary 2022. The Sentinel 6 data were downloaded from
EUMETSAT Earth Observation Portal https://eoportal.
eumetsat.int/.

4.3 Jason-3

Jason-3 is developed in a partnership of EUMETSAT, NASA,
and an international cooperative mission in which NOAA is
partnering with the Centre National d'Etudes Spatiales
(CNES, French space agency). It was launched in 2016 and
equipped with Poseidon-3B altimeter with dual frequency
(Ku/C bands 13.575 and 5.3 GHz). It is a pulse limited alti-
meter that operates in LRM. The along track resolution is
~300 m (Mostafavi et al., 2021). Reprocessed standard data
can be downloaded from EUMETSAT Earth Observation
Portal https://eoportal.eumetsat.int/.

Jason-3 satellite pass cycle is the same as for Sentinel 6,
also the Jason-3 tracks coincide with Sentinel-6 tracks;
therefore, these two satellites and their measurements
are comparable (Table 2). In the following research, the
passes # 0111, 0168, 0157, 0092, and 0016 are used, whereas
the passes 0111 and 0157 are descending. The tracks follow
Sentinel-6 Micheal Freilich at the same latitude and
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Table 1: Summary of types of data used for each satellite mission

Across-track resolution (km)

Along-track resolution (m)

Altitude (km) Inclination (°) Cycle period (days)

Re-tracker

Mode

Altimeter instrument

Mission

Lenne-Liisa Heinoja et al.

1.64
10
10

~300
~300
~300

27

98.65
66

814.5
1,336
1,336

ALES + SAR

SAR
SAR

SRAL

Sentinel3A
Sentinel6A

Jason-3

9.91
9.91

HR Star tracker
Ocean ML4

Poseidon-4

66.64

LRM

Poseidon-3B
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inclination. Time difference of track measurement between
Jason-3 and Sentinel-6 is about 2 min.

4.4 SA corrections

Since different satellite missions are used, it is important to
acknowledge the various atmospheric and geophysical cor-
rections implemented to derive SSH. It is also essential that
the vertical reference frame for the ellipsoid be common (e.g.
Sentinel-3A is in Topex-Poseidon system, and Sentinel-6A and
Jason-3 are referred to GRS80 reference ellipsoid), and this
correction is implemented in Section 2.1 in equation (2). The
tide system used for all sources of data should also be similar,
so that all missions are in zero-tide permanent tide system,
which means that all used data including the geoid model and
TG are corrected to be tidal free (Varbla et al., 2022b).

4.4.1 Sentinel-3A corrections

After obtaining the satellite orbit height (Hpyiruqe) and satel-
lite altimeter range (R), there is a need to apply different
atmospheric and geophysical corrections to derive the SSH.
The following equation displays the algorithm, which is
implemented by default to the Sentinel-3A products:

SSH = Hyjituge — (R + WT + DT + iono + SSB + DAC
+ SET + PT + ROC),

9

where SSH is obtained by default from the S3A data (Baltic +
SEAL project). The wet tropospheric (WT), dry tropospheric
(DT), and ionospheric (iono) are atmospheric propagation
corrections due to radar pulse passing through Earth’s atmo-
sphere. Sea state bhias, DAC, solid Earth tide, and pole tide
(PT) are classified in the geophysical corrections, which
refer to the systematic geophysical effects that can be mod-
elled and corrected. The radial orbit error (ROC) is a new
correction that was derived and is based on multi-mission
cross-calibration. This correction was developed to ensure a
consistent combination of all different altimetry missions.
The default DAC that was included in the SSH was de-cor-
rected from the SA data (by adding it back to SSH) because it
is needed to compare the instantaneous data from various
sources (Mostafavi et al., 2021).

4.4.2 Sentinel-6 corrections

Similarly, to Sentinel-3A corrections, from knowing the satellite
orbit height (Hginqge) and satellite altimeter range (R), there
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Table 2: Summary of types of data used for each satellite mission

Performance of along-track multi-mission satellite altimetry =—— 9

Data used for processing/satellite Sentinel-3 Sentinel-6/Jason-3

Hydrodynamic model Nemo Nordic HBM-EST

Geoid model NKG2015 NKG2015

Land uplift model NKG2016 (for vertical land motion) NKG2016 (for vertical land motion)
Tide gauges Estonian and Finnish Estonian and Finnish

Year observed 01-12/2018 November 2021 to February 2022
Number of tracks, that pass the Gulf of Finland 10 5

Repeat period 27 days 10 days

is a need to apply different atmospheric and geophysical cor-
rections to derive the SSH. The following equation displays the
algorithm, which is implemented by default to the Sentinel-6A
products:

SSH = Hyjituge — (R + WT + DT + iono + SSB + DAC
+ SET + PT + ROC + OT2 + OTA + IT),

(10)

where, in addition to Sentinel-3A corrections, geocentric
ocean tide height solution (OT2), non-equilibrium long-
period geocentric ocean tide height (OTA), and internal
tide (IT) are also included (EUMETSAT, 2021).

