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Introduction  
Accurate and compatible sea level determination is vital for accessing changes in our 
climate and has significant implications in various applications such as marine 
engineering, navigation, and ocean sciences. One of the key questions often arising with 
utilizing sea level data are: which sea level source is the best that can be confidently 
used for determining offshore sea level variations? This study examines this subject 
from the perspective of utilizing one of the newest remote sensing techniques of 
satellite altimetry. In addition, we also explore the development of novel methods that 
can be implemented for sea level validation both in the coastal and offshore areas.  

 It is important to know that variations in sea level can be derived using multiple 
methods. This includes in-situ observation which involves tide gauge (TG) and buoy, 
remote sensing techniques such as satellite altimetry (SA), airborne laser scanning and 
global navigation satellite system (GNSS), and numerical modelling, that yield 
hydrodynamic models (HDM). However, a major challenge arises from the fact that 
these data sources differ often in terms of (i) spatio-temporal resolutions, (ii) references 
to vertical datum and (iii) accuracies and configurations. This disparity leads to a 
significant incompatibility issue, both in space and time, which can affect the accuracy 
and utility of these data sources.  

The solution, proposed in this thesis is that utilizing a high-resolution marine geoid 
allows us to effectively integrate and synergize the various data sources. By utilizing this 
approach, it becomes possible to coherently merge different datasets, thereby creating 
an accurate spatio-temporal sea level model. Also, this approach indirectly identifies 
and quantifies problematic issues with the various data sources. 

Examining the pros and cons of the various sea level sources demonstrates the 
motivation for the methods developed in this thesis, especially that of the validation 
phase. For instance, TG has traditionally been relied upon as a reliable source for 
measuring sea level variation (Cipollini et al., 2017). However, they suffer from limitations 
that prevent a broader scope analysis. For example, TGs are mostly land-bounded 
stations, meaning that: (i) the sea level interpretation is primarily representative within 
the coastal area of its location, typically within a few kilometres; (ii) since the TG are 
attached to land, any movement from land mass can influence the measurements and 
this measurement, resulting in what is known as relative sea level (RSL). For instance, 
regions affected by tectonic uplift or subsidence may experience vertical land motion 
(VLM), which is often geographically non-uniform and needs to be accounted for;  
(iii) the vertical datum i.e. the zero-reference point of most TGs is usually tied to some 
national or local vertical datum (e.g. chart datum, national reference datum), which 
may not be compatible on an international/global scale.  

HDMs on the other hand offer the capability to produce sea level variability with 
extensive spatio-temporal resolution. These models utilize various inputs, including 
bathymetry, meteorological, atmospheric, and tidal data as well as ocean currents and 
circulation patterns, boundary conditions, etc. They are typically based on Navier-
Stokes mathematical equations, which incorporate meteorological, hydrological, and 
bathymetry data as inputs (Lehmann, 1995; Ophaug et al., 2015). However, there are 
constraints associated with HDM that hinder its effectiveness, for instance: (i) HDM 
attempts to model realistic conditions of the ocean, which is inherently turbulent.  
The complexity of the ocean dynamics makes it challenging for models to precisely 
simulate reality, leading to modelling uncertainties and errors associated with input 



 

10 

parameters; and (ii) the vertical datum of many HDMs is often undisclosed or unknown 
making it difficult to compare or complement them with other data sources. 
Consequently, when comparing in-situ TG sea level measurements at the coast with the 
closest HDM data point, differences often exist between the HDM-derived sea level and 
the TG observation. This discrepancy can be interpreted as a bias (BiasHDM), primarily 
consisting of all modelling errors, including vertical reference bias and the HDM 
computational errors. 

Another widely utilized sea level data source that employs remote sensing techniques 
is Satellite Altimetry (SA). Since the 1990’s SA has provided global absolute sea level 
(ASL) data, ranging from coastal to offshore areas, with respect to an Earth-fixed 
geocentric coordinate system. The operational principle of the SA measurement 
involves an altimeter attached to a satellite platform that emits pulses of microwave 
radiation toward the sea surface to estimate the distance between the satellite and the 
sea surface, known as the SA range (R). The satellite altitude (hSA) above an ellipsoid 
(mathematical model of the shape of Earth), is obtained using positioning systems, e.g. 
satellite laser ranging (SLR), Global Positioning System (GPS), and Doppler Orthography 
and Redisposition Integrated by Satellite (DORIS) (Schreiner et al., 2023). A commonly 
used variable derived from SA data is sea surface height (SSH), where SSH = satellite 
altitude – range. 

Multiple SA missions operate with different constellations and orbits, continuously 
collecting precise sea level estimates using onboard altimeters that work with radar or 
laser pulses. These SA missions follow predefined ground tracks, both ascending and 
descending, as they orbit the Earth. The SA orbits are associated with an international 
terrestrial reference frame (ITRF) which may differ from other sea-level data sources. 
Contrastingly, TGs are usually referred to as a national vertical datum. In addition,  
the different SA mission datasets may reference different ellipsoids and consequently, 
an ellipsoidal correction (∆E) may be necessary for the inter-comparison of multi-SA 
missions.  

One of the most significant limitations of SA is attributed to inaccurate return signals 
that do not always reflect the actual sea surface but instead may bounce off other 
substances such as land, ice, and atmosphere. As a result, the most critical or inaccurate 
data may often originate with the coastal areas where islands, archipelagos, and 
dynamic conditions may occur. Another limitation of SA data is its temporal resolution 
or re-visit time of the same location. Typically, the SA revisit time or so-called cycle is 
within the range of 10 to 35 days. This indicates that smaller temporal-scale ocean 
dynamics may not be adequately captured by SA. Additionally, its spatial resolution is 
typically around 300 m along the track, but large gaps between satellite tracks exist.  
As a result, capturing of some mesoscale processes may be challenging to infer, 
although larger-scale dynamics are still available.  

In recent decades, significant progress has been made in improving the accuracy of 
SA data by refining the determination of necessary corrections, including atmospheric 
and geophysical corrections. Additionally, improvements have been made in the 
development of advanced waveform retracking algorithms, particularly emphasizing 
coastal areas. Despite these advancements, coastal areas within <10 km of the coastline 
still pose a challenge for SA data accuracy. These areas are often critical hubs for marine 
activities, hazards, recreation, and various other coastal activities. Given the multitude 
of missions launched (e.g. Sentinels, Jason, SWOT, etc.), each with its advancements,  
it becomes imperative to assess the performance of these missions, particularly in 
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complex coastal areas. This can be achieved through comparisons with TG and HDM 
data. This thesis explores these methods through Publication I and Publication II also 
its application of Publication III. 

An important acknowledgment is that sea level data is characterized by different 
terms, each with different physical interpretations. For example, sea surface height 
(SSH) is commonly used with SA data. Hence the SSH refers to the ellipsoid, although 
the ellipsoid is a mathematical approximation of Earth’s surface, and this does not 
represent the real sea surface. Instead, referencing the geoid (equipotential surface of 
the Earth) is more practical, and sea level referred to as this is associated with Dynamic 
Topography (DT). Therefore, DT = SSH – geoid height (N). The DT has important physical 
meaning and can identify sub-mesoscale features of the ocean. 

The geoid therefore plays an essential role in determining DT by SA data. Geoid  
is a mathematical approximation of the Earth’s gravitational potential, and it is  
determined using gravity data. The calculation of the geoid is typically done using the 
Stokes-Helmert approach (Vaníček et al., 1999; Ellmann and Vaníček 2007) on both 
regional and global scales. In this study, the focus is on the usage of a high-resolution 
geoid model, which provides detailed information at a few km resolutions. The separation 
between the ellipsoid and geoid is the geoid undulation or geoid height (N). Unlike 
other parameters, such as sea level, the geoid height does not typically change with 
time. However, changes in Earth’s internal mass materials can lead to slow variations in 
the geoid height over time, or so-called geoid changes (ΔN). 

Therefore, SA data presents an ideal solution for monitoring sea level changes as it 
directly measures the actual sea surface, providing both coastal and offshore data. 
However, for SA data to be truly efficient, two main conditions must be met:  
i) availability of a high-resolution geoid model; and ii) validation using other in-situ data 
sources such as TG.  

The Baltic Sea region is favourable towards these requirements having computed  
a regional high-resolution geoid model i.e. NKG2015 geoid (Ågren et al., 2016) and  
a dense network of TG stations (over 70 stations), that all are referred to the geoid as 
their vertical datum. Also, since the Baltic Sea region is influenced by VLM, an accurate 
VLM model is available. The presence of these datasets makes this region an ideal 
location for validation and utilization of SA data. Thus, such research direction is 
explored in this thesis in Publications I–III. 

The hypothesis of this thesis proposes that by synergizing the various sea level 
sources (i.e. SA, TG, and HDM), it is possible to enhance the accuracy of the corrected 
dynamic sea level dataset. Additionally, this integration has the potential to identify the 
persistent and semi-persistent problematic locations both for each data source, such as 
areas affected by ice presence for SA data and limitations in HDM due to the modelling 
issues. Thus, in Publication II, a method was developed to combine all the available 
datasets, resulting in improved sea level measurements and identification of sources of 
data with inherent problems, allowing for targeted improvements in data quality and 
reliability. 
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Figure 1: Inter-relations between the participating datasets (hydrodynamic model, tide gauges, 
and satellite altimetry data) and geoid model, involved characteristics, and the difference 
between vertical references (Modified from Publication II and III). 

Rising sea levels, both globally and regionally, serve as indicators of climate change. 
Building upon the methodologies developed in Publication I and Publication II,  
the results of these methods have been applied to determine sea level trends in the 
Baltic Sea region. Despite extensive research on sea level trends, the precise magnitude 
of these changes remains uncertain. Much of the focus has been on changes in the 
global mean sea level (GMSL), with estimated trends varying between 2 to 4 mm/yr 
depending on the dataset used and the timeframe considered (e.g., Wöppelmann  
et al., 2009, Church et al., 2011, Jevrejeva et al., 2008, Cazenave et al., 2014; Hay et al., 
2015, Chen et al., 2017, Ablain et al., 2017, Oppenheimer et al., 2019, Rateb et al., 
2023). 

While attributing sea level changes to global-scale climate variability, these studies 
fall short in providing insights into regional-scale variations. The Baltic Sea region is also 
affected by the post-glacial rebound thus making it necessary to calculate and 
understand both RSL and ASL trends. Previous studies have calculated RSL in the Baltic 
Sea to be between 1–3 mm/yr (Madsen et al., 2019 and Kapsi et al., 2023) and ASL rates 
between 3–6 mm/yr (Madsen et al., 2019, Pajak et al., 2019, Passaro et al., 2021, Kapsi 
et al., 2023). These were all of course examined using different data sets and different 
time spans. SA however has shown to be capable of determining sea level trends. So, in 
this study the focus is on using along-track SA data and specifics in the coastal area. 

Scope and Objectives  
The utilization of SA as a reliable sea level source has progressed throughout the years 
and has shown vast capabilities in monitoring our dynamic marine areas. This is 
supported by the continuous launch of missions equipped with improved sensors and 
complementary technology. However, as previously mentioned, SA also has drawbacks, 
particularly in coastal areas where land contamination can corrupt the SA signal, posing 
challenges in obtaining reliable and accurate data in these regions. 
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Publication I focuses on evaluating the performance of improved SA technology by 
comparing two different missions, Jason-3 and Sentinel-3A, along with their standard 
and improved retrackers. The study area, the Gulf of Finland, includes diverse features 
such as archipelagos and islands. Various datasets, including TG, HDM, and  
high-resolution regional geoid model, are utilized to analyse data from the coast to 
offshore. This publication introduces the concept of combining TG and HDM data to 
develop a synergized geodetic-oceanographic approach for validation purposes. 
Addressing the challenge of the unknown vertical reference in HDM, a simple shift is 
applied to achieve bias-corrected HDM data, essential for validating SA data points 
offshore. This study assesses SA performance in coastal areas, focusing on data 
accuracy and proximity to the coast for reliable SA data. Results indicate that the 
adaptation of localized retrackers produces more valid SA data points closer to the 
coast compared to standard retrackers. Additionally, the study highlights the potential 
of HDM to represent offshore sea level variability using a correction mechanism, which 
is further explored in Publication II. 

The objective of Publication II was to develop a comprehensive method for 
accurately determining DT across the entire Baltic Sea. Building upon the findings of 
Publication I, which identified the most suitable localized retracker and examined the 
associated multi-mission SA data, this paper focused on computing SA-derived 
instantaneous DTs (DTSA) in conjunction with a high-resolution regional marine geoid 
model. Through the synergistic analysis of these datasets, an inter-comparison was 
conducted, revealing interesting results. The primary outcome highlighted the capability 
of SA to provide a more detailed and realistic representation of DT compared to 
numerical models, primarily due to its higher spatial resolution. Additionally, the method 
employed enabled the identification of certain persistent and semi-persistent 
problematic areas associated with issues originating from each dataset, such as ice 
coverage for SA data. Moreover, inter-comparisons among multi-mission SA data 
facilitated the unveiling of potential deficiencies in the geoid. 

In Publication III, an extensive exploration into sea level trend variations spanning 
nearly three decades has been undertaken, utilizing both SA and TG time series.  
The primary objectives of this study are: (i) firstly, to assess the ability of SA in 
estimating sea level trends in comparison to TG observations, and (ii) to quantify ASL 
and RSL trends by using SA and TG, deliberately excluding those located in areas 
identified as problematic in Publication II. This investigation has been done over  
two time frames: a long-term analysis spanning from 1995 to 2022 (28 years) and a 
shorter-term focus on decadal trends. The delineation between the ASL (estimated via 
SA) and RSL (estimated via TG) trends holds significant potential for measuring and 
validating VLM, particularly in regions lacking accurate VLM models. Furthermore,  
the study incorporates the extraction of TG observations coinciding with the SA cycle 
for trend estimation. The outcomes of this comparative analysis underscore the 
limitations of TG observations for trend estimation, especially for the stations with data 
gaps and specific site locations. This study emphasizes the need for understanding the 
limitations and advantages of each dataset in accurately estimating regional sea level 
trends. 

So, in essence, this study at first demonstrates the method for determining 
instantaneous DT by utilizing along-track SA sea level data with a high-resolution geoid. 
The novelty of this study however lies not in the derivation of DTSA but instead in the 
innovative validation phase, which involves the synergy of various other sea level data 
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sets (TG, HDM). The method developed for validation allows realistic comparison both 
coastal and offshore and solves the spatio-temporal and vertical reference datum 
limitations of the various data sources. Also, because of synergizing various sea level 
datasets we innovatively identify problematic geographic locations and sources of data. 
The utilization of SA data in this manner has not to our knowledge been performed 
before in other SA sea level studies. Finally, the calculation of long and short-term sea 
level trends is performed using the knowledge of the problematic areas and associated 
data sources that are not reliable.  

In summary, the primary objectives of this thesis are first to ascertain a realistic sea 
level which enables the identification of the sea dynamics including the sea level trend. 
The thesis encompasses the following objectives: 

• To examine and validate different SA datasets that have employed different 
retracking algorithms with the aim of determining the most suitable one, 
especially in the coastal areas for sea level variations (Publication I). 

• To develop a method for the determination of DT as a reliable sea level 
dataset for sea level dynamics spanning from the coastline to offshore regions 
(Publication I and II). 

• Identify semi-persistent and persistent problematic regions associated with 
each dataset (SA, HDM, or geoid) through a synergistic analysis of multi-mission 
along track SA data, HDM, and TG data (Publication II). 

• Quantify ASL and RSL trends in the Baltic Sea by using multi-mission along track 
SA and TG observations over long- and decadal-term periods (Publication III). 

• Comparison of sea level trend estimates using other data products including 
the gridded modelled data (Publication III). 

Limitations and Challenges 
There are some limitations in the presented investigations that have been addressed: 
1. The limitations associated with the determination of accurate DT by each dataset: 

a. A common vertical reference datum for the multinational TG stations 
network. In most regions worldwide a comprehensive zero level for 
all associated TG stations is not available and this could differ from 
each data provider. Also, these data could shift at different times due 
to various reasons. Furthermore, the difference between the 
measurement systems (such as the tide system) could cause 
discrepancies between the station’s observations. 

b. TG observations are limited to certain permanent locations (such as 
harbour) which are mostly located at protected locations on the coast 
which could affect the data quality of TG observation. Also, these 
observations have no insight into the offshore area and are only valid 
within a specific radius of the site location. 

c. The SA provides SSH variations globally and it is common to use global 
geoid to convert the SSH to DT. However, the global geoids do not 
have insufficient spatial resolution and accuracy for regional purposes. 

d. SA has unreliable data in the vicinity of the coast due to land 
contamination of signal echo which could lead to corrupted 
waveform especially when the SA overfly from land to the sea. 
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e. Another limitation of SA is due to the spatio-temporal resolution of 
SA data. The SA provides data along its pass and cannot provide any 
insight into sea level variations between these tracks. Also, The SA 
can only provide these data according to its revisit cycle which is 
varied from 10 to 35 days. These limitations can hinder the 
comparison of the SA with HDM. 

f. HDM vertical reference datums are mostly undisclosed or unknown 
which makes its correction essential when comparing it with the SA 
data. 

g. The spatial resolutions of HDMs are less than the SA data hence an 
interpolation method is needed when comparing it with the SA. 
However, the sea level changes in the sea cannot be easily 
interpreted using a simple interpolation. 

2. There are certain limitations for trend estimation including: 
a. The data gap in TG observation over a long period of data could have 

a negative impact on the accuracy of decadal sea level trend 
estimations. This can lead to under/overestimating of the sea level 
trend over specific areas. 

b. Inaccurate VLM model can affect the sea level trend estimations over 
some regions (such as the Baltic Sea) hence a comparison of both ASL 
and RSL trends is necessary. 

3. The other limitations in this study are associated with the study area. The Baltic 
Sea is a semi-enclosed sea with special characteristics that could affect the 
reliability of both sea level and sea level trend estimations such as: 

a. The presence of numerous archipelagos and islands over the coastal 
area is affecting negatively the SA-derived sea level determination. 

b. The presence of seasonal sea-ice especially in the sub-arctic latitudes 
is also affecting the SA data quality. 

c. High fluctuation of annual mean sea level variations can also affect 
the estimation of sea level trends, especially over short-time periods 
including the decadal trends. 