The DAC is also decorrected for this satellite mission.

4.4.3 Jason-3 corrections

Similarly, to Sentinel-3A, the SSH is computed by using
equation (9). The DAC is also de-corrected for this satellite
mission. The DAC also includes inversive barometric height
correction, which is computed from interpolation of two
meteorological fields at the altimeter time-tag.

5 Used terrestrial data and models

5.1 Hydrodynamic models
5.1.1 Nemo Nordic HDM

Nemo-Nordic is a three-dimensional coupled ocean—sea ice
model. It is especially accustomed for the Baltic Sea and
North Sea areas (Hordoir et al., 2019). This HDM was devel-
oped by the Swedish Meteorological and Hydrological
Institute (SMHI), and it is originally based on the NEMO-
3.6 ocean engine (Nucleus for the European Modelling of
the Ocean). In this study, the data utilized are an assimi-
lated version of the Nemo-Nordic model, which has an
hourly temporal resolution and a horizontal resolution

of 1 nautical mile. The time period for this model is 3
December 2016 until 15 April 2020. The data are obtained
from SMHI (SMHI, 2021), and it is expected to perform
better in regard of sea level predictions considering pre-
vious studies due to the higher quality of model set up
settings and data assimilation techniques employed (Hor-
doir et al., 2019; Karna et al., 2021).

5.1.2 HIROMB-EST

HIROMB-Boost HDM (HBM-EST) was developed in the Marine
System Institute in Tallinn University of Technology. It is a
three-dimensional baroclinic eddy-resolving circulation model,
and it is specially tuned to the Estonian waters. The horizontal
resolution of the model is of 0.5 nautical miles. HBM-EST
models’ open boundary is located at the Danish Straits.
There are two auxiliary models used to accurately correct
the HBM-EST HDM model — a high-resolution limited area
model to examine atmospheric forcings (HIRLAM) and for
freshwater inflow the daily data from the river runoff model
HBV. Sea ice data were obtained from the Louvain-la-Neuve
sea ice model (LIM3) (Vancoppenolle et al., 2012). The
HBM-EST data were retrieved from http://emis.msi.ttu.ee.

5.2 Geoid model NKG2015

The NKG2015 gravimetric quasi-geoid model for the Nordic-
Baltic countries has been developed by the Nordic Geodetic
Commission (NKG). It is utilizing zero permanent tide system,
and epoch 2000.0, referred to the Geodetic Reference System
GRS80 ellipsoid, extends from 53° to 73°N and from 0° to 34°E
with a grid spacing 0.01° x 0.02°. The NKG2015 geoid model is
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 (Agren et al,, 2016). The
NKG2015 model is used to retrieve DTs, from SSH data (i.e.
DT = SSH-geoid). The availability of such a high-resolution
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regional geoid model is clearly advantageous for the SA-based
DT determination in the present study.

5.3 Land uplift model NKG2016LU

In the Baltic Sea, the official land uplift model NKG2016LU
is used to describe land uplift. The model is also compiled
by the Nordic Commission of Geodesy (NKG). The model
was released in 2016 and covers an area from 49° to 75°
latitude and 0° to 50° longitude. The NKG2016LU model is
an empirical model, which is computed from observations
using the least squares collocation. Model consists of geo-
detic observations, NKG levelling, and also GNSS observa-
tions although no TG are used to deliver the model. The
NKG2016LU final levelled model is independent from any
TG or other sea level-related sources. Model can adapt
different time periods depending on the year observed
(Vestgl et al., 2019).

5.4 Tide gauges

In this study, the TG data are referred to theoretical mean
sea level (Finnish TGs) and EH2000 (Estonian TGs). Since
the theoretical mean sea level is an arbitrary value, a con-
version is needed to add to convert the values to N2000
(Finnish height system). N2000 and EH2000 correspond to
Baltic Sea Chart Datum 2000 (BSCD2000) and therefore to
the geoid. The Baltic Sea Chart Datum 2000 (BSCD2000) is a
specially developed geodetic reference system to be used
for hydrographic surveying and engineering. BSCD2000
is based on the EVRS, and the zero level of which is in
accordance to NAP and height reference system is Earth’s
gravity field’s equipotential surface (Schwabe et al., 2020).
According to Varbla et al. (2022a), the BSCD2000 will be
compatible with the national height system realizations
of the Baltic Sea countries (e.g. EH2000, N2000, and RH
2000) and will coincide with national geoid models to allow
height transitions.

6 Results and discussion

This section presents the DT results obtained from TG,
HDM, and SA from three missions (S3A, S6, and JA3).
Results are presented as follows: (i) an examination of
DT at specific TG stations for both the Estonian and
Finnish side of the gulf; (ii) a comparison of DT from
HDM and SA; and (iii) RMSE values obtained from the three
SA missions.
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6.1 DT at TG stations

The TG from both Estonia and Finland served as a ground
truth for the methodology applied; thus, it was necessary to
have an impression of the DT variation across and along
the gulf. The method utilized required that a TG be located
on either side of the gulf with the distance (varies from 69.9
to 156.5 km) between the utilized TG from Estonia to
Finland. Also, as expected, the DT from both shores were
not exactly the same. To demonstrate this variation in DT
(taken at a hourly time instant to represent different sea-
sons/months), an example is shown in Figure 6a at four TG
stations (Kunda, Heltermaa, Helsinki, and Hamina). The
year 2018 was chosen to represent the S3A data set and
2021-2022 for the S6/]3 to show this variation.

For the whole year of 2018 (S3A), the DT TG values on
the Estonian side appeared within the range (-60.4 to
+151.2) cm, whilst on the Finnish side, it varied from
-66.6 to +149.6 cm. However, the difference between both
sides (from Estonia to Finland) varied from 1.0 to 50.0 cm.
Also, along the Gulf of Finland, the DT varied from west to
east from -40.5 to +108.5 cm and north to south from -64.7
to +151.8 cm. A more or less seasonal variation was also
observed, and in the winter months, DT TG values were
lower (-10 to —20 cm) than the summer (10-15cm) and
autumn (30-35cm). In the middle of the spring, the DT
was also surprisingly quite low (=10 to +20 cm). This may
indicate that most of the ice melting and large quantities of
water have already balanced throughout the gulf, and the
DT was now most likely affected by other factors (e.g.
winds, storms).

The DT TG variation for 2021-2022 (Figure 6) was
different in range compared to 2018. For instance, on
the Estonian side, the range of DT varied from -33.6 to
+84.7 cm, whilst on the Finnish side, it was from -61.1 to
+80.1 cm. Thus, in 2018, the extreme values were somewhat
larger than in 2021. The difference between both sides
(from Estonia to Finland) was the same as in 2018 which
varied from 1.0 to 50.0 cm. Along the Gulf of Finland, DT
varied from west to east between -33.6 and +75.5cm and
DT in north to south was 10.7-84.7 cm. These larger values
towards the east (which occurred both in 2018 and 2021/
2022) are usually expected due to the Neva River (located
in Russia) having one of the largest river discharges that
drain into the gulf. Also the southern side, Gulf of Finland
may experience mostly higher DT levels due the predomi-
nant south-westerly winds that push water towards the south
shore. Examination of the seasonal differences throughout
the year showed more or less a similar pattern as 2018,
with the winter months being the lowest (e.g. December
with a DT range of 20-30 cm). However, in January (a winter
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Tide gauge values at four different times throughout 2018
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Tide gauge values at four different times throughout 2021-2022

esf

60 - ; .0-*"’
55
50
a5

40

35

25

20r

A
14

23.5

Kunda
Helsinki

Heltermaa
Hamina

245 25 25.5 26 26.5 27 27.5
longitude, degrees

225 23 24

Figure 6: DT TG variation throughout the time periods. (left) Dynamic topography for tide gauge stations of Heltermaa, Helsinki, Kunda, and Hamina
for the year of 2018 to represent S3A data (left) and 2021-2011 to represent the S6/J3 data (right). The yellow line represents 15 October 2018 12:00, the
red line represents 15 July 2018 12:00, the green line represents 15 April 2018 12:00, and blue line represents 15 January 2018 12:00. (right) For 2021/
2022, the yellow line represents 15 February 2022 12:00, the red line represents 15 January 2022 12:00, the green represents 15 December 2022 12:00,

and blue line represents 15 November 2022 12:00.

month), the DT was actually higher (45-60 cm). This variation
demonstrates that there may exist some seasonal trend. The
pattern and DT value may unexpectedly easily change due to
the atmospheric forcing (e.g. winds) that may be present at a
particular time.