Outline of the Thesis 
The dissertation is organized into four sections aimed at defining, addressing, and 
resolving specific problems. To maintain clarity, these sections prioritize essential 
details and definitions, while more detailed explanations can be found in related 
publications. Section 1 explains the background theory, offering a theoretical overview 
and principles for determining dynamic topography, especially with respect to satellite 
altimetry. Section 2 details the methodology used to analyse sea level variations using 
SA data and TG observations via oceanographic and geodetic methods. It encompasses 
necessary corrections to harmonize both datasets for comparative purposes together 
with the explanation of the methods to correct the HDM for comparison with SA and 
TG datasets. This section also provides a brief overview of sea level trends and evaluates 
the regional sea level trend estimations. Section 3 introduces the study area and 
datasets, providing insights into the obtained results and facilitating discussions around 
them. Finally, Section 4 serves as a conclusive discussion, summarizing and wrapping 
up the thesis by connecting the defined problems, methodologies applied, and the 
resulting conclusions. 
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Abbreviations  
ASL Absolute Sea Level  
ALES Adaptive Leading Edge Subwaveform 
BSCD2000 Baltic Sea Chart Datum 2000  
CD Chart Datum 
CS2 Cryosat-2  
DAC Dynamic Atmospheric Correction  
DORIS Doppler Orthography and Redisposition Integrated by Satellite 
DOT Dynamic Ocean Topography 
DT Dynamic Topography 
ENV Envisat  
ERS2 European Remote-Sensing Satellite-2 
ETRF European Terrestrial Reference Frame  

EUMETSAT European Organisation for the Exploitation of Meteorological 
Satellites  

GDR Geophysical Data Records  
GEOS Geodynamics Experimental Ocean Satellite 3 
GFO Geosat Follow-on Satellite Mission 
GGM Global Gravitational Model 
GMSL Global Mean Sea Level 
GNSS Global Navigation Satellite System 
GPS Global Positioning System 
HDM Hydrodynamic Model 
IDW Inverse Distance Weight 
ITRF International Terrestrial Reference Frame 
JA1 Jason 1 Satellite Altimetry Mission 
JA2 Jason 2 Satellite Altimetry Mission 
JA3 Jason 3 Satellite Altimetry Mission 
LRM Low-Resolution Mode 
MA Moving Average 
MAD Median Absolute Deviation 
MDT Mean Dynamic Topography 
MLE Maximum Likelihood Estimator 
MSS Mean Sea Surface 
OCOG Offset Centre of Gravity 
OST Ocean Surface Topography 
POD Precise Orbit Determination  
PP Peaky Peakness 
RGM Regional Geoid Model 
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RMSE Root Mean Square Error 
RSL Relative Sea Level  
S3A Sentinel-3A Satellite Altimetry Mission 
S3B Sentinel-3B Satellite Altimetry Mission 
S6A Sentinel-6a Michael Freilich 
SA Satellite Altimetry  
SAR Synthetic Aperture Radar  
SLA Sea Level Anomaly 
SLR Satellite Laser Ranging 
SRL SARAL/Altika  
SSH Sea Surface Height 
STD Standard Deviation 
TG Tide Gauge  
TRF Terrestrial Reference Frame 
VLM Vertical Land Motion  
WLS Weighted Least Squares Retracker 
VS Virtual Station 
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Symbols  
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐻𝐻  Bias between HDM and TG 
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐻𝐻𝑉𝑉𝑉𝑉  Bias of HDM at VS location 
𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻  DT of HDM 
𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  DT of corrected HDM 
𝐷𝐷𝐷𝐷𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐𝑜𝑜𝑐𝑐𝑜𝑜  DT of observed data from TG 
𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇  TG derived DT 
𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑉𝑉  DT of TG approximated at VS location 
𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  DT of TG at the time of SA cycle 
𝐷𝐷𝐷𝐷𝑅𝑅𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐  Difference between HDM-derived DT at the location of TG and VS 
𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆 SA-derived DT 
𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆@𝑇𝑇𝑇𝑇  SA-derived DT at the location of TG 
𝛥𝛥𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑇𝑇𝑇𝑇  Difference between DTTG and DTHDM 
𝛥𝛥𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻 Difference between DTSA and DTHDM 
𝐻𝐻𝑚𝑚𝑐𝑐𝑜𝑜𝑜𝑜−𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 Height in mean tide system 
𝐻𝐻𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐−𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐  Height in zero tide system 
𝑁𝑁𝑚𝑚𝑐𝑐𝑜𝑜𝑜𝑜−𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 Geoid height in mean tide system 
𝑁𝑁𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐−𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 Geoid height in zero tide system 
ℎ𝑉𝑉𝑆𝑆 Satellite altitude with respect to a reference ellipsoid 
𝑅𝑅 Satellite range 
𝑆𝑆𝑆𝑆𝐻𝐻𝑉𝑉𝑆𝑆 SA-derived SSH 
𝑆𝑆𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  HDM derived SSH 
𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁𝐻𝐻𝐻𝐻𝐻𝐻−𝑇𝑇𝑇𝑇  Mean of difference between DTTG and DTHDM 
𝑆𝑆𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑇𝑇𝑇𝑇  Standard deviation of the difference between DTTG and DTHDM 
𝑁𝑁 Geoid height 
𝛥𝛥𝑁𝑁 Geoid height changes 
𝛷𝛷 , 𝜆𝜆 Geodetic coordinates: latitude and longitude 
𝑡𝑡𝑜𝑜  Time Instant 
𝑡𝑡0 Time epoch 
𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  Time instant of SA cycle 
𝑤𝑤 Weight 
𝛥𝛥𝑅𝑅 Range correction for SA 
𝛥𝛥𝑀𝑀 Ellipsoidal correction 
𝛽𝛽𝑐𝑐𝑐𝑐 The observed trend at the period of t 
𝛽𝛽𝑐𝑐𝑐𝑐 Estimated trend at the period of t 
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1 Background on Sea Level Sources  
This study explores various methods of utilizing Dynamic Topography (DT) derived from 
Satellite Altimetry (SA), emphasizing the synergy of different sea level data sources, 
especially in the validation process and the identification of data source issues. Over 
recent decades, significant improvements have been made in SA, ranging from 
technical advancements to supplementary enhancements, all aimed at achieving 
accurate and precise sea level determination. To comprehend the fundamental theory 
of sea level measurement via SA and the intricate steps involved, it is imperative to 
delve into the basics. The validation phase is particularly crucial in this thesis, 
showcasing the capabilities of SA, especially in coastal areas where tide gauges (TG) are 
commonly utilized. Additionally, hydrodynamic modelling is employed for offshore 
areas, further enhancing validation efforts. Therefore, gaining insight into the 
background of TG and Hydrodynamic Models (HDM), along with understanding key 
aspects that render them suitable as ground truth data, is essential. This comprehensive 
understanding lays the foundation for effective validation methodologies and 
contributes to advancing the accuracy of sea level determinations. 

1.1 Satellite Altimetry (SA) 
Since the 1990’s SA-derived sea level data has become a valuable remote sensing 
technique globally utilized for studying climate changes and ocean dynamics. One of 
the most important characteristics is that it provides highly accurate spatio-temporal 
measurements of sea level relative to an Earth-fixed geocentric coordinate system 
(ASL). These features make it a more comprehensive and realistic technique compared 
to other sea level sources.  

The basic concept of SA measurement is that it utilizes a radar altimeter, it transmits 
and receives radar signals to determine sea level measurements along the satellite’s 
track. The satellite altimeter collects data in the along-track direction, aligning with the 
path of the SA platform. Measurements are obtained from the nadir direction, pointing 
vertically towards the force of gravity. The SA satellite follows a regular, repeating orbit 
around the Earth, known as a cycle, during which it revisits the same trajectory at 
specific intervals, forming an orbit pass. These passes can be ascending or descending, 
depending on whether the satellite is above the local horizon as viewed from the 
ground target. 

However, a notable limitation of SA lies in its restricted applicability near the coast. 
Originally designed for open ocean measurements, radar echoes close to the coast 
exhibit distorted waveforms compared to the standard shape of the Brown model 
(Brown 1997) due to interference from nearby land. These distorted waveforms pose 
challenges for conventional retracking algorithms, leading to inaccuracies in range 
calculations. 

SA altimeters can be operated in two distinct modes: Low-Resolution Mode (LRM) 
and Synthetic Aperture Radar (SAR). LRM employs traditional pulse-limited altimeter 
operation, constructing a waveform by tracking the reflected signal as it spreads radially 
across the surface. In contrast, SAR aims to achieve high along-track resolution, 
especially over relatively flat surfaces, by capitalizing on the Delay/Doppler effects 
within the return signal. Unlike LRM, SAR does not rely on the radial distance of signal 
spread but instead focuses on the width of the signal stripe. The Delay/Doppler 
technique involves coherently processing a group of pulses within each burst, 
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performing Doppler processing over the 64 pulses in the along-track dimension, 
generating 64 Doppler beams. Each received pulse contains information about the sea 
surface response over the circular footprint. This approach enhances the precision of 
measurements and is particularly valuable in addressing various challenges associated 
with coastal altimetry. 

1.1.1 Measurements Principles and Challenges  
The fundamental principle of sea level determination via SA from space involves 
measuring the range (R) between the satellite and the sea surface. This is achieved by 
the radar altimeter, which emits a radio signal with a known power towards the sea and 
then receives the signal that returns to the satellite (Figure 1). The received pulse is 
mixed on board with a pulse similar to the one initially emitted, triggered by tracker 
information. This mixed pulse is commonly referred to as the ‘individual echo’, and it 
offers a sampled measurement of the return power, representing a function of time, 
distance, or frequency. To mitigate the effects of statistical fluctuations (known as 
speckle) that can impact individual echoes and to facilitate real-time tracking, these 
echoes are averaged on board over a period that corresponds to the altimeter’s duty 
cycle. The resulting signal is termed an ‘averaged echo’ or ‘waveform’. By measuring 
the time, it takes for the signal to return to the satellite, the distance between the 
satellite and the sea surface can be estimated through a process called waveform 
retracking. 

However, when the radar altimeter passes over topographic surfaces, its onboard 
tracking system struggles to keep the echo waveform at the nominal tracking position 
within the filter bank due to rapid variations in the range. This discrepancy leads to an 
error in the transmitted range, known as the tracker offset. The term ‘retracking’ is used 
to describe a set of non-linear ground processing techniques that aim to determine the 
tracker offset from the telemetered echoes, thereby allowing for the estimation of the 
range to the point of closest approach on the Earth’s surface. 

The radar signal’s precision in estimating range is influenced by a variety of 
geophysical phenomena occurring during its journey between the satellite and the 
Earth’s surface. These effects must be taken into consideration, due to their potential 
to introduce significant amplitude variations, ranging from decimetres to meters.  
The reflection of the radar signal at the sea surface is subject to the prevailing sea state, 
which can introduce a potential bias in the radar altimeter’s range estimation. 
Additionally, as the radar echo traverses the atmosphere, its propagation experiences 
delays caused by various atmospheric effects. These delays can result in apparent 
height errors and need to be minimized through the use of correction models.  
The primary atmospheric delay effects encompass the presence of ionized particles in 
the upper atmosphere, known as the ionosphere, as well as the atmospheric 
composition of the lower atmosphere, particularly concerning water vapor. Accurate 
correction models are essential for accounting for these effects and improving the 
precision of range estimations obtained from radar altimetry data. 

Furthermore, it’s crucial to have accurate knowledge of the satellite’s altitude, as this 
information serves as the reference point for nadir altimeter range measurements,  
a key component of the precise orbit determination (POD) process. Two primary 
measurement systems used for POD are DORIS and GPS. These systems play a vital role 
in monitoring the satellite's altitude with high precision, and they could be 
complemented by SLR, which provides exceptionally precise determinations of the 
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satellite’s orbit. Consequently, SA faces several key challenges, including achieving 
accurate POD, addressing the various necessary corrections (such as instrumental, 
geophysical, and tidal corrections), handling problematic regions (like coastal areas, 
inland water bodies, and sea-ice conditions, especially in regions like the Arctic or  
sub-Arctic), and ensuring consistency with in-situ observations, encompassing the 
terrestrial reference frame (TRF), height system, tide system, and VLM measurements. 
These challenges collectively contribute to the robustness and reliability of SA data, 
particularly in complex and dynamic environments where precise SA measurements are 
of utmost importance. 

SA data is classified into various levels, ranging from level 0 to 4, with specific levels 
of data processing and correlations applied at each stage. For this study, the level-2 
data have been utilized which corresponds to geophysical data records (GDR) and is 
particularly well-suited for geodetic, oceanographic, and environmental investigations. 
At the level-2 data stage, essential corrections are applied by space agencies, 
encompassing instrumental and waveform calibrations, ensuring that the data is of high 
quality and accuracy. Typically, this data is formatted in NetCDF and is made available 
in both low-resolution (1Hz) and high-resolution (20Hz) variations. Additionally, the 
level-2 data includes essential correction models and validation flags, which provide 
valuable information to researchers and analysts, aiding in their studies related to 
Earth’s geodetic and oceanographic characteristics as well as its environmental 
dynamics. 

1.1.2 SA Missions  
The history of satellite radar altimetry dates to the first onboard altimeter Skylab 3  
(July–Sept 1973), with a precision of 0.6 meters. Subsequent missions, such as GEOS-3 
(1975–1978), improved precision to 25 cm. The Seasat mission (June–Oct 1978) 
demonstrated the potential of satellite radar altimetry for monitoring sea levels with 
an impressive accuracy of 0.05 m. This success paved the way for subsequent missions 
like Geosat (1985–1990), ERS-1 (1991–2000), Topex/Poseidon (1992–2005), and GFO 
(1998–2008), marking the onset of the high-precision altimetry era. Since then, SA has 
been widely employed in various Earth science applications, including global and 
coastal oceanography, hydrology, geodesy, and cryosphere research, spanning over 
three decades. The sea level trend study (Publication III) utilizes the most reliable SA 
data, starting from the ERS-2 mission, to investigate sea level variations. The timeline 
of the utilized SA missions is illustrated in Figure 2, and the specific characteristics and 
constellations of each SA project, including orbit, cycle, and pass details, are summarized 
in Table 1. Also, more details of SA missions and different retracker algorithms have 
been explained in Publications I and II. 
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Table 1: Characteristics of satellite altimetry missions used in the sea level trend study. 

SA mission Altimeter Mode Altitude 
[km] 

Inclination 
[°] 

Cycle 
[days] 

ERS2 

 

RA SAR 785 98.5 35 

ENV 
 

RA-2 SAR 800 98.5 35 

JA1 
 

Poseidon-2 LRM 1324 66 10 

JA2 
 

Poseidon-3 LRM 1324 66 10 

CS2 
 

SIRAL SAR-LRM 717 92 ̶  1 

SRL 
 

AltiKa SAR 800 98.5 35 

S3A 
 

SRAL SAR 814 98.6 27 

JA3 
 

Poseidon-3B LRM 1336 66 10 

S3B 
 

SRAL SAR 814 98.6 27 

S6A 
 

Poseidon-4 SAR-LRM 1336 66 10 

1.1.3 Waveform Retracking 
Numerous retrackers have been designed to offer a global solution, with a common 
feature being the adoption of the Brown model (Brown 1977). This model is particularly 
suited for open ocean conditions. This approach allows for a standardized and globally 
applicable solution for SA retrackers, making it suitable for various oceanic conditions. 

 
1 CS2 has a nonsun-synchronous polar orbit it has 5344 orbits with repeat cycle of 369 days. 

mission 93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23

European Remote-sensing Satellite - 2

Environmental Satellite (ENVISAT)

Jason-1

Jason-2

CryoSat 

Satellite with ARgos and ALtiKa (SARAL/AltiKa)

Sentinel-3A

Jason-3

Sentinel-3B

Sentinel-6 Michael Freilich

S3A (27d)

JA3 (10d)

S3B (27d)

S6 (10d)

ERS2 (35d)

ENV (35d)

JA1 (10d)

JA2 (10d)

CS2

SRL (35d)

Figure 2: Timeline of the altimeter missions used in this study. Each SA launch date and duration 
is shown in the box (arrow for continued missions) and the data timeline for this study is illustrated 
by colours based on the mission’s constellation (orbit coverage; ~66°: yellow, ~98°: red, ~92°: green). 
The SA revisit cycles in days unit (d) are also indicated for each mission (from Publication III).  



 

23 

The retracking point is defined relative to the shape of the whole echo and found using 
a model fitting method. The offset of the retracking point from a reference point can 
be calculated which is called retracking correction. There are multiple types of 
retracking algorithms including (i) Analytical Retrackers which use a mathematical 
model to reproduce the waveform (e.g., Brown-Hayne model (Brown 1977; Hayne 
1980), Ocean (Ray et al., 2015)), (ii) Empirical Retrackers which focus on the statistics 
of the waveform (such as Threshold, Offset Centre of Gravity, OCOG (Wingham et al., 
1986), MLE (Challenor and Srokosz 1989; Tokmakian et al. 1994), WLS (Maus et al. 1998; 
Sandwell and Smith 2005), unweighted-LS) and (iii) Innovative Retracking Techniques 
such as ALES+ (Tuomi et al., 2023). 

This study involved a comparative analysis of two primary standard retrackers 
(Ocean for the S3A mission and MLE4 for the JA3 mission) that are part of the original 
dataset. Additionally, a recently developed state-of-the-art retracker (ALES+) was 
included in the assessment. The performance of these retrackers was thoroughly 
examined in Publication I. Subsequently, the most effective retracker among them was 
selected for further investigations, which were carried out in Publication II and 
Publication III. This systematic approach allowed for the identification of the  
best-performing retracker, and its continued use in subsequent studies aimed at 
advancing our understanding of the subject matter. 

1.1.4 SA Geophysical and Range Corrections 
Determination of instantaneous along-track sea level variables from SA range 
measurements requires careful consideration of multiple perturbations and the 
subtraction of various corrections (details mentioned on Tuomi et al., 2023) to account 
for different physical phenomena including: 

 (i) Propagation Corrections: The altimeter radar wave experiences perturbations as 
it passes through the atmosphere, including the ionosphere and troposphere. To account 
for these perturbations, propagation corrections are essential. 

(ii) Electromagnetic Bias: The radar wave is influenced by the sea state, leading to an 
effect known as electromagnetic bias or sea state bias. This effect needs to be corrected 
for accurate sea level determination. 

(iii) Geophysical Corrections: These corrections account for various geophysical 
phenomena, including ocean, solid earth, polar tides, and loading tide effects. 

(iv) Atmospheric Dynamics Correction: The ocean’s response to atmospheric 
dynamics, particularly high-frequency variations, is addressed through dynamic 
atmospheric correction (DAC). By incorporating these corrections, the SA range 
measurements can be transformed into an accurate representation of sea level data. 
However, given the focus of this study on instantaneous DT, some of these corrections 
need to be excluded (e.g., DAC and ocean tide correction). 

1.2 Sea Level Sources 
The height of the sea surface can be interpreted by various parameters including Sea 
Surface Height (SSH), Dynamic Topography (DT), or Sea Level Anomalies (SLA).  
The difference between these parameters is the reference datum which they are 
referring to. SSH is referenced to an ellipsoid and SLA is the difference between the sea 
surface and its temporal average which is called the Mean Sea Surface (MSS),  
i.e. SLA = SSH-MSS. The MSS is the averaged SSH over a time period and it is considered 
semi-stationary. MSS is a relatively steady-state sea level within a finite time period 
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(Andersen and Knudsen 2009) which makes it time-dependent and unstable through 
different eras (as it contains information about sea level variation at multiple time scales, 
such as seasonal and interannual variations) and has large errors in sub-mesoscale 
features (Pujol et al., 2018) although it is widely used in many physical oceanographic 
applications and other disciplines (Schaeffer et al., 2012; Guo et al., 2022). 

On the other hand, DT which is also known as Ocean Surface Topography (OST) and 
Dynamic Ocean Topography (DOT), is the difference between the instantaneous SSH 
and the equipotential surface of the Earth’s gravity field or the geoid which is static and 
more reliable datum. Hence, DT represents a realistic quantification of ocean dynamics 
and can lead to identifying sub-mesoscale features rather than SSH. 

The time-averaged DT or Mean Dynamic Topography (MDT) is the difference between 
MSS and the geoid where both are referenced to the same ellipsoid and a permanent 
tide system. MDT is a tool in oceanography to measure the long-term strength of ocean 
currents and the ocean’s mean surface circulation (Fu and Cheney, 1995, Knudsen et al., 
2011, Becker et al., 2014, etc). It can also be used for height datum purposes (e.g., 
Featherstone, 2000, Featherstone and Filmer, 2012, Filmer and Featherstone, 2012, 
Filmer et al., 2018) in geodesy. Therefore, the terminology and quantification of DT, 
MSS, and MDT have different interpretations as outlined by Equation (1) to Equation 
(3) below:

𝐷𝐷𝐷𝐷 = 𝑆𝑆𝑆𝑆𝐻𝐻 − 𝑁𝑁 (1) 

𝑀𝑀𝑆𝑆𝑆𝑆 = � 𝑆𝑆𝑆𝑆𝐻𝐻𝑐𝑐
𝑜𝑜

𝑐𝑐=1
 (2) 

𝑀𝑀𝐷𝐷𝐷𝐷 = � 𝐷𝐷𝐷𝐷𝑐𝑐
𝑜𝑜

𝑐𝑐=1
=  𝑀𝑀𝑆𝑆𝑆𝑆 − 𝑁𝑁 (3) 

where 𝑡𝑡 is the number of time-instances and 𝐷𝐷𝐷𝐷𝑐𝑐  and 𝑁𝑁 is the geoid height, SSH is the 
sea surface height. 

1.2.1 Hydrodynamic Model 
Hydrodynamic models (HDM) are a useful sea level data source that can provide an 
overview of the ocean dynamics conditions both at the coastal and offshore areas. HDM 
has been widely used in various research studies due to its various advantages such as 
spatio-temporal resolution, data availability and capable of representing the sea level 
of coastal areas with reasonable quality. Nevertheless, it is anticipated that there will 
be certain constraints in HDM sea level estimations. The primary limitation arises from 
the undisclosed vertical reference, which may be an arbitrary surface based on the zero 
level of the open boundaries condition (relative to their reference surface) and can 
fluctuate both spatially and temporarily and is ideally referred to as an equipotential 
surface (Slobbe et al., 2014; Rulent et al., 2020; Jahanmard et al., 2021). In addition, 
errors and bias are also expected from HDMs due to modelling errors which are mainly 
due to parametrization, approximations, model forcings also the model’s input sources 
errors (e.g., river discharge, bathymetry, and coastal topography data, etc.). 

Consequently, the HDM can achieve greater efficiency when identifying the 
modelling errors and bias. This can be performed by comparison of its results with 
another sea level source. In this study, two HDMs (including the HBM-EST and  
Nemo-Nordic NS01 models) were selected for further analysis and investigations in the 
selected study area (see Section 3.1.1). They were compared with TG and SA data 
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source. The applied methods are fully explained in Publication I and Publication II. 
The corrected HDM by cooperating with the TG data can serve as a reliable source of 
sea level variation offshore where the SA data can be validated and vice versa. 
The method developed to accomplish this was an important aspect of this thesis. These 
data sources can now be used for investigating the sea level dynamics. This includes the 
identification of problematic areas associated with each data source, such an approach 
has not before been performed in this study area. Also, the SA-derived DT data was 
used for estimating the sea level trends in Publication III. 

1.2.2 Tide Gauge 
Tide gauges (TGs) are coastal monitoring stations primarily situated along the coast, 
providing historically accurate and highly precise sea level measurements over an 
extensive duration, although with some limitations. TGs are land-bounded coastal 
stations, and as such their measurements are referenced to the local ground level. They 
primarily monitor relative sea level (RSL), which is sensitive to the crustal motions 
including vertical land motion (VLM). In certain areas such as active tectonics and 
volcanic, regions susceptible to substantial ground subsidence stemming from various 
natural factors (e.g., sediment loading in river deltas) or human interventions (e.g., 
groundwater extraction and oil or gas drilling), as well as postglacial rebound locations, 
TG measurements are directly impacted by influenced by the corresponding ground 
motions. Hence, the TGs are relative to the land and VLM correction is necessary for 
interpretation with absolute sea level (ASL). 

𝑅𝑅𝑆𝑆𝑅𝑅 = 𝑀𝑀𝑆𝑆𝑅𝑅 − 𝑉𝑉𝑅𝑅𝑀𝑀 (4) 

Another constraint associated with TGs is their uneven spatial distribution along 
coastlines, limiting their capacity to provide RSL exclusively along the shoreline, which 
is not representative of offshore conditions. Also, for long-term sea-level studies, many 
TGs have not maintained continuous operation, resulting in anticipated significant data 
gaps. Another difficulty arises from data inhomogeneity when considering multiple TG 
networks from various providers, which may be referenced to different local vertical 
datums. TG data are often referred to as the theoretical MSS, Lowest Astronomical tide 
LAT (e.g., United Kingdom, Australia), chart datum (CD), or an arbitrary datum (specified 
by the data provider). The Baltic Sea Chart Datum 2000 (BSCD2000) is a new vertical 
datum to be utilized especially in the Baltic Sea region. 

1.2.2.1 Vertical Land Motion (VLM) 
Vertical Land Motions (VLM) are influenced by both internal and external geodynamic 
factors exhibiting spatial variations (Ostanciaux et al., 2012; Santamaría-Gómez et al., 
2012). These VLM can manifest in two primary ways. First, they may contribute to rapid 
subsidence, coupled with a high regional sea level rise, resulting in increased coastal 
inundation, and necessitating the relocation of coastal communities. Conversely, 
observed VLM can primarily be attributed to glacial isostatic adjustment (GIA), leading 
to a net sea level retreat due to the crust uplifting faster than the RSL rise (Steffen and 
Wu, 2011). To gain a comprehensive understanding of the sea level fluctuations in 
coastal regions, it is crucial to quantitatively assess both the crustal and marine 
influences. VLM introduces additional spatial heterogeneity, typically within the range 
of ±10 mm/year (Ostanciaux et al., 2012; Santamaría-Gómez et al., 2012).  

The use of direct GPS measurements provides an advantageous approach to VLM 
modelling as it accounts for all sources of VLM (Santamaría-Gómez et al., 2012). 
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However, collocated GPS observations are only available for a small subset, less than 
5%, of tide gauges. Geodetic measurements offer another means of detecting VLM 
using SA and TG data. Understanding VLM is essential for comprehending long-term 
relative sea-level changes, with GIA playing a dominant role in Fennoscandia (Kuo et al., 
2004). 

1.2.2.2 Geoid model 
The geoid heights (N) are needed to retrieve DT from the SA-derived SSH estimates. 
Typically, the geoid model relies on a Global Gravitational Model (GGM), a mathematical 
representation of Earth’s external gravitational potential (like EGM2000). Despite 
recent advancements in remote geodetic techniques, like geopotential mapping 
satellite missions, which have facilitated the development of higher-resolution GGMs, 
obtaining reliable terrestrial data remains a challenge. However, in certain areas with 
access to more accurate and densely distributed sets of gravity and terrain data, the 
creation of Regional Gravimetric Models (RGMs) has become feasible. This localized or 
regional “densification” of data allows for the construction of specific RGMs that 
improve significantly the resolution and accuracy while remaining consistent with the 
reference GGM (Pavlis 2012). RGMs are particularly valuable for addressing local 
applications, including extracting DT from SA data efficiently. In this study, two 
high-resolution RGMs including EST-GEOID2017 and NKG2015 have been utilized which 
are specifically developed for the study area (details in Section 3.1.2). 

1.2.2.3 Permanent Tide System 
Tidal acceleration arises from the disparity between the gravitational forces exerted by 
the Moon and the Sun and the orbital accelerations resulting from the Earth’s motion 
(centrifugal accelerations). The apparent movement of the Moon and the Sun is 
referred to as the permanent tide effect. The analysis of this permanent deformation 
defines the concept of tide systems. In terms of the Earth’s gravitational field, tide 
systems have effects on water levels. 

Remote sensing 3D positioning such as SA is in a tide-free system where the permanent 
part of the tidal deformation is not restored. For TG stations, tide systems used for 
potential differences determined with precise levelling are mixed so-called mean-tide, 
although there are some TG observations also available in zero-tide systems depending 
on the data provider. Hence, tidal corrections are necessary to be applied to improve 
the precision of geodetic measurements. The differences of these gravity fields can be 
described in terms of spherical harmonics. Because the permanent tidal effects change 
the gravity field globally, it sufficiently can be described as the flattening of the 
equipotential surfaces of the Earth’s gravity field. Conceptually, the mean-tide, 
zero-tide, and tide-free ellipsoids have different flattening and equatorial radius. 

In remote sensing, 3D positioning, such as SA, is conducted in a tide-free environment 
where the permanent component of tidal deformation remains uncompensated. When 
it comes to TG stations, the tide systems utilized for determining potential differences 
via precise levelling are typically a combination referred to as the mean-tide, although, 
depending on the data provider, there might also be TG observations available in the 
zero-tide system (e.g., in Denmark). Consequently, the application of tidal corrections 
becomes essential to enhance the precision of geodetic measurements. These variations 
can be expressed using spherical harmonics. Because the permanent tidal effects alter 
the gravity field on a global scale, it is adequate to describe them in terms of the 
flattening of the equipotential surfaces of the Earth’s gravity field using the conversion 
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(units in m) introduced by (Ekman 1989). The geoid undulation (𝑁𝑁) changes due to the 
permanent tide systems, from mean tide system to zero tide and vice versa are: 

𝑁𝑁𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐−𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐(𝜑𝜑) = −𝑁𝑁𝑚𝑚𝑐𝑐𝑜𝑜𝑜𝑜−𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐(𝜑𝜑) + 0.09940 −  0.29541(sin2(𝜑𝜑)) (5) 

𝐻𝐻𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐−𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐(𝜑𝜑)
= 𝐻𝐻𝑚𝑚𝑐𝑐𝑜𝑜𝑜𝑜−𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐(𝜑𝜑) + 0.09940 −  0.29541(sin2(𝜑𝜑) − 0.00042 sin4(𝜑𝜑)) 

(6) 

1.3 Sea Level Trend 
Accurately determination of sea level trends is crucial for preparing coastal 
communities and predicting future projections (Prandi et al., 2021). Detecting these 
trends is challenging on a regional scale due to greater oceanic variability caused by 
redistribution effects like winds, making regional estimations more sensitive and 
error-prone compared to global scale assessments. Publication III explores the 
estimation of both ASL and RSL trends over various time frames using TG and SA data. 
SA stands as one of the primary sources for generating ASL data and has been 
extensively utilized in understanding variations in sea level trend estimations for 
studying climate change. 

Estimating sea level trends from various sources involve anticipated uncertainties 
due to various systematic effects. Including the drifts within the ITRF realizations, errors 
in geophysical corrections (like tropospheric and ionospheric corrections), and corrections 
related to VLM, which can generate linear drifts. For instance, the uncertainty in ITRF 
realization drift can contribute to an uncertainty of approximately ±0.1 mm/yr (Couhert 
et al., 2015), while VLM correction uncertainties can exceed 0.05 mm/yr (Ablain et al., 
2019) in global sea level trend estimation. These uncertainties are closely tied to the 
length of the time series and significantly escalate when factors such as VLM, reference 
frame variations, and geoid changes aren’t factored in (Ablain et al., 2019).  
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2 Methodology 
It is important to recognize that sea level variations, including Dynamic Topography 
(DT), can be derived through both geodetic and oceanographic approaches. Although 
both approaches aim to derive DT, they fundamentally utilize different methods, 
resulting in inherent differences. The methodology developed in this thesis uses these 
differences to enhance the validation phase, showcasing the efficiency and reliability of 
satellite altimetry (SA). Furthermore, it innovatively highlights necessary improvements 
in datasets and identifies geographical areas where these issues persist. Such utilization 
of SA data represents a novel approach not previously explored. Below, we outline the 
methodology of the geodetic approach (Section 2.1) and the synergized geodetic and 
oceanographic approach (Section 2.2) 

2.1 Dynamic Topography Derivation by Geodetic Approach 
The geodetic approach for determining DT consists of utilizing (i) SA and (ii) TG data-sets 
which are described below. Both sensors derive DT differently, for SA uses remote 
sensing and TG directly measures the water level.  

2.1.1 Geodetic Approach Using SA 
Recall that SA can remotely measure the sea level by calculating the time, it takes for 
the radar pulse to travel to the liquid surface and back to the altimeter by which the 
satellite’s range (𝑅𝑅) can be determined. Once the satellite’s altitude (ℎ𝑉𝑉𝑆𝑆) relative to a 
reference ellipsoid is known, corrections (Δ𝑅𝑅) are applied to this range measurement 
to obtain the 𝑆𝑆𝑆𝑆𝐻𝐻𝑉𝑉𝑆𝑆 through the process of satellite altimetry using Equation (7). 
Because various SA missions may use distinct reference ellipsoids, it becomes necessary 
to introduce an ellipsoidal correction (Δ𝑀𝑀) for each data point (Jekeli, 2006). This 
correction accounts for the variations in parameters related to each reference ellipsoid, 
such as the semi-major and minor axes, flattening, and eccentricity. Through the 
application of 𝛥𝛥𝑀𝑀 (refer to Equation 2 in Publication I, different SA datasets can be 
aligned with respect to the same reference ellipsoid.  

𝑆𝑆𝑆𝑆𝐻𝐻𝑉𝑉𝑆𝑆 = ℎ𝑉𝑉𝑆𝑆 − (𝑅𝑅 + Δ𝑅𝑅) + Δ𝑀𝑀 (7) 

where ΔR represents a comprehensive correction factor encompassing adjustments for 
the atmospheric, sea state effects and tidal effects on the SA signal (Equation 10 in 
Publication III). The accuracy of ℎ𝑉𝑉𝑆𝑆 measurement is achieved at a level of 1–2 cm, 
thanks to the advantages of POD, while the precision of R derivation is within a range 
of a few centimetres (Normandin et al., 2018). A more accurate representation of sea 
level can be obtained through the DT, which can be calculated by referencing a geoid 
surface. To determine along-track 𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆�𝜑𝜑, 𝜆𝜆, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� the geoidal height (𝑁𝑁) is 
subtracted from the 𝑆𝑆𝑆𝑆𝐻𝐻𝑉𝑉𝑆𝑆 at each data point (𝜑𝜑, 𝜆𝜆) and at the time of SA cycle (𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) 
using the Equation (8). 

𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆�𝜑𝜑, 𝜆𝜆, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� = 𝑆𝑆𝑆𝑆𝐻𝐻𝑉𝑉𝑆𝑆�𝜑𝜑, 𝜆𝜆, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� − 𝑁𝑁(𝜑𝜑, 𝜆𝜆) (8)
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2.1.2 Geodetic Approach using TG 
Another reliable source of the DT variable is provided by land-bounded TG stations that 
measure directly and accurately the liquid surface by means of pressure sensors or 
floats. Since TG are usually coast bounded, they usually measure RSL, capturing the 
movement of the sea surface relative to the land. These observations inherently 
encompass the contribution of VLM while SA measures ASL and is less sensitive to VLM 
changes. Over time, variations in the geoid also need to be factored into TG 
observations. Moreover, TG measurements are closely tied to a national vertical datum, 
which is different from the SA international terrestrial reference frame. Furthermore, 
different TGs may reference distinct local vertical datums, necessitating a process of 
datum unification when comparing TG observations from various data providers. 
Additionally, TG and SA estimates may be obtained in different permanent tide 
treatment systems, so a harmonization process is essential for comparing these 
measurements. Therefore, it is imperative to consider the VLM correction 
(𝑉𝑉𝑅𝑅𝑀𝑀(𝜑𝜑𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇)) from the reference time epoch (𝑡𝑡0) to the TG observation time record 
(𝑡𝑡𝑜𝑜) and the geoid changes (Δ𝑁𝑁(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇)) corrections to address these discrepancies 
and enable the use of instantaneous SA data alongside TG observations (𝐷𝐷𝐷𝐷𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐𝑜𝑜𝑐𝑐𝑜𝑜). 

𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡𝑜𝑜)
= 𝐷𝐷𝐷𝐷𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐𝑜𝑜𝑐𝑐𝑜𝑜(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡𝑜𝑜) + 𝑉𝑉𝑅𝑅𝑀𝑀(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇). (𝑡𝑡𝑜𝑜 − 𝑡𝑡0)

+ Δ𝑁𝑁(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇). (𝑡𝑡𝑜𝑜 − 𝑡𝑡0)
(9) 

To compare TG-derived data with the SA, the 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇  can be approximated at the time 
of SA cycles (𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) within a predefined time window of SA overfly (𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐). 
To do this the DTTG have been interpolated linearly before and after the tcycle within a 
time window (𝑤𝑤). Note that the TG could have gap exactly at tcycle, for the TGs with 
data gap during this period the 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  remains as nan values. 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  is 
representing the suitable TG derived DT at the 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  considering low fluctuations of DT 
within 𝑤𝑤.  

𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡𝑜𝑜) = 𝐵𝐵𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖(𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇�𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ± 𝑤𝑤�) 

2.2 Dynamic Topography Derivation by Oceanographic Approach 
Hydrodynamic models (HDM) are considered one of the most reliable sources of sea 
level data, due to their spatiotemporal resolutions. These models derive sea level by 
employing a series of Navier-Stokes mathematical equations, coupled with atmospheric, 
hydrological, and bathymetric driving forces. Essentially, the oceanographic approach 
involves simulating expected sea level behaviour, termed DT, even though the vertical 
datum remains unknown. In contrast, the geodetic approach directly measures sea 
level, either remotely through SA or in-situ via TG. However, two major limitations of 
HDM are notable: (i) its vertical reference datum is often unknown or undisclosed, and 
(ii) HDM expected to have modelling errors due to underlying assumptions and
approximations. This presents a challenge when comparing HDM data with SA. On the
other hand, TG data are known for their reliability. In this study the assumption is that
that by comparing the difference between HDM data at coastal areas and TG data,
the necessary corrections can be applied to the HDM.

So, in this study we have developed several approaches to address related limitations 
and rectify the HDM’s discrepancies, a correction method needs to be applied to correct 

(10) 
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the HDM in order to homogenise the 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻  with the reality which is referred to here 
as bias correction method.  

The “HDM bias” functions as a corrective measure with the capability to address a 
variety of issues, such as the spatio-temporal changes in both vertical reference shifts 
and model errors. This bias correction can be determined by comparing the 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻  with 
another reliable and well-defined geodetic reference source of DT i.e. TG data. In this 
study, two approaches have been applied to correct HDM compared to 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇 . The first 
method (Section 2.2.1) involves only a simplified shift of HDM compared to the closest 
TG station which is described in Publication I. The second method (Section 2.2.2), 
on the other hand, provides a more detailed treatment of the one-dimensional aspect 
that has been used in Publication II. In this study, the objective of correcting the HDM 
was to facilitate a comparison with SA. Consequently, HDM bias corrections were 
exclusively implemented at the specific time and location corresponding to SA (at the 
SA cycle and SA pass). 

2.2.1 Simplified Bias Removal Method; Linear Interpolation (Single TG) 
The hourly gridded HDM provides an estimation of DT (𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻) over its domain for a 
specific period. Since 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻  grid points locations may not coincide exactly with the TG 
locations, thus a linear interpolated method can be utilized  to coincide with the TG 
location (𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇) and approximate at the time (𝑡𝑡) of TG record (closest). This variation 
could be compared with the TG observation in order to estimate a one-dimensional bias 
(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐻𝐻) of HDM: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐻𝐻(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡) = 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡) − 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡) (11) 

where 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻 and 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇  are DT of each dataset at the location of TG (𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇) 
coordinates. The 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻 and 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇  series include hourly observations, whilst the SA 
cycle occurs at a specific time. Hence, a temporal interpolation is required to estimate 
both 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻 and 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇  values for the SA cycle. Then 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐻𝐻  is applied as a constant 
value to each HDM cell node grid (at SA cycle and pass) to obtain the bias-corrected 
𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  by TG observation at each HDM grid point (𝑔𝑔): 

𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�𝜑𝜑𝑔𝑔, 𝜆𝜆𝑔𝑔, 𝑡𝑡� = 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻�𝜑𝜑𝑔𝑔, 𝜆𝜆𝑔𝑔, 𝑡𝑡� − 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐻𝐻(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡) (12) 

Finally, the HDM-derived 𝑆𝑆𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  is available anywhere offshore by adding the 𝑁𝑁 to 
𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 : 

𝑆𝑆𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻(𝜑𝜑𝑜𝑜 , 𝜆𝜆𝑜𝑜 , 𝑡𝑡) = 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�𝜑𝜑𝑔𝑔, 𝜆𝜆𝑔𝑔, 𝑡𝑡� +  𝑁𝑁(𝜑𝜑𝑜𝑜 , 𝜆𝜆𝑜𝑜) (13) 

2.2.2 Complex HDM Bias Removal Method; IDW Interpolation (Multiple TGs) 
One of the main aims is to compare the SA data with the HDM datapoints. So, it seems 
intuitive to compare SA data with respect to the offshore points than points located on 
land. In order to correct the HDM-derived DT by multiple TGs (rather than only one), 
the bias can be calculated at specific locations which are referred here to as “virtual 
station (VS)”. By using the VS the following advantages:(i) the 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻  be obtained at the 
same data points as SA (i.e., over each pass and cycle) by selecting the VS at the 
beginning (and/or end) of the SA pass; (ii) correction of HDM seems to be more accurate 
at VSs rather than at the nearshore location of TGs, as the HDM could have more errors 



31 

near the coast and shallow waters (iii) utilizing multiple TGs advantages which could 
benefit not just one, but several of them. This multiplicity enhances the accuracy of bias 
estimation, particularly in regions equipped with extensive TG networks. The method 
outlined in Publication II involves computing the relative difference between the DT of 
HDM at the position of a TG and the VS location (cf. Figure 2, in Publication II). This, 
in turn, allows for the calculation of DT at the VS based on the TG's measurements. This 
calculation is executed by incorporating the relative DT difference. 