6.2 Sentinel-3A-derived DT

Ten tracks of Sentinel-3A that crossed over the Gulf of
Finland were examined. Tracks 0414 and 0528 are des-
cending, and all other tracks are ascending (Figure 7a).
These tracks of Sentinel3A are viewed and analysed for
2018 with respect to the derived DT for the SA, HDM, and
TG data. Since Sentinel-3A passes over the same sites every
27 days, this indicates that for every track, there shall be
around 13-14 passes within a calendar year.

Results show that in most cases, DT for the original
HDM was overestimated when compared to SA (e.g. tracks
0511, 0397, 0083, 0414, 0739, 0311, 0425) or underestimated
(e.g. tracks 0528, 0197, 0625) (Figure 7b). Such discrepancies
vary throughout the year (within 55.10 to +90.58 cm). Also,
as expected, the HDM DT results displayed a smooth sea
surface compared to the rough and varying SA data. This
characteristic demonstrates the difference in quality of
results due to the various methods used to collect sea level
data. With HDM being smoother due to the fact that it is
based on mathematical equations that simulate the DT,

whilst the SA sensor measures the actual sea surface and
its environment.

6.3 RMSE of Sentinel-3A data

A compilation of RMSE results is displayed in Table 3. The
general range of RMSE varied from minimum values of
2.8-13.15 cm and maximum values of 14.7-46.2 cm, so the
general range was between 2.8 and 46.5 cm. The lowest RMSE
values range was for track 0625, which is an ascending track
in the middle of the gulf and passes over Naissaar island
(Estonia) (Figure 8a). This also happened to be shortest track
of 60.6 km. The largest RMSE values are associated with track
0425, which is an ascending track at the end of the gulf (last
track to pass over the Gulf of Finland), and it passes over mul-
tiple of islands such as Beryozovye (Russia) islands (Figure 8h).
Near Archipelago along the Finnish coast, the effects of islands/
land contamination became noticeable. Figure 9a and b shows
an example of how these tracks were analysed.

Examination of the results presented in Table 3 shows
that there seems to be no correlation between minimum
RMSE (2.8-13.15 cm) and date/season of the minimum value,
and the minimum value varied for each month. This at first
hints that the performance may not be influenced by envir-
onmental conditions of the study area (e.g., seasons with ice,
river discharge). On the contrary, however, there seems to
be a correlation between maximum RMSE of 14.7-46.2 cm
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Figure 7: Satellite tracks that cross over the Gulf of Finland: (left) Tracks of Sentinel-3A (left) and (right) Sentinel 6/Jason 3 tracks. The location of used

tide gauges is denoted by the pink dots.

and date of the maximum value occurring — the maximum
RMSE values were calculated for March 2018. March hap-
pened to be the coldest month in 2018 with the coldest day
occurring in the first week of March (Siegel and Gerth, 2018).
Satellite imagery from EUMETSAT confirms the sea ice with a
maximum thickness of 50 cm in the Gulf of Finland near the
Hamina (Finland) station (Nietosvaara and Prieto, 2018). The
sea ice reports and ice charts (Figure 10) show the extent of
ice (BSH, 2018). This suggests that the satellite performance
may not be performing at its best when sea ice is present.
It was also discovered that most of the largest RMSE
values appear at the end of the Gulf of Finland using the

Table 3: Table showing the statistics of Sentinel -3A from 2018 results

Narva-Jdesuu, Kronstadt, and Hamina stations. In this part
of the Gulf, there exists several islands (Figure 11) such as
Vaindloo (Estonia), Gogland (Russia), and Maldi Tjuters
(Russia). Tracks 0197 and 0311 also pass over some of
the mentioned islands (Figure 11). This could also explain
the difference between tracks 0528 and 0414 (descending
tracks), which had the minimum RMSE values. Track 0528
crosses over Kilpisaari (Finland) and track 0414 do not cross
any islands in the middle of the Gulf of Finland (Figure 12a
and b). These four tracks are also located near some of the
largest rivers that run off to Gulf of Finland — Narva, Kemi,
Luga, and Neva.