The 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇  may offer validity for offshore regions, particularly in areas equipped with 
a dense TG network. This validity extends across a valid domain encompassing the 
location of the VS. It is achieved by incorporating data from adjacent TGs and by adding 
the relative DT, which represents the DT difference between the HDM location of the 
VS to the TG observation. In such instances, the DT of the VS is computed through 
inverse distance weighted (IDW) interpolation of TG records, applied slightly seaward 
at the VS locations. In (Jahanmard et al. 2021), multiple interpolation methods, such as 
thin plate spline regression, linear interpolation, and IDW, were examined. The findings 
indicated an approximate 2 cm difference between these methods. Notably, the IDW 
method yielded slightly more realistic results. Consequently, a similar procedure was 
employed in this study for the bias correction. Consequently, VS is assumed to be an 
enhanced representative of duplicated TGs and is more consistent with HDM data. 
The bias correction method, which is both time and location-dependent, is introduced 
for the HDM at a VS through Equations (14)–(16) for each SA pass/cycle. 

The determination of VS locations is a critical step and has been carried out by 
identifying the nearest location with good-quality SA data points close to the coastline. 
Any SA track includes at least two VSs, positioned at the beginning and end of the track, 
although some tracks (which cross lands) may have additional along-track VSs situated 
near the coast and in proximity to TG stations. A VS is intended to represent the 
k-nearest TGs during a SA pass. To compute the DT at the VS location (𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑉𝑉),
the nearest hourly TG records are linearly interpolated at the SA cycle (𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐).
Subsequently, the relative DT (𝐷𝐷𝐷𝐷𝑅𝑅𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐) is added to this interpolated value, allowing
for the retrieval of DT at the VS location (cf. Figure 2, in Publication II):

𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑉𝑉(𝜑𝜑𝑗𝑗 , 𝜆𝜆𝑗𝑗 , 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)
= 𝐵𝐵𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 �𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇�𝜑𝜑𝑗𝑗 , 𝜆𝜆𝑗𝑗, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�� + 𝐷𝐷𝐷𝐷𝑅𝑅𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐(𝜑𝜑𝑗𝑗 , 𝜆𝜆𝑗𝑗 , 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) 

(14) 

The 𝐷𝐷𝐷𝐷𝑅𝑅𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐 is the difference between the HDM-derived DT (𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻) at the 
location of the VS (𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻(𝜑𝜑𝑉𝑉𝑉𝑉 , 𝜆𝜆𝑉𝑉𝑉𝑉, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)) and that at the location of the TG 
(𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)). The 𝐷𝐷𝐷𝐷𝑅𝑅𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐  offers a more realistic representation of 
TG-derived DT at the location of the VS compared to interpolation. This is because to 
consider the assumption that HDM can provide a reference surface for sea level, albeit 
not entirely precise. 

𝐷𝐷𝐷𝐷𝑅𝑅𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐(𝜑𝜑𝑗𝑗 , 𝜆𝜆𝑗𝑗 , 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)
= 𝐵𝐵𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖[𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻�𝜑𝜑𝑉𝑉𝑉𝑉 , 𝜆𝜆𝑉𝑉𝑉𝑉, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� − 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻�𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�] 

(15) 

the DTVS is obtainable by adding the 𝐷𝐷𝐷𝐷𝑅𝑅𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐 to the timewise interpolated 
(𝐵𝐵𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 �𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇�𝜑𝜑𝑗𝑗 , 𝜆𝜆𝑗𝑗 , 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐��). The 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑉𝑉  values adjacent to the VS are averaged 
using IDW, resulting in the determination of the DT at the VS location, denoted as 
𝐷𝐷𝐷𝐷𝑉𝑉𝑉𝑉�𝜑𝜑𝑉𝑉𝑉𝑉, 𝜆𝜆𝑉𝑉𝑉𝑉, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�. This 𝐷𝐷𝐷𝐷𝑉𝑉𝑉𝑉  value can now be employed to calculate the bias in 
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the HDM (cf. Publication II). The bias of HDM at the location of each VS 
(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐻𝐻𝑉𝑉𝑉𝑉 �𝜑𝜑𝑉𝑉𝑉𝑉 , 𝜆𝜆𝑉𝑉𝑉𝑉, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�) can be determined by the difference between 𝐷𝐷𝐷𝐷𝑉𝑉𝑉𝑉  and the 
initial HDM values 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻  by below equation: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐻𝐻𝑉𝑉𝑉𝑉 �𝜑𝜑𝑉𝑉𝑉𝑉 , 𝜆𝜆𝑉𝑉𝑉𝑉, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�
= 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻�𝜑𝜑𝑉𝑉𝑉𝑉, 𝜆𝜆𝑉𝑉𝑉𝑉, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� − 𝐷𝐷𝐷𝐷𝑉𝑉𝑉𝑉�𝜑𝜑𝑜𝑜𝑜𝑜, 𝜆𝜆𝑉𝑉𝑉𝑉, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� 

(16) 

The 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐻𝐻𝑉𝑉𝑉𝑉  serves to account for both discrepancies in vertical reference datums 
and errors in HDM modelling. Furthermore, since both HDM and TG data are available 
at hourly intervals, 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻 and 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇  are linearly interpolated at the time of 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 . 
Additionally, because the spatial coordinates of HDM data points do not precisely align 
with SA points (𝜑𝜑𝑉𝑉𝑆𝑆, 𝜆𝜆𝑉𝑉𝑆𝑆), a linear interpolation is employed to apply the 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐻𝐻𝑉𝑉𝑉𝑉  at SA 
data points situated between a pair of VSs along SA track. This is denoted as 
“𝐵𝐵𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐻𝐻𝑉𝑉𝑉𝑉 �𝜑𝜑𝑉𝑉𝑆𝑆, 𝜆𝜆𝑉𝑉𝑆𝑆, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)�”. This value is then subtracted from the initial 
𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻. Consequently, this process yields the corrected along-track HDM 
(𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐), which is now in alignment and synchronized with SA data locations 
(𝜑𝜑𝑉𝑉𝑆𝑆, 𝜆𝜆𝑉𝑉𝑆𝑆) at the SA cycle (𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐). 

𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�𝜑𝜑𝑉𝑉𝑆𝑆, 𝜆𝜆𝑉𝑉𝑆𝑆, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�
= 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻�𝜑𝜑𝑉𝑉𝑆𝑆, 𝜆𝜆𝑉𝑉𝑆𝑆, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�

− 𝐵𝐵𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐻𝐻𝑉𝑉𝑉𝑉 �𝜑𝜑𝑉𝑉𝑆𝑆, 𝜆𝜆𝑉𝑉𝑆𝑆, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)�
(17) 

The 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  can be assumed as the first approximation of “ground truth” and 
can be checked against the SA-derived DT. 

2.2.3 Statistical Tests 
The existing HDM bias examined using the mean and standard deviation (STD) of 
discrepancies between original HDM and TG readings denoted by Δ𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑇𝑇𝑇𝑇  at the 
TG station (𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇) using hourly data (𝑡𝑡𝑜𝑜) during the whole study period by: 

Δ𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑇𝑇𝑇𝑇(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡𝑜𝑜) = 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡𝑜𝑜) − 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡𝑜𝑜) (18) 

𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁𝐻𝐻𝐻𝐻𝐻𝐻−𝑇𝑇𝑇𝑇  (𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇) =
1
𝑦𝑦
� Δ𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑇𝑇𝑇𝑇(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡𝑜𝑜)

𝑐𝑐

𝑜𝑜=1
 (19) 

𝑆𝑆𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑇𝑇𝑇𝑇(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇)

= �
1

𝑦𝑦 − 1
� (Δ𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑇𝑇𝑇𝑇(𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡𝑜𝑜) −𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁𝐻𝐻𝐻𝐻𝐻𝐻−𝑇𝑇𝑇𝑇  (𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇))2

𝑐𝑐

𝑜𝑜=1
 

(20) 

where 𝑦𝑦 is the total number of hourly DT records (same for both TG and HDM data) 
during the study period (i.e., y = years × days × hours). 

After the correction of HDM derived sea level they can be considered as the ground 
truth and can be used for SA validation in term of discrepancies. The Δ𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻 is the 
difference between 𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆 and Δ𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻 which can be computed for each footprint 
point of each participating SA mission by: 

Δ𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻�𝜑𝜑𝑜𝑜, 𝜆𝜆𝑜𝑜, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�
= 𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆�𝜑𝜑𝑜𝑜, 𝜆𝜆𝑜𝑜, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� − 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�𝜑𝜑𝑜𝑜, 𝜆𝜆𝑜𝑜, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�

= 𝑆𝑆𝑆𝑆𝐻𝐻𝑉𝑉𝑆𝑆�𝜑𝜑𝑜𝑜, 𝜆𝜆𝑜𝑜, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� − 𝑆𝑆𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻�𝜑𝜑𝑜𝑜, 𝜆𝜆𝑜𝑜, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� 
(21)
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where the sub-index s is the SA data point after outlier elimination. The Δ𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻 can 
be served as a representative the agreement between SA data and the ground truth 
within the SA track and for each SA mission. Δ𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻 statistical analyses conducted 
by the root mean square error (RMSE), mean and standard deviation (STD).  

2.3 Regional Sea Level Trend 
Sea level trend can be computed using different data sources. In this study we have 
employed both TG and SA datasets. The TG based trends are simpler for calculating for 
they are located at defined locations over time span. However, there may be gaps in 
data due to sensor malfunction, technological improvements etc.  Contrastingly, the SA 
data exact locations vary however it has been known for spatial and temporal 
consistency. 

2.3.1 Trend Computation 
The sea level trend can be determined using both TG and SA dataset. to compare the 
SA-derived trend with the TG-derived trend, the 𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆 close the TG station for each 
mission and at each pass and cycle have been averaged (𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆@𝑇𝑇𝑇𝑇�𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�) 
using below equation: 

𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆@𝑇𝑇𝑇𝑇�𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� =
1
𝑚𝑚
� 𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆�𝜑𝜑𝑗𝑗 , 𝜆𝜆𝑗𝑗 , 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�

𝑚𝑚

𝑗𝑗=1
 (22) 

where 𝑚𝑚 is the number of 𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆�𝜑𝜑𝑗𝑗 , 𝜆𝜆𝑗𝑗 , 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� data point within the track segment of 
SA which have been extracted by a certain radius from each TG station (. The sub-index 
j is the summation counter for 𝑚𝑚. 𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆@𝑇𝑇𝑇𝑇  will be used to estimate For SA 
(𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆@𝑇𝑇𝑇𝑇�𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 , 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�) the DT time sample is the SA cycle �𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� however for TG 
the DT are based on the hourly records. Hence, the trend of TG observation at the time 
of tcycle has been also estimated by 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 

By having 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇 , 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  and 𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆@𝑇𝑇𝑇𝑇  time series, the linear trend rate and 
acceleration can be estimated using a linear regression method by the ordinary least 
squares (OLS) estimator (full details on Publication III).  

The comparison between the estimated trend denoted by 𝛽𝛽𝑐𝑐𝑐𝑐 (e.g., from SA data) 
and observed trend denoted by 𝛽𝛽𝑐𝑐𝑐𝑐 (e.g., from TG data) has been done using RMSE by 
below equation:  

𝑅𝑅𝑀𝑀𝑆𝑆𝑀𝑀 = �
1
𝑖𝑖
� (𝛽𝛽𝑐𝑐𝑐𝑐 − 𝛽𝛽𝑐𝑐𝑐𝑐)2

𝑜𝑜

𝑐𝑐=1
 (23) 

where n is the total number of estimated trends during the study period, the 𝛽𝛽𝑐𝑐 and 𝛽𝛽𝑐𝑐 
respective estimated (e.g., by SA) and observed (e.g., by TG) trend values at time t  
(at different time windows including long-short terms. 

2.3.2 SA Optimality Regarding the Distance to TG 
The computed trend using along-track SA data provides an opportunity to investigate 
how sea level trend estimates change regarding the distances from the coastline. 
Hence, the SA-derived sea level trend results within different distance to the TG can be 
averaged, to determine the SA sea level trend within that distance away from the TG. 
These trends can then be compared with the TG-derived trend to provide an insight 
into the expected sea level validity away from the coast. This comparison aims to 
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potentially explore scenarios where the TG might not consistently offer the optimal 
location for determining precise sea level trend estimates. To do this the SA-derived sea 
level data at different distances away from the TG has been averaged and the estimated 
trend from each group distance has been compared with the TG-derived trends to find 
the optimal distance. Detailed results are shown in (Publication III). 
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3 Experiments and Results 
This chapter presents the results from all three publications, focusing on different 
methods employed to determine and validate SA-derived DT. Publication I examines 
various satellite altimetry (SA) missions that utilized different retrackers to assess the 
performance of coastal retrackers and their advantages. The identification of this 
retracker is important for precision in monitoring coastal sea level dynamics. A simple 
method for synergizing the geodetic (TG) and oceanographic approaches (HDM) is 
developed and presented in Section 3.1.  

Publication II builds upon the synergized geodetic and oceanographic approach, 
expanding its scope to a wider geographic area while also identifying problematic areas. 
This evaluation reveals the reliability and applicability of the chosen retracker 
methodology, guiding the interpretation of sea level data over diverse geographical 
features. The findings of this publication are detailed in Section 3.2.  

Publication III utilizes the insights gained from Publication I and II to explore sea 
level trend estimates in the complex marine area of the Baltic Sea. These analyses can 
contribute to a comprehensive understanding of the regional sea level dynamics and its 
underlying determinants which is introduced in Section 3.3. Each publication 
contributes unique insights to our understanding of SA-derived DT and its applications 
in diverse geographic regions. The limitations associated with each utilized dataset have 
been summarized in Table 2. 

       Dataset 
Characteristic TG SA HDM 

Vertical datum TG zero level Geoid/MSS undisclosed 
Relative/Absolute RSL ASL unknown 
Tide system Zero Tide Mean Tide Mean Tide 
Reference frame local TRFs ITRFs unknown 
Temporal resolution hourly 10–35 day hourly 
Spatial resolution single point along-track gridded 
Uncertainties 0.005 m 0.01 m unknown 
Availability permanent stations worldwide worldwide 
Coastal Data good quality problematic good quality 

3.1 Study Area and Datasets 

3.1.1 Region of Interest; Baltic Sea 
The Baltic Sea is a semi-enclosed, microtidal, marginal sea with geographical boundaries 
extending from 53°N to 66°N and 10°E to 30°E. It has an average depth of approximately 
54 meters and covers a total surface area of 393,000 km2. Geographically, the Baltic Sea 
ranks as the world’s second-largest brackish water body, following the Caspian Sea, and 
is bordered by nine countries. The Baltic Sea is further divided into several sub-basins, 
each delineated by the sea’s geomorphology and bathymetry.  

The Baltic Sea is connected to the open ocean exclusively through a narrow passage 
that links it to the North Sea via the Danish Straits. This signifies that there are salt 

Table 2: Limitations and characteristic of used sea level data sources. 
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and fresh water sources present. As a result, it displays a two-layer stratification, 
characterized by a seasonal thermocline during the summer and a persistent, 
well-defined halocline throughout the year. The halocline, situated at a depth of 
approximately 60–80 meters, separates the brackish surface water with a salinity of 
about 7 psu from the deeper water, which has a salinity of 12 psu. Surface salinity varies 
from 32 psu in the Kattegat to 1–2 psu in the northern regions (Gräwe et al., 2019). 

Long-term sea level fluctuations in the Baltic Sea can be broadly classified into 
external variations, (Samuelsson and Stigebrandt, 1996). These variations are primarily 
driven by global factors, such as the expansion of sea level due to the thermal expansion 
of seawater and changes in the sea level of the surrounding basins. These global effects 
are transmitted into the Baltic Sea through the shallow and narrow Danish Straits, 
ultimately influenced by the North Sea. Consequently, these changes in the North Sea 
have a cascading impact on the sea level in the Kattegat and the freshwater budget of 
the basins within the Baltic Sea. 

As a result, different factors affect the Baltic Sea level based on long- and short-term 
time scales. In general, on a decadal timescale, the sea level is influenced by a 
combination of meteorological and oceanographic factors (winds, pressure, temperature, 
salinity, precipitation, and evaporation). So given the limited exchange with the open 
ocean, the salinity of the Baltic Sea is particularly sensitive to the cumulative freshwater 
input it receives (e.g., Meier and Kauker, 2003).  

Over shorter timeframes, such as weekly, daily, and hourly intervals, the sea level in 
the Baltic Sea is influenced by various localized events, many of which are 
meteorologically driven (Ekman 2009). Winds play a significant role in these short-term 
fluctuations, and it’s worth noting that wind patterns in the Baltic Sea can exhibit strong 
anisotropic characteristics, as identified (Soomere 2003). Although the prevailing wind 
direction in the area is typically southwest, northerly winds can also be common. Storm 
surges (Suursaar et al., 2007) and coastal upwellings (Delpeche-Ellmann et al., 2017) 
exhibit seasonal trends in the Baltic Sea, with the most intense winds and waves 
generally occurring during the winter and autumn seasons (Jakimavičius et al., 2017). 
Moreover, temperature and precipitation variations contribute to a significant portion 
of the sea level variability between winter and summer (Hünicke et al., 2006). 

One distinctive feature of the Baltic Sea region is its susceptibility to VLM due to GIA. 
In the Gulf of Bothnia, at the centre of the former ice sheet, GIA currently exerts effects 
of up to 10 mm/yr, gradually decreasing to nearly zero at the edges of the ice sheet, 
see Figure 3. The ongoing viscoelastic response of the Earth to the last deglaciation is 
also a significant factor contributes to the sea level variation in the Baltic Sea. This 
response, along with other effects such as changes in the North Atlantic and GMSL, 
as well as the influence of wind and waves on erosion and sediment transport, plays 
a crucial role in shaping the Baltic Sea’s sea level dynamics (Weisse et al., 2021).  
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Over the past five decades, the ASL in the Baltic Sea has exhibited a slighter increase 
than the GMSL (Gräwe et. al., 2019, Weisse et. al., 2021). This trend is primarily 
attributed to a corresponding rise in ASL in the North Atlantic Ocean. Notably, 
the estimated ASL rates for the Baltic Sea are notably higher, averaging around 
6 mm/yr. This disparity can be attributed to the unique characteristics of the Baltic Sea. 

Sea level extremes also influence the sea level dynamics and are influenced by a 
multitude of factors, including storm surges and wave-breaking processes, which can 
have devastating impacts on small islands and their inhabitants (Tadesse et al., 2020 
and Scicchitano et al., 2021). Consequently, the cumulative effect of sea level rise poses 
a significant threat to the Baltic Sea regions, where numerous archipelagos and small 
islands are found.  

During winter months ice coverage is common over the Baltic Sea, especially in the 
northern part of the sea (62.1°–65.8°N) and the number of sea ice days can influence 
the sea level dynamics (Rosentau et al., 2017). For instance, during the winter–spring 
seasons the Gulf of Bothnia is covered by sea ice between 110 to 190 days of the year 
(Müller et al., 1982). 

The Gulf of Finland is a geographically unique marine area situated at the 
easternmost end of the Baltic Sea studied in Publication I. The Gulf of Finland is 
bordered by Finland to the north, Estonia to the south, and Russia to the east. Its 
coastline exhibits diverse geomorphology, featuring both cliff-like and low-lying areas 
with indented coastlines and peninsulas. The coastal region is further characterized by 
the presence of numerous archipelagos, small islands, and rocks within 10 km of the 
coastline. It is characterized by its narrow and elongated shape, spanning approximately 
400 km in length, and varying in width from 48 to 135 km. The average water depth in 
the Gulf of Finland is approximately 37 m, with its deepest point reaching 123 m. 
The gulf’s short-term sea level dynamics are influenced by various factors, including 

FINLAND
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LATVIA

POLAND

DENMARK
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Figure 3: Location of the study area. The background represents VLM value from NKG2016LU 
(Vestøl et al., 2019) over Baltic Sea (modified from Publication III). 
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changes in the water balance originating from atmospheric conditions (such as wind 
direction), the presence of sea ice, and river runoff. Localized events, such as storm 
surges and coastal upwellings, also contribute to short-term and seasonal variations. 
Notably, due to prevailing southwest winds, increased storminess, and significant river 
discharge, particularly from the Neva and Narva rivers, the eastern section of the gulf 
experiences higher MSS and extreme water levels. For instance, the MSS, averaging 
from 2014 to 2019, increases eastward within the gulf, ranging from 20 to 29 centimeters 
(Kollo and Ellmann, 2019). The typical significant wave height in the gulf falls within the 
range of 0.5 to 0.8 meters, with a maximum significant wave height recorded at 
5.2 meters (Soomere et al., 2008).  