Sentinel3 Estonia TG Finland TG Distance RMSE Date of the RMSE Date of the Mean
track between mini-imum  RMSE minimum maximum RMSE RMSE

Estonian TG and along the value (2018) along the maximum (cm)

closest SA point  track (cm) track (cm) value (2018)

to TG (km)
0625 Pirita Helsinki 17.41 2.83 02.04.2018 14.78 22.06.2018 8.8
0311 Narva-Joesuu Hamina 39.75 13.15 11.06.2018 36.59 22.03.2018 24.87
0197 Narva-Jéesuu Hamina 38.66 3.20 14.04.2018 22.96 18.03.2018 13.08
0739 Loksa Helsinki 18.2 4.49 03.05.2018 20.67 06.04.2018 12.58
0528 Kunda Hamina 38.4 1113 25.12.2018 29.19 04.02.2018 20.16
0414 Kunda Hamina 13.52 6.68 21.12.2018 30.30 26.03.2018 18.49
0397 Heltermaa Turku 85.92 479 26.02.2018 20.14 27.10.2018 12.46
0511 Dirhami Hanko 14.11 5.20 15.07.2018 19.19 02.03.2018 12.19
0083 Kunda Porvoo 8.871 5.23 19.01.2018 22.20 16.10.2018 13.71
0425 Kronstadt Hamina 46.33 9.19 21.12.2018 46.27 31.01.2018 27.73

(Russia)
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Figure 8: Examples of Sentinel-3A satellite track locations: (left) track 0625 and used stations of Pirita and Helsinki, which had the lowest RMSE and

(right) Track 0425 and station Kronstadt, which had the largest RMSE.
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Figure 9: Example of Sentinel-3A-derived DT results: (left) track 0625 for 6 March 2018 and (right) track 0425 at 8 August 2018.

It should be noted that the methodology employed
depended partly on how close to the TG the SA data points
are located. Table 3 shows that the closest SA data point
was within 8.87-85.97 km from the TG stations. The closest
TG station is at Kunda (ascending track) with a distance of
8.87km and the furthest is at Kronstadt with a distance of
46.33km and also at Turku a distance of 85.92km. This
difference in the distance between the TG and SA data
point did not appear to affect the RMSE.

All of the values for all the satellite missions between
TG and averaged 10 closest satellite DT points are negative —
which means that SA DT greatly underestimates the DT com-
pared to TG. The limitation of the data quantity and quality
was also noted through examination — there was around
90.5% more data points for Sentinel-3 than for Sentinel-6/
Jason-3, and this characteristic is common when com-
paring multi-mission SA data sets. It shows that the
Sentinel-3 data set may be statistically more reliable.
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Figure 11: Location of tracks (from west to east) 0414, 0197, 0528, and 0311 and the stations of Kunda, Narva-Jéesuu, Kronstadt, and Hamina.
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Figure 12: Example of Sentinel-3A-derived DT results: (left) descending track 0528 on 25 December 2018 and track 0414 on 21 December 2018, when

the minimum RMSE occurred (top), and (right) ascending track 0197 on 11
(bottom). The height represents DT in the vertical axis.

6.4 Sentinel-6A-derived DT

Five tracks of Sentinel-6 that crossed over Gulf of Finland
were examined. Track 0111 and 0187 are descending and
track 0168, 0092, and 0016 are ascending.

Since Sentinel-6 high-resolution data were available
only from November 2021, for the year 2021, the months
of November and December are used and for the year 2022,

May 2018 and track 0311 on 15 May 2018, when the high RMSE occurred

the months January and February were processed and
compared to the same time instance of Jason-3 passes.
The time difference between two satellite mission passings
at the same track is about 2 min. Therefore, both satellite
mission tracks and results are highly comparable. For the
years 2021 and 2022, the HBM-EST HDM was used. An exam-
ination of HBM-EST-derived DT show that in most of the
cases, the DT for the original HDM was overestimated (e.g.
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track 0016 (-40.88 to +1.93 cm)), underestimated (e.g. most of
the cases for the track 0187 (—40.65 to +1.93 cm) and 0092 (-31.4
to +13.30 cm)), and/or quite even compared (e.g., most of the
cases for tracks 0111 and 0168) to the TG values throughout the
months (minimum -33.64 to +84.78 cm in range).

6.5 RMSE of Sentinel-6A-derived DT data

Examination of Table 4 shows that there seems to be no
correlation between minimum RMSE and date/season of
the minimum value. Similar observation was also made
with S3 results. The minimum RMSE varied from 3.5 to 7.0
cm and maximum RMSE varied from 32.6 to 43.9 cm.
Minimum as well as a maximum RMSE occurred for track
0111, which is a descending track that begins at the opening
of the Gulf of Finland and crosses over the Gulf of Finland
almost all the way from west to east. Track 0111 is the longest
track of Sentinel 6A which crosses over the gulf. This track
also crosses over island of Osmussaar (Estonia) (Figure 13).