3.1.2 Datasets 
The Baltic+SEAL project introduces an advanced multi-mission sea level data product 
tailored for the Baltic Sea which has been used as the main source of SA data for 
Publication I–III. This dataset has been meticulously developed and validated, 
leveraging updated advances in coastal altimetry and data processing techniques. 
The key component of this data product involves the utilization of two distinct 
retrackers: ALES+ for the LRM altimeters (such as Jason missions) and ALES+SAR for the 
delayed Doppler altimeters (such as Sentinel-3 missions), as described by Passaro et al., 
(2020). 

ALES+SAR is tailored for delayed Doppler altimeters and adopts a simplified version 
of the Brown-Hayne functional form as an empirical retracker, aimed at accurately 
tracking the leading edge of the waveform. A Pulse Peakiness (PP) index is also 
employed; however, for S3A data, a PP threshold of less than 3 is used, with additional 
checks conducted to precisely determine the leading edge. The PP threshold may 
slightly differ from that used in ALES+. This difference is attributed to variations in the 
signal-to-noise ratio between the SAR mode and the LRM mode. In contrast to ALES+, 
the computation of sea state bias in ALES+SAR relies on models (Passaro et al., 2020). 
This approach offers a distinct methodology for correcting sea state-induced biases. 
Apart from the Baltic+SEAL dataset, the standard Level-2 data from AVISO and 
EUMETSAT has been used in Publication I (to compare with the Baltic+SEAL data) and 
Publication III (to extend the study period). A consistent set of range corrections has 
been applied for all SA datasets although the models may be different for some 
missions (more details in publications). These datasets have been assessed and 
validated against two HDM models (HBM-EST for Publication I and Nemo-Nordic NS01 
for Publication II and III) which have been corrected by the TG data. The main constraint 
of the HDM data (even after correction) is their spatial resolutions (with 1 NM) 
compared to the SA data. Hence, the SA data can capture more details of the sea level 
dynamics (with a resolution of 300 m along its track). 

The Baltic Sea region benefits from a dense TG data network with long-term and 
high-quality local sea level records which is illustrated in Figure 4. The figure background 
is the NKG2015 geoid model which has been utilized in this study, also in Publication II 
and Publication III. In this study, two different geoid models which have been locally 
developed for the study area have been utilized. Specifically, in Publication I the 
Estonian official geoid model EST-GEOID2017 (Ellmann et al., 2019) and for Publication 
II and Publication III the NKG2015 model (Ågren et al., 2016) has been used. For all 
publications the hourly data has been utilized also for Publication III the TG data at the 
time of SA cycles have been used for trend estimation. 
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Figure 4 represents the available TG network over the Baltic Sea with the summarized 
specifications of each national TG network in Table 3. For this study, TGs are unified by 
the EVRS-based national height systems i.e. BSCD2000 (Schwabe et al., 2020) which 
uses the zero-tide permanent tide system. However, the zero-tide system is not 
typically preferred for oceanographic approaches as it is a latitude-dependent tilt for 
the sea level variables. Hence the heights relative to BSCD2000 converted to the 
mean-tide concept for TG observations. Since TG records in the Baltic Sea region refer 
to NAP, the corresponding relations are written (Varbla et al., 2022): 

𝐻𝐻𝑚𝑚𝑐𝑐𝑜𝑜𝑜𝑜−𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐(𝜑𝜑) = 𝐻𝐻𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐−𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐(𝜑𝜑) + 0.2954(sin2(𝜑𝜑) − sin2(𝜑𝜑𝑁𝑁𝑆𝑆𝑁𝑁)) (24) 

𝐻𝐻𝑚𝑚𝑐𝑐𝑜𝑜𝑜𝑜−𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐(𝜑𝜑) = 𝐻𝐻𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐−𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐(𝜑𝜑) + 0.2954𝛾𝛾(sin2(𝜑𝜑) − sin2(𝜑𝜑𝑁𝑁𝑆𝑆𝑁𝑁)), 
where 𝛾𝛾 = 0.7 

(25) 

𝑁𝑁𝑚𝑚𝑐𝑐𝑜𝑜𝑜𝑜−𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐(𝜑𝜑) = 𝑁𝑁𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐−𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐(𝜑𝜑) − 0.2954(sin2(𝜑𝜑) − sin2(𝜑𝜑𝑁𝑁𝑆𝑆𝑁𝑁)) (26) 

where 𝜑𝜑𝑁𝑁𝑆𝑆𝑁𝑁  is the latitude of NAP (52°22′ 53″). 
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Figure 4: Available TG network over the Baltic Sea, the background color represent the NKG2015 
geoid model (source Publication II). 
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Country National 
height 
realisation 

National geoid model National ETRS89 
realisation 

Permanent 
tide 
system 

▲Denmark DRV90 DKgeoid12/DVR90G2013 EUREF-DK94 tide-free  
▲Estonia EH2000 EST-GEOID2017 EURF-EST97 zero-tide  
▲Finland N2000 FIN2005N00 EURF-FIN zero-tide  
▲Germany DHHN2016 GCG2016 ETRS89/DREF91/R2016 mean-tide  
▲Latvia LHS2000,5 LV14 zero-tide 
▲Lithuania LAS07 LIT20G LKS-94 zero-tide  
▲Poland PL-EVRS2007-

NH 
PL-geoid-2011 EURF89 PL-ETRF200 zero-tide  

▲Sweden RH2000 SWEN17_RH2000 SWEREF99 zero-tide  
▲Russia BHS77 

(Kronstadt) 
-- mean-tide  

3.1.3 Auxiliary and Third-Party Data 
In addition to the primary dataset detailed in Section 3.1.2, this study incorporates 
additional relevant auxiliary data to enhance clarity and gain insights into the dynamics 
and primary drivers of sea level variations. The supplementary datasets encompass 
both physical parameters of the sea and other sea level data sources explained below. 
This broader scope of data allows for a more comprehensive and nuanced 
understanding of the intricate factors influencing sea level behaviour in the study area. 

1- Sea ice concentration over Baltic Sea by gridded ice chart model available from 
Copernicus Marine Service Information, www.resources.marine.copernicus.eu

2- Globally gridded SA-derived SLA (https://doi.org/10.48670/moi-00148)
computed with respect to a twenty-year (1993–2012) mean from Copernicus
Marine Data Store (www.data.marine.copernicus.eu). This SLA is estimated by
optimal Interpolation method by merging the Level-3 along-track data from
the multiple SA missions. This product is developed by the DUACS (Data
Unification and Altimeter Combination System) system. This data has been
used in Section 3.4 (Publication III).

3- Baltic Sea Physical Reanalysis product (https://doi.org/10.48670/moi-00013)
which include a reanalysis model of the physical conditions for the entire Baltic
Sea. This product is developed using the Nemo ice-ocean model. This model is
available at the native model resolution (with horizontal resolution of 1 nautical
mile and 56 vertical layers). This data has been used in Section 3.4 (Publication
III).

4- Baltic+SEAL gridded SA data over the Baltic Sea region. This product provides
SSH after the cross-calibrated multi-mission (Passaro et al. 2020). In this
products’ the SA observations are interpolated on an unstructured triangular
grid (i.e., geodesic polyhedron) by 6–7 km spatial resolution. The monthly
gridded sea level data are developed by fitting an inclined plane to each grid
node using the weighted least square interpolation by considering along-track
SSH within a radius of 100 km around the grid node centre (Tuomi et al., 2020).
This data has been used in Section 3.4 (Publication III).

All the utilized dataset in this study have been summarized in Table 4. 

Table 3: Specification of TG network based on the country across the Baltic Sea (the triangle 
colours represent the TGs from Figure 4).  

http://www.resources.marine.copernicus.eu/
https://doi.org/10.48670/moi-00148
http://www.data.marine.copernicus.eu/
https://doi.org/10.48670/moi-00013
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Data source Section 3.3 
Publication I 

Section 3.4 
Publication II 

Section 3.5 
Publication III 

TG 4 stations 73 stations 13 stations 
SA 2 missions 3 missions 10 missions 
HDM HBM-EST Nemo-Nordic NS01 - 
RGM EST-GEOID2017 NKG2015 NKG2015 
VLM - NKG2016LU NKG2016LU 
Auxiliary data NO YES YES 

Study Period 2017 2017-2019 1989-2022 
Study Area Gulf of Finland Baltic Sea Baltic Sea 

3.2 Multi-mission SA Retrackers Validation 
The first part of this study focuses on the analysis of along-track SA data by comparison 
between the standard retracking algorithms (Ocean and MLE4) and the Baltic+SEAL 
project adopted retracker for the Baltic Sea region (ALES+ and ALES+SAR). This analysis 
was conducted using data from both Sentinel-3A (S3A) and Jason-3 (JA3) satellites, 
covering a time-span of one year in 2017 over the Gulf of Finland. The details of this 
comparison are discussed in Publication I and are elaborated in three subsections 
presented here. In Section 3.2.1, the examination of the quality and quantity of SA data 
points as the satellites approach the near-coast regions has been conducted. This 
examination aims to assess the performance of SA data when transitioning from open 
ocean to coastal areas. Section 3.2.2 focuses on investigating the consistency or 
inconsistency of SA data. This analysis provides insights into the potential biases in the 
SA data and its accuracy at different TG stations. To determine the most accurate 
retracker and the overall accuracy of the SA data. This analysis considers various factors 
and indicators, ultimately aiding in the selection of the most suitable retracker over a 
limited time (i.e. 2017). These examinations and comparisons are essential steps in 
ensuring the reliability and precision of SA data, particularly in coastal and near-coastal 
areas, and contribute to the broader understanding of SA applications in the Baltic Sea 
region by selecting the best retracker. 

3.2.1 Along-track Performance of  𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺 
This study explored the variations in the proximity to the coast at which valuable SSH 
data can be effectively obtained, considering the different satellite cycles along-track 
and various retracking. In pursuit of the highest data quantity and quality over 
near-coastal regions for each dataset, all data points up to the coastline were included, 
regardless the coastal QC flag, which typically excludes data points near the coast. 
Subsequently, a further step was taken to enhance data quality by eliminating clear 
outliers. This was accomplished by implementing a predefined threshold, which 
considered the difference between 𝑆𝑆𝑆𝑆𝐻𝐻𝑉𝑉𝑆𝑆−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  and 𝑆𝑆𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻, and any values 
exceeding a 30 cm difference were identified and removed from the dataset.  

An illustrative example can be seen for the Paldiski station, as depicted in Figure 5 
on the left side, marked at locations A and B. The focus here is on the quantity of data 
points that approach the coast. For Figure 5-B, pertaining to JA3 (pass#16 cycle#34), 
the ALES+ retracker provides 12 additional data points, covering a 4 km longer stretch 

Table 4: Summary of used data by multiple sources for Thesis sections. 
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than those obtained with the MLE4 retracker. This signifies that the ALES+ retracker 
significantly enhances the coverage of data points closer to the coast. In the case of the 
Finnish archipelago, as displayed on the right side of Figure 5-A, it’s evident that a 
considerable number of MLE4 data points (approximately 47 points) have been 
identified as outliers and subsequently removed. Conversely, in the ALES+ retracker 
more data points are available near the coastline. This observation underscores that 
the ALES+ retracker is the more reliable option for obtaining data up to the coast, 
especially for JA3, as it outperforms the MLE4 retracker by effectively retaining valuable 
data points after the removal of obvious outliers. 

In Table 5, the average distance from the first available data point to the nearest 
coastline is provided after removing outliers which vary for each SA cycle. To offer a 
more comprehensive view, the minimum distance for each cycle at each TG and SA pass 
is also included. This information provides valuable insights into the proximity of data 
points to the coastline for each cycle and allows for a detailed examination of the 
variations in distance between the SA and the coastline. 

Figure 5: Distribution of near-coast Sentinel-3A (S3A) and Jason-3 (JA3) satellite tracks at the 
Paldiski station. On the left-hand side, performance of the JA3 track (A) is shown near the Finnish 
coast using ALES+ (red) and MLE4 (blue) retrackers, while on the right-hand side (B), the 
performance of JA3 and S3A tracks near the Estonian coast is depicted using ALES+ and ALES+SAR 
(red), Ocean (yellow), and MLE4 (blue) retrackers. The coastline source is Google Earth (from 
Publication I). 
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Pass Number Average Distance 
[km] 

Minimum Distance 
[km] 

Average no. of 
Outliers 

S3A Ocean ALES+ 
SAR 

Ocean ALES+ 
SAR 

Ocean ALES+ 
SAR 

Kunda#083 2.77 2.95 2.02 2.02 17 13 
Kunda#414 2.07 2.07 1.73 1.73 7 5 
Loksa#300 2.32 2.57 1.93 1.93 9 4 

Narva-Jõesuu 
#197 

2.74 2.74 2.47 2.47 12 12 

JA3 MLE4 ALES+ MLE4 ALES+ MLE4 ALES+ 
Kunda#092 9.87 8.99 3.29 3.58 8 3 

Paldiski#016 6.62 6.72 2.99 2.54 4 3 

The results indicate that, on average, valid MLE4 retracker (JA3) data points were 
obtained at 7 to 10 km from the coastline. For S3A, regardless of the retrackers used 
(Ocean or ALES+SAR), consistently provided data points, on average, at 2 to 3 km from 
the coast, with very little difference observed between the two retrackers. This 
similarity in performance between Ocean and ALES+ SAR retrackers may explain the 
consistent results for S3A. In comparison between JA3 and S3A, it is evident that a more 
significant difference was observed with the JA3 satellite. The ALES+ retracker in JA3 
demonstrated a higher number of data points located closer to the coast. These findings 
underscore the influence of the retracker choice on the proximity of data points to the 
coastline and highlight the potential advantages of specific retracking algorithms for 
near-coastal observations. Therefore, the choice of satellite and its specific characteristics 
can significantly impact the performance of coastal observations in satellite altimetry 
studies. This has been investigated more in Publication II which compared three SA data 
over the entire Baltic Sea. 

The remaining question is whether the increased number of data points provided by 
the retracker algorithms translates into valid and reliable data. Figure 6 illustrates the 
along-track discrepancies at the Kunda station for each retracker/mission, utilizing all 
available cycles from 2017, without any outlier removal for an example. In general, a more 
coherent dataset is observed with the ALES+ and ALES+SAR retrackers when compared 
to the Ocean and MLE4 retrackers. However, the noisiest section appears to be within 
the first 10 km due the presence of numerous small islands and archipelagos. In this 
near-coast area, various marine processes such as breaking surface waves and 
upwellings, among others, can have a significant impact not only on the sea state but 
also on atmospheric conditions. An illustrative example is S3A cycle 18 for both the 
ALES+ SAR and Ocean retrackers at the Kunda station (pass#083) on May 21, 2017, 
as depicted in Figure 6. The occurrence of such discrepancies throughout the entire 
track for specific cycles could be attributed to a variety of factors including the 
degradation in range and geophysical corrections applied, contamination of the 
waveform by land or bright targets, or potentially influenced by the sea state prevailing 
at that specific time. These complex and dynamic factors can have an impact on the 
accuracy and reliability of the SA data for certain cycles, leading to discrepancies 
observed not only near the coast but also extending along the entire track. 

Table 5: Average and minimum distances from the first valid SA data point to the nearest coastline 
(km) after removing outlier data, for each satellite track (from Publication I). 
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3.2.2 Accuracy of Satellites and Retrackers 
An examination of the yearly RMSE between SA and HDM across all stations is 
presented in Table 6. The comparison between the S3A Ocean and ALES+ SAR retrackers 
reveals a slight improvement of approximately 0.5 to 1 cm in terms of RMSE when using 
the ALES+ SAR retracker. In the case of the JA3 satellite, an improvement of 1 cm is 
observed with the ALES+ retracker compared to MLE4. Overall, the results indicate that 
the S3A ALES+ SAR retracker performs the best among the examined stations, meeting 
the target accuracy requirement of better than 5 cm, which is a significant achievement 
in SA applications. 

Pass Number Max 
Bias 

Mean 
abs. 
bias 

RMSE Max 
Bias 

 Mean 
abs. 
bias 

RMSE No. 
used 

cycles 
Sentinel-3A Ocean ALES+ SAR 
Kunda#083 -30.15 18.57 4.98 -19.25 9.28 4.05 12 
Kunda#414 46.27 16.74 5.00 27.79 11.34 3.95 13 
Loksa#300 -70.2 19.87 4.89 28.07 11.22 4.25 12 

Narva-Jõesuu 
#197 

49.15 20.65 5.55 39.35 13.37 5.04 11 

Jason-3 MLE4 ALES+ 
Kunda#092 31.80 10.47 7.75 28.17 9.32 6.73 35 

Paldiski#016 -26.12 7.50 8.46 32.53 9.60 7.40 36 

Table 6 clearly demonstrates that the Baltic+SEAL datasets lead to smaller RMSE 
estimates than the standard Level-2 SA products, which underscores the significant 
impact of the retracking algorithms and associated corrections utilized in the datasets. 
It becomes evident that the adoption of a coastal retracker is highly relevant and 
applicable for the Baltic Sea area. These results emphasize the importance of selecting 

Figure 6: Discrepancies in Sea Surface Height difference per cycle for Kunda-083 Sentinel-3A (S3A) 
(left) and Kunda-092 Jason-3 (JA3) (right) tracks. Top panels show results using Ocean retrackers, 
while bottom panels show results using ALES+ SAR retrackers. The zero value on the horizontal 
axis indicates the coastline position (from Publication I). 

Table 6: Statistical estimates of post-fit residuals ΔSSH [cm] for along-tracks SSH from both S3A 
and JA3, comparing with HBM. Superior performances are highlighted in bold digits (from 
Publication I). 
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appropriate retracking algorithms and correction models, especially when dealing with 
coastal and near-coastal observations, as they can significantly enhance the accuracy 
and reliability of the SSH data. Consequently, the Baltic+SEAL data has been selected 
for further analysis to retrieve accurate sea level variation over the entire Baltic Sea 
which has been investigated in Publication II and briefly here in Section 3.3. 

3.3 Determining Accurate DT by SA and Geoid Model 
Following the selection of the best retracker, the next step is to derive SA-derived DT 
from multiple SA missions covering the entire Baltic Sea which has been discussed 
further in Publication II. The objective is to evaluate this SA-derived DT against 
corrected HDM data, both near the coast and offshore. This evaluation is achieved by 
examining the SA performance along the satellite tracks, focusing on the discrepancies, 
denoted as Δ𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻. Additionally, this study benefits from the synergy of multiple 
datasets, allowing for the investigation of the spatial patterns of Δ𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻. This 
approach helps in identifying problematic areas or regions with notable discrepancies 
between the SA-derived DT and the corrected HDM. Such analysis contributes to a 
comprehensive assessment of the performance of SA data in the Baltic Sea and aids in 
recognizing areas where further refinement or validation may be necessary. This 
process ultimately leads to the selection of suitable locations where reliable sea level 
trend estimation can be conducted. The details of this study have been discussed in 
Publication III and are further elaborated upon in Section 3.4. 

3.3.1 HDM Validation Against In-situ Observations 
The initial step in deriving DT from SA data offshore involves the validation of HDM data 
(Nemo-Nordic NS01) as an independent data source for sea level, both onshore and 
offshore throughout the entire Baltic Sea, using 74 TG stations observation. The results of 
this validation have been visualized in Figure 7, which depicts the mean and STD of HDM 
data residuals relative to TG observations for a three-year period spanning from 
2017 to 2019. In Figure 7, each TG location in the Baltic Sea is represented, with the 
size of the circle denoting the mean value, while the colour indicates the STD. 
This presentation allows for a comprehensive view of the accuracy and variability of 
HDM data relative to TG observations at different locations, aiding in the validation of 
the HDM data for sea level estimation. 
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     (b) 

     (c) (a) 

Figure 7-c highlights that the most significant discrepancies in the HDM, reaching 
approximately 30 cm, are observed during the period from February to March, 
corresponding to the winter-spring season. In contrast, the smallest discrepancies are 
evident during the autumn and summer seasons, where they are less than 20 cm. This 
observed variation can be attributed to a range of factors, including river runoff, snow 
melting, and other seasonal effects, such as the steric effect. It is possible that some of 
these seasonal effects may not have been initially incorporated into the HDM data, 
which explains the need for correction of the HDM data. It’s important to note that, 
for the purpose of this study, the HDM was only corrected at the time instants of the 
SA cycles, highlighting the importance of accounting for these seasonal variations to 
improve the accuracy and reliability of sea level data. 

3.3.2 SA Along-Track Performance 
To assess the performance of 𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆 along the satellite track, Figure 8 presents the 
comparison of three cycles (18, 21, and 26 in 2017) of DTSA with 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (green line) 
for the S3A pass #272. This pass extends from the southwest to the northern Baltic Sea 
and serves as a representative example of the HDM and SA data (location indicated in 
Figure 8-b). This comparison helps evaluate the consistency and accuracy of DTSA data 
relative to the corrected HDM along this specific satellite track. 
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Figure 7: Statistical analysis of HDM discrepancies in comparison with TGs. (a) Depicts the means 
(indicated by circle size) and STD (indicated by colours) of discrepancies between Nemo-Nordic 
HDM and 74 TGs across the Baltic Sea from 2017 to 2019. (b) Shows the monthly average of HDM 
discrepancies over a three-year period. (c) Displays the monthly average of HDM discrepancies at 
six selected TG locations (Kunda from Estonia, Skulte from Latvia, Leba from Poland, Travemünde 
from Germany, Spikarna from Sweden, and Turku from Finland), representing one station from 
each country with the highest STD or mean discrepancy (from Publication II). 
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(a) (b) 

Figure 8 presents the actual data points of 𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆 (blue dots) with the blue solid line 
representing the smoothed 𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆. The smoothing was calculated using a Moving 
Average (MA) over a sliding window of 0.5° latitude length across adjacent 𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆 data 
points. Along-track RMSE values between 𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆 and 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  were estimated for 
each cycle. Several key observations can be made from Figure 8 and the accompanying 
data: (i) seasonal variations in DT are evident. For example, in May 2017, DT varies 
within the range of 5 to 20 cm, while in August 2017, it varies within 20 to 40 cm, and 
in December 2017, it varies within 40 to 60 cm; (ii) the SA data exhibit more detailed 
variation in DT compared to the HDM data, which represent a relatively smooth surface; 
(iii) as the SA data approach coastal areas, particularly within the vicinity of the virtual
stations, they appear more scattered (latitude 59° to 60° and 66°); (iv) most of the
𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  values appear to be slightly lower than  𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆. It’s important to note that
𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐provides long-wavelength estimates of sea level with hourly temporal
resolution and 1 NM spatial resolution, resulting in a smoother profile. However, 𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆
provides instantaneous estimates of sea level with approximately 300 m spatial
resolution, offering more detailed and higher-frequency sea level features. Further
investigation of these locations was carried out via 𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻, considering each
mission for the entire Baltic Sea.

3.3.3 Evaluation of DT Accuracy and Identification of Problematic Areas 
Comparing the differences Δ𝐷𝐷𝐷𝐷𝑆𝑆𝑀𝑀−𝐻𝐻𝐷𝐷𝑀𝑀 serves not only to assess the accuracy of 𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆 
but also provides intuitive insights into persistent or semi-persistent patterns at 
locations that may be questionable. This comparison enables the identification of 
potential problematic areas through the synergy of SA, corrected HDM, TG, or geoid 
datasets, or any combination of these data sources. Accurate sea level variability can 
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Figure 8: (a) Comparative analysis between Sentinel-3A pass #272 DT (blue dots) and TG-corrected 
HDM (𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) data (green line) for three cycles in 2017. The blue solid line represents the 
moving average of 𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆, grey zones indicate masked near-coast and land areas, and triangles 
denote the locations of virtual stations. (b) Depicts the geographical location of Sentinel-3A pass 
#272 in the Baltic Sea (from Publication II). 
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be achieved by utilizing a high-resolution quasi-geoid model. The geoid plays a crucial 
role in determining precise DT through SA and can be instrumental in validating various 
SA missions and identifying problematic areas through multi-mission comparisons. This 
approach enhances the overall understanding of sea level variability and aids in 
addressing discrepancies or challenges in specific regions. 

Figure 9 displays 𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻 statistics for four selected passes of S3A (pass #158, 
#169) and JA3 (pass#111, #16) from 2017 to 2019 which provides insights into possible 
discrepancies and hints at their potential sources. These passes represent diverse SA 
data coverage in terms of direction (ascending and descending passes) and geographic 
orientation (north–south and east–west passes). Passes 158 (S3A) and 111 (JA3) are 
descending, while passes 169 (S3A) and 16 (JA3) are ascending.  
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Figure 9: Along-track 𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻for four SA passes ((a): S3A#158, (b): S3A#169, (c): JA3#111, 
and (d): JA3#16), considering all available cycles during the period of 2017–2019. The blue line 
represents the moving median of 𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻, while the dashed red lines depict the moving 
standard deviation “envelope.” Additionally, the average of 𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻is indicated. The 
bottom row (e–h) showcases the location of each pass in the Baltic Sea, with grey zones denoting 
masked land areas. Potential problematic areas are classified into three types: Yellow shaded 
regions indicate suspected geoid model problems, green shade represents TG records problems 
(or the HDM problem), and purple shade suggests SA problems, possibly due to sea ice presence 
or land contamination (modified from Publication II). 
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The figure includes the whole-track average of 𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻 and the pass locations 
over the Baltic Sea (red line) with associated TGs (yellow triangles) in the bottom row 
(Figure 9-e-h). This analysis aims to (i) illustrate persistent spatial areas of discrepancies, 
(ii) quantify discrepancies, and (iii) tentatively identify their sources. The examination
reveals that SA exhibits more detailed variation compared to corrected HDM suggesting
some expected level of discrepancy. However, when discrepancies exceed ±5 cm and
display abnormal shapes (e.g., steep jumps), it indicates potential problematic areas
related to data sources. The STD (dashed red line) aids in identifying persistent and
semi-persistent patterns.

Upon analysing these tracks, a general difference (mean Δ𝐷𝐷𝐷𝐷𝑆𝑆𝑀𝑀−𝐻𝐻𝐷𝐷𝑀𝑀) of 
approximately ±10 cm is observed. The purple masked areas presents the SA related 
issues, the green area present the TG/HDM related problematic areas and the yellow 
masked areas in Figure 9-a highlight persistent locations with abrupt jumps (2–7 cm 
compared to nearby values) of Δ𝐷𝐷𝐷𝐷𝑆𝑆𝑀𝑀−𝐻𝐻𝐷𝐷𝑀𝑀 around 62° latitude. In this highlighted  
area, the smaller STD indicates greater persistence, suggesting possible causes like 
geoid or HDM/TG deficiencies. Further investigation of five S3A passes across the  
Gulf of Bothnia in Publication II supports this observation. Additional evidence of the 
issue is presented in Figure 10, where examination of all SA cycles reveals identifiable 
problematic areas.  
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Figure 10: Statistics of the along-track SA examination. In the top row, the discrepancies  
𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻are depicted for the years 2017–2019 for missions (a) S3B, (b) S3A, and (c) JA3.  
For the 𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻 plots, black dots represent |𝛥𝛥𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻|>20 cm, which are excluded from 
the calculation of the RMSE values. Additionally, the associated STDs of 𝛥𝛥𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻larger than 
20 cm are denoted in black dots in the bottom row (d–f) (from Publication II). 
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Deteriorations in Δ𝐷𝐷𝐷𝐷𝑆𝑆𝑀𝑀−𝐻𝐻𝐷𝐷𝑀𝑀 are evident around the latitude of 54°‒55.5° (Figure 
10-a,b), showing a deviation from 5 to 10 cm. The variable STD suggests a semi-persistent
pattern. In Figure 10-a, Bornholm Island, located in the purple-highlighted area in Figure
9-a, contains several large rocks within the near-coast data corridor of the SA pass,
potentially influencing the observations. Furthermore, in Figure 10-d,f, a substantial
deviation (~3 cm) above latitude 61° near the Swedish coast is observed, potentially
attributed to TG-corrected HDM (green masked area). The higher STD in Figure 10-c
suggests semi-persistent patterns, possibly influenced by seasonal effects, while Figure
10-d indicates a small STD, hinting at a more persistent pattern. It is worth noting that
the employed method for HDM correction is robust, yet not error-free. Consequently,
some differences may arise due to errors in the TG/HDM correction method.
Additionally, the Swedish TGs in this region exhibit issues compared to other TGs in the
Baltic Sea, as illustrated in Figure 7. Additionally, around latitude 58.5° (Figure 10-b,c),
SA passes closely align with the eastern coast of Saaremaa Island, Estonia, hinting at
possible land contamination. At sub-arctic latitudes 63°‒66°, a negative deviation
from the zero line of approximately 0 to −8 cm occurs, with a large STD, indicating
semi-persistent patterns and potential seasonal trends. This suggests issues with HDM
modelling or SA. One possibility is SA’s failure to accurately track sea level due to sea
ice presence (purple-masked area) during winter months.

A comprehensive evaluation of along-track DTSA accuracy across multi-missions (S3B, 
S3A, and JA3) was conducted by comparing the entire along-track DTSA with DTHDM-corr 

over the Baltic Sea. This analysis aimed to identify potential problematic areas, 
accounting for land contamination, sea ice, geoid issues, or HDM problems, as detailed 
in Publication II. Figure 11 visually represents these areas affecting SA data quality in 
which the normalized 𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁𝑆𝑆𝑀𝑀−𝐻𝐻𝐷𝐷𝑀𝑀 for S3A and JA3 mission data throughout the Baltic 
Sea in 2017 (a full cycle to mitigate seasonal effects) is presented, employing standard 
score (Z-score) normalization (Freedman et al., 2020). This normalization indicates the 
deviation of 𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁𝑆𝑆𝑀𝑀−𝐻𝐻𝐷𝐷𝑀𝑀 values from the standard deviation of the entire Baltic Sea. 
To enhance clarity, areas with large 𝑆𝑆𝐷𝐷𝐷𝐷𝑆𝑆𝑀𝑀−𝐻𝐻𝐷𝐷𝑀𝑀 (black dots in Figure 10e-f), primarily 
resulting from land contamination at coastal regions, were excluded. Coloured 
rectangles in Figure 11 highlight problematic areas with persistent large 𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁𝑆𝑆𝑀𝑀−𝐻𝐻𝐷𝐷𝑀𝑀 
estimates, categorized into three groups. Yellow rectangles identify persistent 
discrepancies in both S3A and JA3, possibly linked to geoid deficiencies in the Gulf of 
Finland and potentially the Bothnian Sea. In Figure 10-a–c, substantial discrepancies 
(Δ𝐷𝐷𝐷𝐷𝑆𝑆𝑀𝑀−𝐻𝐻𝐷𝐷𝑀𝑀) of approximately 30 cm are evident at latitudes around 59.6°, 
encompassing the western coast of Finland and the eastern Gulf of Finland. The small 
STD values in these areas suggest a persistent pattern. 
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(a) (b) 

3.4 Regional Sea Level Trend Estimation 
This section presents the results of the reginal sea level trend over the 13 selected TG 
stations over the Baltic Sea using both TG and SA data. These TGs have been selected 
due to their suitable data coverage over 1995–2022 which overlap with the available 
SA data. Also based on their location (mainly over Baltic Proper) to avoid the 
problematic area which has been identified in Publication II. Details of these TG 
station’s per country can be found in Table 7. Each TG contains hourly data between 
1995–2022 except for some TGs with data gap, The data gap of each TG is also 
presented by percentage of missing hourly data in Table 7. 

S3A: 2017

197

369

Problematic Areas
1-Geoid
2-SA (coast & ice)
3-HDM/TG

(1)

(1)

(2)

(2)

(2)
(2)

(2)

(2)

(3)

(3)

(2)

JA3: 2017

187

144

(2)

Figure 11: Problematic areas in determining DT over the Baltic Sea. (a) shows the normalized mean 
of 𝛥𝛥𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆−𝐻𝐻𝐻𝐻𝐻𝐻 of S3A data, (b) depicts the same for JA3 data, both for the year 2017. The 
problematic areas are enclosed by coloured rectangles, each labelled with numbers to classify the 
possible reasons. Yellow rectangles represent geoid-related issues, purple rectangles indicate SA 
problems, and green rectangles suggest HDM or TG problems (from Publication II). 
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ID Station Latitude Longitude  Country VLM 𝜟𝜟𝜟𝜟 i Gap 

1 Dirhami 59.21 23.50 Estonia 3.09 0.4 117,833 51.991 

2 Ristna 58.92 22.06 Estonia 3.46 0.4 244,427 0.42 

3 Ventspils 57.40 21.53 Latvia 1.56 0.3 200,199 18.41 

4 Ustka 54.59 16.85 Poland 0.13 0.1 175,622 28.45 

5 Kolobrzeg 54.19 15.55 Poland -0.06 0.1 170,399 30.58 

6 Swinoujscie 53.91 14.25 Poland -0.18 0.1 175,157 28.64 

7 Sassnitz 54.51 13.64 Germany 0.09 0.1 237,694 2.58 

8 Rodvig 55.25 12.37 Denmark 0.62 0.2 226,479 7.73 

9 Simrishamn 55.56 14.36 Sweden 0.89 0.2 234,745 0.00 

10 Kungsholmsfort 56.11 15.59 Sweden 1.36 0.2 245,439 0.00 

11 Marviken/Arkö2 58.55 16.84 Sweden 4.46 0.4 245,448 0.00 

12 Hanko 59.82 22.98 Finland 4.16 0.4 245,448 0.00 

13 Pori 61.59 21.46 Finland 7.44 0.7 244,728 0.29 
1 This station includes manually recorded historical data twice a day up to 2010, from 2011 onward the 
hourly observation by sensor is available, hence, the data gap is high in hourly time frame. 
2 The tide gauge Marviken has the data up to 10-01-2019 hence another station close (~10 km) to this TG 
has been used for more updated data: Arkö station with latitude: 58.4843° and longitude: 16.9607°. 

To study the ASL trend from SA dataset, 10 SA missions’ data including European 
Remote-Sensing Satellite-2 (ERS2), Envisat (ENV), Jason-1(JA1), Jason-2 (JA2), Cryosat-2 
(CS2), SARAL/AltiKa (SRL), Sentinel-3A (S3A), Jason-3 (JA3), Sentinel-3B (S3B) and 
Sentinel-6A Michael Freilich Jason-CS (S6A have been utilized. This dataset is mainly 
containing data from the Baltic+SEAL project however, this dataset includes the data 
up to 2019. Hence, the standard data from 2019 to 2022 have been used to cover the 
whole study period. The standard data is originated from the European Organisation 
for the Exploitation of Meteorological Satellites (EUMETSAT) which can be downloaded 
from EUMETSAT Earth Observation Portal https://eoportal.eumetsat.int/. The details of 
SA data temporal coverage for each mission have been mentioned in Table 8 also more 
details in Publication III.  

ID SA Data Period (Baltic+SEAL) Data Period (Standard data) 
1 ERS2 16-May-1995 01-Jul-2003 - - 
2 ENV 18-Jun-2002 18-Oct-2010 - - 
3 JA1 15-Jan-2002 20-Jun-2013 - - 
4 JA2 12-Jul-2008 17-May-2017 - - 
5 CS2 19-Jul-2010 04-May-2019 - - 
6 SRL 14-Mar-2013 04-Jul-2016 - - 
7 S3A 04-Jan-2017 13-Jun-2019 13-Jun-2019 31-Dec-2022
8 JA3 17-Feb-2016 31-May-2019 31-May-2019 31-Dec-2022
9 S3B 01-Nov-2018 19-May-2019 19-May-2019 31-Dec-2022
10 S6A - - 1-Apr-2022 31-Dec-2022

Table 7: TGs specifications including latitude and longitude (in degrees) number of data points (i) 
along with the hourly data gap percentage January 1, 1995, and the end date is December 31, 
2022, together with the VLM and 𝛥𝛥𝑁𝑁[mm/yr] values (from Publication III). 

Table 8: SA mission and related data (from Publication III). 

https://eoportal.eumetsat.int/
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Three main aspects of sea level trend have been examined in Publication III which 
include: (i) examination of the RSL and ASL trend estimates using the TG data (Section 
3.5.2); (ii) comparison of the along track instantaneous SA data with the TG data for 
both long- and short-term trends (Section 3.4.1 and 3.4.2); (iii) inter-comparison of 
estimated trend by SA data (Section 3.4.3). 

3.4.1 Long-term (1995-2022) Regional ASL Trend 
The ASL trend is computed separately for each TG station and from multi-mission 
instantaneous SA data. It includes trends from SA, hourly TG trends (𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇), and TG 
readings during satellite passes (𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐). The resulting estimated trend, using 
both 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇  and 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , is shown in Figure 12, along with the RMSE for all 
stations. Overall, all three methods generally calculate the trend within a 2 mm/yr 
range. In most stations, the sea level trend ranges from 2 to 6 mm/yr when using both 
hourly TG and SA data (Figure 12-b). However, employing 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  and SA data, 
the values range from 1 mm/yr to 6 mm/yr (Figure 12-c). Notably, stations in the 
northeastern section (like Pori, Hanko, Ristna, and Marviken) exhibit higher trend 
values, around 4 to 5 mm/yr. Comparing the datasets across all stations, the RMSE 
between SA-derived rates and 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  rates, is lower (RMSE = 1.2 mm/yr). 
In Figure 12-a, the SA-derived DT (red bars) align closely with the TG-derived sea level 
trend, except for 5 stations (Dirhami, Ventspils, Ustka, Kolobrzeg, and Swinoujscie), 
where there’s a significant observational gap. On average, the ASL trend across 13 
stations stands at 3.9 mm/yr for hourly TG and 4.8 mm/yr for SA data in the Baltic Sea. 
The RMSE between these datasets is 1.5 mm/yr.  

Figure 12-b and Figure 12-c shows the limitations of TG data in estimating sea level 
trends, especially for stations with data gaps. These gaps and outliers in TG observations 
can distort regional-scale sea level trend estimates. As a result, SA data emerges as a 
reliable resource for determining these trends at a regional level. However, while 

SA trend, average=3.87 mm/yr
TG trend, average=3.83 mm/yr

1995-2022

(1)(2)

(3)

(4)

(5)(6)

(7)

(8)
(9) (10)

(11)

(12)

(13)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)       (11)   (12)       (13)

Hourly TG data

TG @ SA cycle

(a) (b)

(c)

Figure 12: ASL trend by SA and TG data for the period 1995 to 2022 over the Baltic Sea. (b) the 
rates obtained using both SA (red) and hourly TG data (dark blue). (c) rates using TG data only at 
SA cycles (light blue) compared with the instantaneous SA (red). The whiskers represent the 
estimated rate uncertainties within the 95% confidence interval of each dataset, and the RMSE 
between the estimated rates are also provided (modified from Publication III). 
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instantaneous SA data offers a more realistic trend compared to DTTG@SA cycle, 
discrepancies between the SA-derived trend and TG data (DTTG) likely stem from the 
gaps in TG observations. 

3.4.2 Decadal Regional Trend 
Decadal changes in both ASL and RSL trends were analysed for two periods: January 
2000 to December 2009, and January 2010, to December 2019. Figure 13 illustrates the 
comparison of decadal sea level trends between SA and TG for three different periods: 
2000–2019, 2000–2009, and 2010–2019, utilizing instantaneous SA data (𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆@𝑇𝑇𝑇𝑇), 
hourly TG data (𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇), and TG data during SA cycles (𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐). This figure 
showcases a spatial pattern in trend rates similar to that seen in Figure 12. For the SA 
during both periods (2000–2009 and 2010–2019), trend rates remained within the 
range of approximately 3 to 10 mm/yr. However, the TG-derived trends, using both 
𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  and 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇, exhibited a varied trend range from –2 to 16 mm/yr. 