From Table 4, there seems to be a correlation between
maximum RMSE and date of the maximum value — for the
tracks of 0111, 0016, and 0168, maximum RMSE was recorded at
the same week of 7-13 February, and for tracks 0092 and 0187,
maximum RMSE was recorded at the same week of 13-16
November. The maximum RMSE varied from 32.6 to 43.9 cm.
Note, as mentioned earlier, there are around 90.5% less data
points for Sentinel-6A than Sentinel-3A, which was expected.

Results show that difference between HDM and TGs
vary greatly. Most of the largest range differences occur
for tracks of 0111 and 0016 (Figure 14a and b). Both of these
tracks are located at each side of the Gulf of Finland, so
there seems to be no correlation due to usage of different
TG. Although there seems to be a correlation between the
values and the dates they occurred — the minimum RMSE
occurred on the same week (27 December 2021 to 2 January
2022) (Figure 14a and b). The same is valid also for the
maximum RMSE values.

Figure 14a and b demonstrates the correlation between
low- and high-resolution Sentinel 6 A data. As mentioned in
Section 4.2, the difference between two resolutions lies in
the waveform bands used. For almost all the tracks, which
were examined, the SA DT is always lower than the TG
recorded data. This could indicate that SA data underesti-
mates the results, which could be due to the presence of sea
ice and/or some other SA corrections that have either not
been considered or not accurately represented. Sea ice in
the year 2022 was present until early March; therefore, sea
ice could be one of the aspects which hinder the RMSE
values as well as the DT of SA in Sentinel 6. This most likely

Table 4: Table showing the statistics of Sentinel-6A from November 2021 to February 2022

Mean

RMSE maximum along Date of the RMSE

Finland TG Distance between Estonian TG RMSE minimum along Date of the RMSE

Estonia TG

Sentinel-6
track

RMSE (cm)

maximum value

the track (cm)

minimum value

and closest SA point to TG (km) the track (cm)

237

11.02.2022
07.02.2022
13.11.2021
16.11.2021

43.90

02.01.2022
29.12.2021
01.01.2022
06.12.2021
15.12.2021

3.50
4.29
5.28
7.04
5.39

92.95
18.99
23.62
19.61

67.49

Porvoo
Hanko

Heltermaa
Paldiski
Kunda
Kunda

0m

21.84
21.18
22.32

39.39

0016

37.08
37.60
32.64

Helsinki

0092
0187
0168

Hamina

19.01

13.02.2022

Hamina

Narva-Jéesuu
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Figure 13: Tracks of Sentinel-6A and Jason-3, which pass over the Gulf of Finland. The track 0111 is marked by a yellow marker.

was not a technical problem regarding the satellite because
both Sentinel-6A- and Jason-3-derived DT showed compar-
able results.

6.6 Jason-3-derived DT

Similar to Sentinel 6, the same five tracks of Jason-3 that
crossed over Gulf of Finland were examined. Tracks 0111

4%T and HDM on 29-12-2021 of satellite track 016 (solution: cnescls)
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Figure 14: Example of Sentinel-6A-derived DT results: (left) Example of a
January 2022.

and 0187 are descending, and tracks 0168, 0092, and 0016
are ascending for this satellite mission (Figure 7b).

In general, the results of HBM-EST-derived DT show
that in most of the cases, the DT for the original HDM
were overestimated and/or quite even compared to the TG
values throughout the months (range: —33.64 to +84.78 cm).
Similar results were also made for S6. Most of the largest
range differences occur for the tracks of 0092 and 0187. Both
of these tracks have been examined in Kunda station. Both
of mentioned tracks also have a large average difference

6DOT and HDM on 02-01-2022 of satellite track 111 (solution: cnescls)
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between corrected and uncorrected HDM. This means, that
uncorrected HDM was mostly greatly underestimating the
DT. Comparing Sentinel-6A and Jason-3, the largest range of
differences between corrected HDM and SA DT for Sentinel
6A is for tracks 0016, 0187, and 0168 and that for Jason-3 is
for tracks 0111 and 0092 (-50.14 to +20.2 cm).

6.7 RMSE of Jason-3 data

Examination of Table 5 shows that there seems to be no
visual correlation between minimum RMSE and date of the
minimum value. The minimum RMSE is between 1.6 and
111cm and maximum RMSE is between 28.8 and 50.1cm.
Minimum as well as a maximum RMSE occurs for track 0111,
which is the descending track that begins in the opening of the
Gulf of Finland and crosses over the Gulf of Finland almost all
the way from west to east. Track 0111 is the longest track of
Sentinel-6A and Jason-3, which crosses over the gulf. This track
also crosses over island of Osmussaar (Estonia) (Figure 13).

There seems to be visual correlation between maximum
RMSE and date of the maximum value — for all of the tracks,
the maximum RMSE was recorded at the period of 2 weeks
at the end of January and in the beginning of February 2022.
The maximum RMSE was between 29.8 and 50.1cm. Note
that there are around 90.5% less data points for Jason-3 than
Sentinel-3A, which means that the RMSE calculation is
affected by the quality and quantity of the data points.

Comparing Sentinel-6A and Jason-3 results, most of the
minimum RMSE occurred in December 2021 (in range of
4.29-8.81 cm). The range of minimum RMSE values is smaller
for Sentinel-6A than Jason-3. For both satellite missions, the
maximum RMSE mostly occurred in the month of February
2022 (in range of 29.86-43.9 cm). The range of the maximum
RMSE values is smaller for Sentinel-6A than Jason-3. From this
comparison, we can deduce that Sentinel-6A results are more
stable than the Jason-3.

Tables 3-5 examine the results of Sentinel-3A, Sentinel-
6A, and Jason-3 in terms of RMSE and the date of its max-
imum and minimum occurrence. As mentioned earlier,
most of the maximum RMSE values occurred in March
2018 for Sentinel-3A, in November 2021 and in February
2022 for Sentinel-6A, and at the end of January and begin-
ning in February for Jason-3.

6.8 Discussion of the results

The results reveal that in most cases, the HDM model
tended to overestimate the DT results (this range of

Table 5: Table showing the statistics of Jason-3 from November 2021 to February 2022

Mean

Date of the RMSE
maximum value

RMSE maximum along

Date of the RMSE
the track (cm)

minimum value

RMSE minimum along

Finland TG Distance between Estonian TG
the track (cm)

Estonia TG

Jason-3
track

RMSE (cm)

and closest SA point to TG (km)

25.91

22.01.2022
07.02.2022
10.02.2022
25.01.2022
03.02.2022

50.14

11.02.2022
17.02.2022
12.12.2021

26.12.2021
25.12.2021

1.68
11.13
6.59
4.62
8.81

92.95
18.99
23.62
19.61
67.49

Porvoo
Hanko

Heltermaa
Paldiski
Kunda
Kunda

0m

26.07
18.22
21.71

41.01

0016

29.85

Helsinki

0092
0187
0168

38.81

Hamina

19.33

29.86

Hamina

Narva-Jéesuu
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Table 6: Summary of the values gathered during data processing
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Satellite Most minimum Most minimum RMSE  Most maximum Most maximum RMSE Nearest good point
mission RMSE (cm) (track #) RMSE (cm) (track #) distance to TG (km)
Sentinel-3A 2.83 0625 46.27 0425 8.87
Sentinel-6A 3.50 01M 43.90 01M 18.9
Jason-3 1.68 01M 50.14 01M 18.9

variation was as follows: S3: 2.83-46.27, S6: 3.5-43.9, ]3:
1.68-50.14 cm). Also as expected, the HDM along track DT
results was rather smooth compared to the SA, which
showed more variation along the track. This observation
hints that SA data due to actual measurements may be
capturing more realistic sea level estimates. Difference
between uncorrected and corrected HDMs was between
-5.51 and +49.74 cm.

Concerning the along-track perspective, the RMSE results
for all the satellite missions was between 1.68 and 50.14 cm
(Table 6). With the largest RMSE difference occurring in
values for the Jason-3 mission (difference of 48.46 cm) and
smallest difference in values being for the Sentinel-6A
mission (difference of 40.4 cm). This difference could be
due to the new and improved altimeter (Poseidon-4 SAR)
or improved corrections that were applied (see Section 6.2).
Large RMSE values were present near the eastern end of
the Gulf of Finland, and this could be due to the location of
the satellite passing near the large Neva, Narva, and Luga
rivers (Figure 4) where the river discharge may possibly
affect the results. Thus, the influence of river discharge on
SA data capture should be examined for future studies.