The reliance on TG data for sea level trend estimation is common, but its reliability 
is often hindered by data gaps, resolution limitations, and missing data. Table 9 shows 
that despite SA data representing singular values at specific times each month 
(depending on the SA cycle), they still capture a realistic trend comparable to TG data. 
For instance, the average sea level rates between 2000–2009 were around 2.7 mm/yr 
for TG data and 3.9 mm/yr for SA data. Similarly, for the period of 2010–2019, these 
rates were 8.1 mm/yr and 7.6 mm/yr, respectively. These findings prove valuable, 
particularly in areas lacking TG stations, highlighting that TG data might not always 
provide accurate information due to varying data resolutions. The RMSE between 
instantaneous SA rates, 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, and DTTG rates, considering all stations, is also 
depicted in Figure 13. The maximum RMSE occurs during 2000–2009 (at 4.7 mm/yr), 
correlating with a larger number of data gaps (945 in total across all stations) during 
this period compared to the period of 2010–2019 (with 182 data gaps). 
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Figure 13: Decadal sea level trend by hourly TG records (dark blue), TG data at the time of SA 
cycles (light blue) and SA data (red) over the period of (a) 2000–2019, (b) the 2000–2009 decade 
(c) and 2010–2019 decade (from Publication III). 
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ID 

𝐷𝐷𝐷𝐷𝑆𝑆𝑀𝑀@𝐷𝐷𝑇𝑇  𝐷𝐷𝐷𝐷𝐷𝐷𝑇𝑇  𝐷𝐷𝐷𝐷𝐷𝐷𝑇𝑇@𝑆𝑆𝑀𝑀 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑖𝑖  𝐷𝐷𝐷𝐷𝑆𝑆𝑀𝑀@𝐷𝐷𝑇𝑇  𝐷𝐷𝐷𝐷𝐷𝐷
Jan 2000-

Dec 2009 
Jan 2010-

Dec 2019 
Jan 2000-

Dec 2009 
Jan 2010-

Dec 2019 
Jan 2000-

Dec 2009 
Jan 2010-

Dec 2019 
1995-

2022 
1995-

2022 
1 7.7±0.04 4.9±0.04 8.6±0.20 -1.7±0.06 12.9±0.08 -4.6±0.03 2.8±0.01 3.6±0
2 6.7±0.03 7.1±0.03 8.4±0.06 9.0±0.05 10.1±0.03 7.8±0.03 4.8±0.01 4.6±0
3 4.8±0.04 6.4±0.03 6.6±0.06 5.3±0.05 2.3±0.04 2.9±0.03 5.4±0.01 2.1±0
4 7.7±0.04 5.0±0.04 2.4±0.07 3.4±0.05 10.5±0.04 1.2±0.04 4.1±0.01 2.4±0
5 7.2±0.05 2.7±0.04 0.1±0.07 1.5±0.05 5.7±0.05 -0.4±0.04 3.1±0.01 2.1±0
6 7.4±0.05 6.3±0.04 -1.5±0.07 2.5±0.05 2.8±0.05 2.8±0.03 3.4±0.01 2.7±0
7 8.1±0.03 5.0±0.02 6.8±0.05 2.0±0.05 9.3±0.03 1.8±0.02 2.7±0.01 3.2±0
8 7.0±0.04 4.6±0.03 16.0±0.05 6.3±0.05 15.6±0.04 6.7±0.03 2.5±0.01 5.1±0
9 6.5±0.04 7.8±0.03 5.1±0.04 4.8±0.04 5.8±0.03 4.3±0.03 4.1±0.01 3.5±0
10 6.1±0.04 9.6±0.03 10.6±0.04 6.3±0.04 13.9±0.04 6.4±0.03 4.1±0.01 4.8±0
11 3.6±0.06 5.6±0.05 6.8±0.04 7.7±0.04 7.3±0.05 6.8±0.04 5.3±0.01 4.9±0
12 4.5±0.05 5.2±0.04 7.3±0.05 8.9±0.05 6.2±0.04 6.5±0.03 3.5±0.01 5.4±0
13 7.9±0.04 5.3±0.03 7.5±0.05 7.5±0.05 10.4±0.04 7.5±0.03 4.5±0.01 5.4±0

Mean 3.87 3.83 

Table 9: The estimated sea level trend from SA data (𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆@𝑇𝑇𝑇𝑇), hourly TG data (𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇) and TG data at the time of SA cycle (𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇@𝑉𝑉𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) over different decades 
and during the whole study period (From Publication III). 
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3.4.3 Inter-comparison SA trend 

3.4.3.1 SA Data Optimality Regarding the Distance to TG 
The use of along-track SA data allows for an examination of how sea level trend 
estimates vary with distance from the coastline. Figure 14 illustrates SA-derived sea 
level trend results at distances ranging from 5 to 50 km from the coast. Each distance 
range is averaged to determine the SA sea level trend within that range. The TG-derived 
trend is also included for comparison, offering insights into expected sea level changes 
at the coast. This comparison demonstrates the variability in sea level trends away from 
the TG station and explores scenarios where the TG may not consistently provide the 
most precise sea level trend estimates, depending on the specific context. 

In the figure the largest RMSEs are observed within SA-derived trend for the 
10–15 km distance from the coast. Also, different trend values for the nearby stations 
(e.g., Ristna and Dirhami) may be attributed to the marine dynamics influencing the sea 
level variables over coastal areas, including the surface waves causing wave set-up and 
set-down. 

3.4.3.2 Sea level Trend of Different SA Category 
In this study, SA missions were categorized into two groups based on their 
constellation: high-inclination orbit satellites (SA1) and low-inclination orbit satellites 
(SA2). This categorization aimed to explore potential impacts of these distinctions on 
derived sea level trends from SA data. The sea level trends for each category were 
estimated during the period of 2003–2022 (where overlapping data existed) and 
compared with TG-derived trends over the same period. The results are depicted in 
Figure 15. Generally, the low-inclination SA data align better with TG trends, although 
exceptions exist at eight stations (Ristna, Ustka, Kolobrzeg, Swinoujscie, Sassnitz, Rodvig, 
Simrishamn, and Pori). Most SA missions exhibit agreement with TG, showcasing an 
average difference of 2.8 mm/yr for both group missions compared to all TG data. 

Figure 14: Along-track SA-derived sea level trend (red) away from the coast compared to the TG trend (blue). 
The number of SA data points within the distance are denoted in the right-hand side vertical axis 
with numbers in thousand (K) format (from Publication III). 
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Overall, the SA2 group (low inclination) demonstrated a closer alignment with TG 
data, boasting an RMSE of 3.15 compared to the SA1 group, which exhibited an RMSE 
of 3.73 mm/yr. Across 13 stations, the average discrepancy for the SA2 group stood at 
2.5 mm/yr, with the largest difference reaching 6.9 mm/yr at Kungsholmsfort (10) 
station. Meanwhile, the SA1 group showcased an average discrepancy of 3.2 mm/yr 
compared to TG trends, with the maximum difference of 6.3 mm/yr observed at 
Swinoujscie (6) station. 

3.4.3.3 Gridded vs instantaneous SA trend 
Gridded SA data, a method frequently employed in various studies (Madsen 2019, 
Passaro 2021, Kapsi 2023, etc.), proves advantageous for estimating sea level trends. 
This method amalgamates data from different missions, bridging temporal gaps and 
allowing mutual complementation. In this study, a comparison was conducted 
between sea level trends derived from instantaneous SA data and three available 
gridded datasets within the region (explained in Section 3.1.3). These findings were 
examined against trends derived from both instantaneous SA data and TG methods. 
The investigation covers the data period from 1995–2019, as data from the Baltic+SEAL 
project were available up to June 2019. The comparison results are illustrated in Figure 
16. This figure also illustrates the long-term trend variations (from Figure 12 and
Table 9) derived from TG (𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇) and SA (𝐷𝐷𝐷𝐷𝑉𝑉𝑆𝑆@𝑇𝑇𝑇𝑇 ) methods for a 28-year period, marked
by triangle markers, for comparison purposes. The inter-comparison results indicate
a strong agreement between most of the gridded products and the instantaneous SA
calculated in this study. However, notable differences arise, particularly with the
Baltic+SEAL gridded data, showing a discrepancy of 4.7 mm/yr for Ventspils (#3) station, 
and the global gridded SLA for Dirhami (#1) station, displaying a difference of 3.3
mm/yr. While TG data also exhibited some discrepancies compared to other products,
these issues were addressed earlier in this study.

TG trend
SA1 (ENV, SRL, S3A, S3B), RMSE= 3.73 mm/yr
SA2 (JA1, JA2, JA3, S6M), RMSE= 3.15 mm/yr

Figure 15: ASL for the period of 2003–2022 (overlapped data time) for two categories of SA 
missions compared to the TG trend (blue). The high inclination (red) and low inclination (yellow) 
SA have been estimated different trends over different TG locations. The bars are representing 
uncertainties using 95% CI (from Publication III). 
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In this figure the RMSE between estimated trend of each dataset and the TG related 
trend have been mentioned for the 6 stations out of 13 stations. From this figure the 
instantaneous SA data results are matching with the gridded data however with better 
RMSE compared to the TG data. Although the instantaneous SA and gridded data from 
Baltic+SEAL have same RMSE, but this gridded data also could not get close to 2 TG 
stations (Kolobrzeg and Swinoujscie) for a proper trend estimate. This emphasises the 
advantage of using the instantaneous SA-derived DT rather than gridded and SLA data 
for a realistic estimate of sea level trend. The rate of each dataset is mentioned in Table 
10. This table also include the long-term trend from 1995 to 2022 (28 years) estimations
of both SA and TG. From this table, the instantaneous SA data has better match with
TG (bold fonts) for 5 stations more than the other datasets.

The figure illustrates the RMSE between the estimated trend of each dataset and the 
corresponding TG-related trend for 6 out of the 13 stations. The results show that the 
instantaneous SA data aligns closely with the gridded data, demonstrating a superior 
RMSE compared to the TG data. Although the RMSE between the instantaneous SA data 
and the Baltic+SEAL gridded data is similar, the Baltic+SEAL dataset fails to accurately 
estimate trends at two TG stations (Kolobrzeg and Swinoujscie). This underscores the 
advantage of using instantaneously derived SA trends over gridded and SLA data for 
realistic sea level trend estimates. The rates of each dataset are detailed in Table 10, 
where the long-term trend (28 years) estimations of both SA and TG are provided. It’s 
evident from this table that the instantaneous SA data (highlighted in bold fonts) exhibit 
a better match with TG data for five stations compared to other datasets

Figure 16: Comparison of ASL trend derived from instantaneous SA data (red) and three gridded 
datasets including SA global SLA data by Copernicus (purple), gridded Nemo model SLA by 
Copernicus (green) and Baltic+SEAL gridded SA data (yellow) together with the TG (blue) data in 
the period of 1995–2019. The bars are representing uncertainties using 95% CI (from Publication 
III). 
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ID TG (●) 
1995-2019 

SA (●) 
1995-2019 

GlobalSLA (●) 
1995-2019 

Nemo (●) 
1995-2019 

SEAL (●) 
1995-2019 

TG (▲) 
1995-2022 

SA (▲) 
1995-2022 

1 1.07±0.31 3.25±0.11 4.33±0.0 2.05±0.0 3.82±0.03 3.6±0.02 2.8±0.01 

2 2.79±0.14 3.94±0.09 3.98±0.0 NaN 4.05±0.03 4.6±0.01 4.8±0.01 

3 -0.3±0.17 4.01±0.10 3.85±0.0 NaN 4.38±0.03 2.1±0.01 5.4±0.01 

4 2.06±0.18 3.57±0.11 3.23±0.0 1.40±0.0 3.33±0.02 2.4±0.01 4.1±0.01 

5 1.11±0.18 2.92±0.13 3.28±0.0 1.33±0.0 NaN 2.1±0.01 3.1±0.01 

6 1.67±0.18 2.77±0.13 2.95±0.0 NaN NaN 2.7±0.01 3.4±0.01 

7 2.50±0.12 2.37±0.09 3.40±0.0 1.40±0.0 2.84±0.02 3.2±0.01 2.7±0.01 

8 4.68±0.05 1.90±0.11 2.95±0.0 NaN 2.69±0.02 5.1±0.01 2.5±0.01 

9 1.88±0.06 3.43±0.09 3.38±0.0 NaN 3.34±0.02 3.5±0.01 4.1±0.01 

10 1.55±0.01 3.75±0.10 3.33±0.0 NaN 3.55±0.02 4.8±0.01 4.1±0.01 

11 2.80±0.03 4.82±0.16 3.13±0.0 1.85±0.0 3.09±0.03 4.9±0.01 5.3±0.01 

12 3.78±0.13 4.00±0.13 3.19±0.0 1.99±0.0 4.11±0.02 5.4±0.01 3.5±0.01 

13 3.74±0.13 4.05±0.10 4.82±0.0 2.30±0.0 5.09±0.03 5.4±0.01 4.5±0.01 

RMSE 1.78 0.64 

Table 10: ASL trend during 1995–2019 using hourly TG observations, instantaneous SA and three gridded products (show as circle in Figure 16 with associated RMSE) 
together with the long-term trend (triangles). Better performance compared to TG observations are in bold font (from Publication III). 
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4 Discussion and Concluding Remarks 
The research performed for this thesis demonstrates that for marine sciences the 
important contribution of utilizing along-track satellite altimetry sea level data, especially 
when employed with a high-resolution geoid. Utilization of the geoid is a key component 
that allows the derivation of dynamic topography (DT). The developed methods for 
determination DT was an essential part of this thesis for it allowed a compatible 
comparison with other sea level data sources so that: (i) validation and accuracy 
determination could be effectively performed and (ii) considering the advantages and 
disadvantages of SA and that of other data sources, the utilized approaches showed that 
by combining various sources it was possible to identify problematic sources and their 
geographic locations. Such methods/approaches utilized in this study is considered to be 
novel in that it has not been performed before in such detail. 

4.1 Summary of Results 
In Publication I it was shown that ‘several versions’ of satellite altimetry sea level data 
exist and a major difference with them was the type of coastal retracker that was utilized. 
This in effect could affect the final sea level computed especially in the coastal area. As a 
result, we investigated in Publication I whether these coastal retrackers methods 
(ALES+ SAR for S3A and ALES+ for JA3) that were expected to give better results, 
especially in the coastal areas (that are often contaminated by land, ice, etc.) made a 
difference when compared to more generalized retrackers, often utilized for the open 
sea areas (Ocean for S3A and MLE4 for JA3). This was explored in the Gulf of Finland, 
Baltic Sea. 

To compare the different SA missions and retrackers a ground truth is required for 
comparison. Both tide gauges (TG) and hydrodynamic models (HDM) were utilized for 
this. A simple method was developed that made the HDM vertical datum comparable to 
that of the TG and SA. So, a simple Bias correction (shift) was applied to HDM data, and 
this was assumed to be constant for that particular SA track however it would change for 
each cycle. Note that in this Publication I whilst the geoid was utilized, it was not 
explicitly used to determine DT but instead, all sources were made to refer to sea surface 
height (SSH). This was so for the purpose of validating different SA missions and it was not 
that important to derive to DT, however, the utilization of geoid was still implemented.  

The results showed that in terms of retrackers the S3A in SAR mode provided more 
good data points within a range of 2−3 km to the coastline. However, such JA3 
measurements that utilized LRM good data points were typically located further from 
the coastline, within a range of 7−10 km. So overall it was found that the specialized 
ALES+ and ALES+SAR retracking methods notably improved the coherence of both SA 
datasets. This was one of the first studies to examine the ALES+ and ALES+SAR retracking 
methods in the Gulf of Finland where the method utilized the marine geoid. 
Consequently, the Baltic+SEAL dataset that utilized these improved retrackers was 
chosen for further investigation in Publication II due to its enhanced spatial-temporal 
coverage across the entire Baltic Sea for a three-year period. 

Based on the limitations of the method utilized in Publication I (especially 
computation of Bias correction) and our realization that it was essential to now derive 
sea level data, DT versus SSH. Publication II examined a more meticulous approach of 
determining DT for the entire Baltic Sea. As result a comprehensive and improved 
method was developed that utilized a virtual station. These virtual base stations were 
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more representative of the ground truth whilst still utilizing the TG and HDM data. 
Publication II was innovative from other SA studies in that it not only validated SA data 
with ground truth data but was also able to identify the problematic areas associated 
with each dataset' error sources.  

The statistical results of Publication II showed discrepancies between corrected HDM 
and SA across all missions were within ±20 cm. The RMSE ranged from 5–9 cm (9.2 cm 
for S3B, 6.4 cm for S3A, and 5.6 cm for JA6), and STD between 2 to 16 cm across the 
entire Baltic Sea. Notably, areas with complex geographical features, like coastal regions, 
archipelagos, and small islands, exhibited larger mean and STD values of these 
discrepancies.  

The most revealing outcome of the inter-comparison of data sources however was 
identification of the problematic regions and sources of this. This was found by 
identifying persistent and semi-persistent discrepancies amongst the data sources. For 
instance, semi-persistent patterns revealed from SA data problematic issues notably in 
sub-arctic areas (e.g., Gulf of Bothnia) that were most likely affected by sea ice and land 
contamination. Persistent problems were also found in the TG data. For the assumption 
in our studies so far assumed ‘TG’ to be more or less the ground truth in our method 
developed, however particular problematic TG stations were identified (e.g., correction 
inadequacies, TG zero problems), and also HDM issues were observed in areas such as 
the eastern Swedish coast and the Southern Baltic. Also, for persistent discrepancies 
geoid-related problems were identified in the eastern Gulf of Finland and this region was 
also confirmed by Varbla et al., (2020). This proved that the method developed was 
reliable in identifying problematic areas and sources. Consequently, these problematic 
areas were avoided in Publication III, where sea level trend estimation was performed 
using multi-mission along track SA data. Another revealing observation was that the SA 
data tended to reveal more realistic sea level variation i.e. high frequency and low 
frequency signals compared to the HDM which tended to display a smoother sea surface. 
This implies the potential in future studies for SA data to be investigated and utilized 
further for ocean dynamic processes. 

Publication III explored another aspect of DT by evaluating sea level trends for the 
Baltic Proper that were computed using multi-mission satellite altimetry data for the 
period 28 years (1995–2022). In this paper, both long-term decadal trends were 
calculated using an ordinary least squares (OLS) estimator (Cazenave and Llovel, 2010). 
The emphasis in this study was on the coastal areas so a comparison of the SA-derived 
trend was made in the coastal area with respect to 13 TG stations. The long-term trend 
for the Baltic Proper showed a range that varied from 3.83 mm/yr for TG hourly data, 
3.87 mm/yr for instantaneous SA data, and 3.32 mm/yr for TG at the time of SA pass. So, 
in essence, all three sources more or less agreed with each other. Thus, proving that SA 
was a reliable source. These results also were similar to other studies in the study areas 
(e.g., Passaro et al., 2021; Kapsi et al., 2023). Note however for these other sea level 
trend sources different periods and data sources were utilized. Also, when compared to 
the global mean sea level of around 3 mm/yr sourced from TG and SA data (Oppenheimer 
et al., 2019), the long-term sea-level trend calculated for the Baltic Sea appears similar. 

The Baltic Sea is also affected by vertical land motion and results between relative sea 
level and absolute sea level showed a major difference in the areas affected by VLM. 
Thus, it is important to consider this when accessing sea level trends. For instance, in the 
northern and eastern Baltic Sea regions, ASL showed an increasing trend from south to 
north, contrasting with RSL’s decreasing trend from north to south.  
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Decadal trend estimates revealed higher estimates with some decades being higher 
than others. For instance, 2000–2009, most stations (9 out of 13) showed higher trends 
compared to 2010–2019, although some stations may have had data gaps during this 
period. Factors such as increased westerly winds, augmented precipitation, and air 
pressure fluctuations, as indicated by studies like Reißmann et al. (2009) and Gräwe et al. 
(2019), could contribute to these trends. The analysis also revealed spatial variations in 
sea level trends across the Baltic Sea, with higher values (4 to 5 mm/yr) in the northeast 
compared to stations in the southwest (2 to 4 mm/yr) which could be mainly attributed 
to increased frequency and intensity of westerly winds Gräwe et al. (2019). These 
observations highlighted the varied influences shaping decadal sea level trends across 
the Baltic Sea.  