On the basis of results of this study, our assessment
shows (in terms of RMSE values) that the most accurate
and reliable satellite mission appears to be Sentinel-6A.
Also, although there were some large distances between
closest coast point and TG (maximum value of 18.9 km),
the overall RMSE values seems to be unaffected (Table 6).
The smallest RMSE values occurred where the distance
between TG and SA DT was the largest (e.g. tracks of 0397
and 0197 of Sentinel-3A).

The RMSE results appear to be season and weather
dependent (Tables 3-5), for larger discrepancies occurred in
the winter months when sea ice was present (especially with
Sentinel-6A). Thus, future studies could enhance methods for
determining the sea level when sea ice may also be present.
Large RMSE values also occurred in summer or autumn,
which could be the result of storms or other unpredictable
coastal processes. Such observations were also presented in
the study by Birgiel et al. (2019).

It was also observed that when some of the tracks
crossed islands, higher RMSE values occur. This indicates

that the presence of islands still influences the performance
of SA derived data, even though the outliers caused by islands
were automatically and manually removed. This could be an
issue with the method used in the retracker to estimate sea
level or the outlier removal method used in this study.

Compared to previous studies (Mostafavi et al., 2021;
Birgiel et al., 2018), the time periods used is different, and
the actual derivation of the DT was not performed. When
comparing the results between Jason-3 and Sentinel-3A for
all the studies, the results show that performance for Sen-
tinel-3 is more reliable and can be considered more accurate
for both SSH and DT. Mostafavi et al. (2021) and Birgiel et al.
(2018) also examined closeness to coast and data quality near
numerous islands that exist in the Gulf of Finland. It was noted,
that the islands and closeness to coast affected the results in
terms of data quality, number of data points, and distance to
coast. Both the aforementioned previous studies discovered
outliers near islands and coast. This shows that the SA post-
processing stage can still be improved in this study area.

It should be noted that the SA data sources consisted of
different time periods (Sentinel-3A was every 27 days and
for Sentinel-6A/Jason-3 every 10 days) and different loca-
tions of tracks (Figure 5), and thus, one limitation of this
study is with the quantity and quality of data. Sentinel3A
consisted of 181-487 data points, Jason-3 consisted of 49-67
data points, and Sentinel-6A consisted of 50-69 data points.
This influences the results for due to the large difference of
available data points, and the RMSE of all the satellite
missions may be affected.

Future studies should focus on the outliers near coast
and islands as well as examining how to remove outliers to
show more accurate and comparable results. Outliers also
were noted on examining the data throughout the seasons,
and so the outlier removal should also focus in terms of the
winter season, where there is sea ice present.

7 Conclusions

An examination of the accuracy of DT of three SA missions
(Sentinel 3A, Jason 3, and Sentinel 6A) was performed by
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using TG, SA, and HDMs. Results showed that the RMSE
values ranged from 1.68 to 50.14 cm. The Jason-3 mission
has a largest RMSE of 50.14 cm, the largest RMSE for
Sentinel 3A was 46.27 cm, and that of Sentinel 6A was
43.90 cm. Considering these RMSE values, Sentinel-6A appears
to be performing the best. Examination of the along track
results also revealed that particular tracks appeared to be
affected by land contamination, sea ice, and river discharge.
This mostly occurred in the eastern end of the Gulf of Finland
where there existed multiple islands and several rivers that
emptied into the gulf. The method employed relied on TG
acting as the “ground truth.” The distance from SA data points
to TG was within the range of 8.82-92.5km and did not
appear to affect the results. Compared to the DT obtained
from TG and corrected HDM, the satellites mostly underesti-
mated the DT value.

Concerning the instrumental factors and correction
algorithms, the Sentinel-6 included three more correction
than Sentinel-3/Jason-3. These corrections were geocentric
ocean tide height solution (OT2), non-equilibrium long-
period geocentric ocean tide height (OTA), and IT. These
corrections were not removed during examining all the
satellite missions and their DT results. Future studies
should also examine whether Sentinel-6 included correc-
tions affect the end results and give impact to be consid-
ered removing.

Future research could focus on algorithms that can
better determine the sea level in the presence of sea ice
and processes/forces that may occur seasonality (e.g. river
discharge). In the Baltic Sea, the land contamination is still
a problem due to the small islands and numerous archipe-
lagos. Improvements in the retrackers utilized is suggested.
Further investigation and research could also include
detailed estimation and evaluation of all the satellite mis-
sions’ corrections and whether they affect the overall
estimation of DT. If the presence of sea ice is evaluated
and predicted further with corrective algorithms and
equations, then it would improve the estimation of sea
level and DT.
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