Interestingly a more detailed investigation was made with respect to the comparison 
of sea level trends computed with SA for different distances from the coast (0–50 km 
range) compared with TG data. The results showed that at some TG stations, the 
differences were higher or lower than the SA data. Thus, showing the possible influence 
of coastal processes e.g. in terms of wave setup and wave setdown (Soomere et al., 
2020). This however requires further examination for future studies. Overall, the results 
suggest that for sea level estimates the utilization of SA data may be a better alternative 
and can be utilized alone. A comparison of multi-SA missions with different orbit 
constellations analysis found that low-inclination satellites yielded slightly better trend 
estimation results across the Baltic Sea. It also revealed the superiority of instantaneous 
SA-derived DT for sea level trend estimates over gridded datasets. 

Thus, in summary Publication III showed that along track can be a utilized as validated 
source of sea level trend estimates and that derivation of DT allowed a more reliable 
approach especially for complex sea areas affected by vertical land motion.  

4.2 Key Conclusions Presented for Defence 
• Recent advancements in SA coastal retrackers (ALES+ and ALES+SAR) in SA

demonstrate improvement in coastal areas.
• For satellite altimetry development of methods that consider a consistent

vertical datum (e.g. high-resolution geoid), and standardization of corrections is 
essential for comparison of other sea level data sources.

• Hydrodynamic models serve as valuable tools for understanding offshore sea
level variations, aiding in the validation and assessment of along-track satellite
altimetry data, albeit with inherent limitations leading to errors.

• Hydrodynamic model errors and biases can be mitigated using multinational
unified data from tide gauge networks, with these errors manifesting spatially
and temporally within a range of 10–35 cm.

• Comparison of along-track satellite altimetry with corrected hydrodynamic
model data underscores the superiority of altimetry-derived data in capturing
mesoscale and sub-mesoscale sea level dynamics, facilitating more reliable
estimates of climate change variables, including sea level trends.

• The synergy of data from multi-mission satellite altimetry allows for deeper
insights into the quantification of dynamic topography, enabling the identification 
of persistent and semi-persistent problematic areas associated with each
dataset. This includes detecting tide gauge stations with poor data quality and
identifying distortions in geoid undulations.
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• Satellite altimetry-derived sea level variations offer a reliable method for
estimating sea level trends at coastal areas compared to tide gauge data. Long-
term time series of satellite altimetry can also be utilized for validating or
developing vertical land uplift models.

4.3 Perspective of Future Work 
Future research can explore various aspects of this study, including: 

• Spatio-temporal analysis of sea level trend: Future studies could investigate
deeper the primary drivers of trends in sea level by exploring sea level patterns
across various time frames and over other regions benefiting from this
methodology. This could include analysing annual and inter-decadal cycles to
unravel the intricate involvement of key physical parameters influencing these
trends. By examining sea level variations over different temporal scales, a more
nuanced understanding of the underlying mechanisms driving sea level change
can be attained.

• Acceleration of Sea Level Rise: Expanding the scope of this study to include an
examination of the acceleration of sea level rise could yield valuable insights
into critical phenomena shaping sea level behaviour in the. This can help to
better understand the underlying processes driving these changes and could
involve investigating the role of factors such as climate change, ocean
circulation patterns, and glacial melting in contributing to the observed
acceleration in sea level rise.

• Integration of Multi-Source Data: Integrating data from multiple sources,
including satellite altimetry, hydrodynamic models, and in-situ observations,
could enhance the comprehensiveness of future studies. By combining datasets 
from different sources, researchers can gain a more holistic understanding of
sea level dynamics and improve the accuracy of their analyses. This integrated
approach could provide valuable insights into the complex interactions between 
various factors influencing sea level variability and help refine future projections 
of sea level change in the region.

• Regional Climate Modelling: Utilizing regional climate models to simulate future 
sea level scenarios could provide valuable projections for assessing potential
impacts and planning adaptation strategies. By incorporating projections of
future climate scenarios, including changes in temperature, precipitation, and
atmospheric circulation patterns, a better anticipation for future sea level
trends can be determined. This could support a better understanding of
decision-making and proactive measures to mitigate the impacts of sea level
rise in the region.
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Abstract 

Along-Track Satellite Altimetry to Identify Coastal Sea Level 
Dynamics using a Synergized Geodetic-Oceanographic 
Approach 
Satellite Altimetry (SA) is recognized as a valuable technique for determining sea level 
variation. However, there are some limitations in its performance especially with respect 
to the coastal areas and determining proper validation methods in the offshore areas. As 
a result, this study explores a method for deriving dynamic topography (DT) using SA in 
conjunction with a high-resolution marine geoid model, hydrodynamic models (HDMs), 
tide gauges (TGs). The method developed is expected to allow accurate determination 
of satellite altimetry sea level performance from coastal to offshore areas. 

The first objective of this study examines whether the different satellite data products 
and their different retrackers actually improve sea level results in the coastal areas. The 
method consisted of utilizing along-track SA data from Sentinel-3A (S3A) and Jason-3 
(JA3) data in the eastern Baltic Sea. Specific standard SA retracking algorithms (Ocean 
and MLE4) versus advanced coastal and sea ice retrackers (ALES+ SAR for S3A and ALES+ 
for JA3) were investigated. These SA data are compared with TG-corrected HDM-derived 
DT over the Baltic Sea. Results showed that the adapted retrackers (ALES+ and ALES+ 
SAR) provide more reliable SSH data within 2−3 km from the coastline for S3A and 
7−10 km for JA3. The root mean square errors (RMSE) for S3A ALES+ SAR and Ocean 
retrackers range from 4−5 cm, while for JA3 ALES+ and MLE4, RMSE range from 6−7 cm, 
representing improvements of 0.5−1 cm over standard retrackers. 

The second objective was the development of a synergized method using more 
expansive sea level datasets for the entire Baltic Seas and to determine the problematic 
geographic areas and data sources. Comparison of SA discrepancies between 
SA-derived DT and corrected HDM had the average of 20 cm, with RMSE of 9 cm (S3B) 
and 6 cm (S3A and JA3). SA data offer a more detailed variation of DT compared to HDM, 
which tends to generate only a smooth surface and underestimate DT. 
The synergy of multi-mission SA data also revealed the problematic areas with persistent 
issues associated with each data including the geoid model. 

Finally, we analyse long-term (1995–2022) and decadal (2000–2009 and 2010–2019) 
sea level trends in the Baltic Sea using 13 tide gauge stations and multi-mission along-
track SA. Both absolute sea level (ASL) and relative sea level (RSL) trends are examined, 
considering the influence of vertical land motion (VLM). Long-term ASL trends show 
agreement between TG and SA data, with estimates of 3.3 mm/yr and 3.9 mm/yr, 
respectively. Decadal trends exhibit higher rates, particularly during 2000–2009. Our 
study demonstrates the reliability of SA in determining regional sea level trends 
compared to TG data, providing valuable insights for understanding sea level variability 
in the Baltic Sea. 



77 

Lühikokkuvõte 

Satelliitaltimeetria pikiorbiitse andmestikuga rannikumere 
veetaseme dünaamika tuvastamine kasutades sünergilist 
geodeetilis-okeanograafilist meetodit 
Satelliitaltimeetriat (SA) kasutatakse merepinna taseme määramisel. Siiski on sellel 
tehnikal mõned kitsaskohad, eriti rannikualadel, aga ka avamerealadel sobivate 
valideerimismeetodite rakendamisel. Seetõttu on käesolevas teadustöös tuletatud 
meetod meretaseme dünaamilise topograafia (DT) määramiseks, kasutades SA- andmeid 
koos kõrge ruumilise lahutusega meregeoidi mudeli, hüdrodünaamiliste mudelite ja 
veemõõdujaamade tulemustega. Eeldatakse, et väljatöötatud meetod võimaldab 
adekvaatselt tuvastada satelliitaltimeetria täpsust ja võimalusi nii ranniku- kui ka 
avamerealadel. 

Käesoleva töö esimese eesmärgina uuritakse, et kas erinevad SA andmetooted ja 
nende erinevad reträkkerid parendavad rannikualade meretaseme määramise tulemusi. 
Meetodis kasutatakse Läänemere idaosas Sentinel-3A (S3A) ja Jason-3 (JA3) pikiorbiitseid 
andmeid. Spetsiifiliselt uuriti standardseid SA reträkkimise algoritme (Ocean ja MLE4) 
võrrelduna täiustatud ranniku- ja merejää reträkkeritega (ALES+ SAR S3A jaoks ja ALES+ 
JA3 jaoks). Neid SA-andmeid võrreldi Läänemere veemõõdujaamade andmetega 
korrigeeritud hüdrodünaamilise mudelist (HDM) tuletatud DT-ga. Tulemused näitasid, et 
kohandatud reträkkerid (ALES+ ja ALES+ SAR) pakuvad usaldusväärsemaid SSH-andmeid 
2–3 km ja 7–10 km raadiuses rannajoonest vastavalt S3A ja JA3 puhul. Ruutkeskmised 
vead (RMSE) JA3 ALES+ ja MLE4 reträkkerite puhul jäävad vahemikku 6–7 cm, samas kui 
S3A ALES+ SAR-i ja Oceani puhul saavutatakse 4–5 cm, seega RMSE on 0,5–1 cm võrra 
täpsem võrreldes algsete reträkkeritega. 

Teiseks eesmärgiks oli sünergilise meetodi väljatöötamine, millega tuvastati 
probleemsed geograafilised piirkonnad ja andmeallikad, kasutades ulatuslikumaid 
Läänemere meretaseme andmestikke. SA-st tuletatud DT ja korrigeeritud HDM-i võrdlusest 
saadi keskmiselt 20 cm suurune erinevus, kusjuures S3B saavutati RMSE 
9 cm ning S3A ja JA3 puhul 6 cm. SA andmetest saadakse detailsem DT võrreldes HDM-iga, 
mis kipub tekitama ainult sileda pinna ja alahindama DT-d. Mitmeinstrumendilise SA 
andmete sünergia võimaldas tuvastada ka probleemseid geoidi modelleerimise 
piirkondi.  

Kolmandaks analüüsiti pikaajalisi (1995-2022) ja dekaadilisi (2000–2009 ja 2010–2019) 
meretaseme muutuste trende Läänemerel, kasutades 13 veemõõdujaama ja 
mitmeinstrumendiliste SA satelliitide pikiorbiitseid andmeid. Käsitleti nii absoluutse 
merepinna (ASL) kui ka suhtelise meretaseme (RSL) muutuste trende, võttes ka arvesse 
maa vertikaalliikumise (VLM) mõju. Pikaajalised ASL-i muutuste trendid tunnistavad TG 
ja SA andmete põhiste arvutuste sarnasust, vastavalt 3,3 mm/a ja 3,9 mm/a. Dekaadiliste 
muutuste trendid on mõnevõrra suuremad, eriti aastatel 2000–2009. Üldkokkuvõttes 
näitavad tulemused SA andmestiku usaldusväärsust Läänemere meretaseme trendide 
määramisel. 
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Appendix 1 

Publication I 
Mostafavi, M., Delpeche-Ellmann, N. and Ellmann, A., 2021. Accurate sea surface heights 
from Sentinel-3A and Jason-3 retrackers by incorporating high-resolution marine geoid 
and hydrodynamic models. Journal of Geodetic Science, 11(1), pp. 58–74. 
https://doi.org/10.1515/jogs-2020-0120   

https://doi.org/10.1515/jogs-2020-0120
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Appendix 2 

Publication II 
Mostafavi, M., Delpeche-Ellmann, N., Ellmann, A. and Jahanmard, V., 2023. 
Determination of Accurate Dynamic Topography for the Baltic Sea Using Satellite 
Altimetry and a Marine Geoid Model. Remote Sensing, 15(8), p. 2189. 
https://doi.org/10.3390/rs15082189 

https://doi.org/10.3390/rs15082189
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¿�À��²ÁÂ¬Ã³ÄÄÅÄÆÆÇÈÉÂ�¬Ê�Ë�
ÆÌÈÉÂ�¬Ê�Í�
ÆÎÈÉÏ¬�Ê���
³®ÐÆÑÈÉÏ¬�Ê�ÍÈ́�®ÄÒÐÅ²Ò®̄ ³­­³Ó³Ò­³Ô­Ǻ Ṍ­ÅÄÐÖ²Ò®̄ �×��Ø�×��ÙÚÛÅÔ­ÖÅ­Ò®Å²ÅÃ²ÅÄÅ®±Ä±ÛÅÜ�ÓÒ®̄ ÜÅÐÒ³®��¶·̧ ¹�̧ º»¼¶ ½¾�
¿�À³®Ð±ÛÅÐ³ÄÛÅÐ²ÅÐ­Ò®ÅÄ²ÅÃ²ÅÄÅ®±±ÛÅÜ�ÓÒ®̄ Ä±³®Ð³²ÐÐÅÓÒ³±Ò�®ÝÅ®ÓÅ­�ÃÅÞÙÚÛÅ³ÓÅ²³̄Å��¶·̧ ¹�̧ º»¼¶ ½¾�
¿�ÀÒÄ³­Ä�ÐÅ®�±ÅÐÙÚÛÅÔ�±±�Ü²�ßÆ©ØàÈ²ÅÃ²ÅÄÅ®±ÄÅ³́ÛÃ³ÄÄ­�́³±Ò�®Ò®±ÛÅá³­±Ò́ÂÅ³ÙÚÛÅ̄ ²ÅÕâ�®ÅÐÅ®�±ÅÄÜ³ÄµÅÐ­³®Ð³²Å³ÄÙÚÛÅÃ�±Å®±Ò³­Ã²�Ô­ÅÜ³±Ò́³²Å³Ä³²Ǻ­³ÄÄÒãÅÐÒ®±�±Û²ÅÅ±ÕÃÅÄÙäÅ­­�ßÄÛ³ÐÅÐ²Å̄Ò�®ÄÉ±ÛÅÄÖÄÃǺ±ÅÐ Å̄�ÒÐÜ�ÐÅ­Ã²�Ô­ÅÜÄå̄²ÅÅ®ÄÛ³ÐÅÉÚæ²Ǻ�²ÐÄÃ²�Ô­ÅÜÆ�²±ÛÅçèéÃ²�Ô­ÅÜÈåÃÖ²Ã­ÅÄÛ³ÐÅÉÂ¬Ã²�Ô­ÅÜ
Ã�ÄÄÒÔ­ÕÐÖÅ±�ÄÅ³Ò́ÅÃ²ÅÄÅ®́Å�²­³®Ð �́®±³ÜÒ®³±Ò�®Ùêë³ÜÒ®³±Ò�®��±ÛÅÄÅ±²³́µÄÄÛ�ßÄ±Û³±
Ò®̄ Å®Å²³­
³ÐÒ��Å²Å®́ÅÆÜÅ³®ì¼í�̧ º»¼¶È��î�×́ÜÅëÒÄ±ÄÙÚÛÅÕÅ­­�ßÜ³ÄµÅÐ³²Å³ÄÒ®ïÒ̄Ö²Å�×³ÄÛ�ß±ÛÅÃÅ²ÄÒÄ±Å®±­�́³±Ò�®ÄßÒ±ÛÄÖÐÐÅ®ðÖÜÃÄÆ�Ø�́ÜßÒ±Û²ÅÄÃǺ±±�±ÛÅ®Å³²ÔÕÓ³­ÖÅÄÈ��ì¼í�̧ º»¼¶ ³²�Ö®ÐÍ�ñ­³±Ò±ÖÐÅÙÚÛÅÄ±³®Ð³²ÐÐÅÓÒ³±Ò�®ÒÄÄÜ³­­Å²Ò®±ÛÒÄÛÒ̄Û­Ò̄Û±ÅÐ³²Å³
ßÛÒ́ÛÓÅ²ÒãÅÄÒ±ÒÄÜ�²Å�²­ÅÄÄÃÅ²ÄÒÄ±Å®±ÙÚÛÒÄÛÒ®±Ä±Û³±Ò±́�Ö­ÐÔÅÃ²�Ô³Ô­ÕÐÖÅ±�̄ Å�ÒÐ�²çèéòÚæÐÅã́ÒÅ®́ÒÅÄÙïÖ²±ÛÅ²Åë³ÜÒ®³±Ò�®��ãÓÅÂ�¬Ã³ÄÄÅÄ±Û³±³²ÅÃ²ÅÄÅ®±Ò®±ÛÒÄÄǺ±Ò�®��±ÛÅá³­±Ò́ÂÅ³Æ±ß�ÐÅÄ́Å®ÐÒ®̄ ÆÃ³ÄÄÅÄÊ�Ë�
Ê���È³®Ð±Û²ÅÅ³Ä́Å®ÐÒ®̄ ÆÃ³ÄÄÅÄÊ�Í�
Ê���
Ê��ÈÈ³®Ð ²́�ÄÄ±ÛÅæÖ­���á�±Û®Ò³ÛÒ®±Ä±Û³±±ÛÅÃ²�Ô­ÅÜÒÄÜ�Ä±­ÒµÅ­ÕÐÖÅ±�±ÛÅ̄ Å�ÒÐÆÄÅÅïÒ̄Ö²Å��ÈÙïÒ̄Ö²Å��ÄÛ�ßÄ±ÛÅ¶·̧ ¹�̧ º»¼¶ ÐÖ²Ò®̄ �×��Ø�×��
ßÛÅ²Å³Ä±ÛÅ̄ Å�ÒÐ³­ÛÅÒ̄Û±Ä²ÅÓÅ³­³ÄÖÐÐÅ®­ÕÐǺ²Å³ÄÒ®̄ Ä­�ÃÅ�²�Ü�×±���ÙËÜ³²�Ö®Ð±ÛÅ­³±Ò±ÖÐÅÍ�ñÙó�±Å±Û³±±ÛÅÒÐÅ®±Òã́³±Ò�®��±ÛÅ̄ Å�ÒÐÜ�ÐÅ­³Ä±ÛÅÃ�±Å®±Ò³­Ä�Ö²́Å��±ÛÅÃ²�Ô­ÅÜÒÄ²ÅÃ²ÅÄÅ®±³±ÒÓÅ��±ÛÅÂ¬Ð³±³ÄÒ®́ÅêôÖ³±Ò�®Æ�ÈÒ®́­ÖÐÅÄ±ÛÅ̄ Å�ÒÐ �́ÜÃ�®Å®±ÙïÖ²±ÛÅ²ÅÓÒÐÅ®́Å��±ÛÅÅ̄�ÒÐÜ�ÐÅ­ÔÅÒ®̄ ±ÛÅÃ�±Å®±Ò³­Ã²�Ô­ÅÜÒÄ³­Ä�ÄÛ�ß®Ò®ÂǺ±Ò�®ÁÙ�Ù�
ßÛÅ²Å³­­±ÛÅÂ¬
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������������������������������ �¡�������¢£��¤��¥¦§���̈ ©ª�«¬­©®
̄�����¤������°��¥����������������±² �̄��£©ª�«¦��̄ ©ª­©®¬³�́´£®µ«¶�«¬­©®¦̄·�����̧��¹�̧�����£º¦��»
£¼¦�����̄ £½¦¾��¡�������£¿À·�����£�̧¦¦¢²��Á̈©ª�«¬­©®ÁÂ�̧ ³������¤�������̄��°���� �̄�������®µ«¶�«¬­©® ¤������̄ ������� ��·̄ �̄ ���¡�������·�����������Ã§�¿Ä��·������¥����°����¤������¡������£¿À·������£��¦��̄ £�Å¦¦¢Æ��̄ �̄����
£°����¡��¥Ç£È¹É¦¦���������̄ �²±���̈ ©ª�«¬­©® £¿À·�����£��¦¦�����������̧�¡���̄ �����̄ ��°����̄ ���¢±���������������̈ ©ª�«¬­©®�������·����·�̄ ��������·̄���ÊÅ¹ÊÊ¢ÊË£Ì��·���̧�
°¦¥����̄ �Ä���������¡Ê���̧�¡¢²������̄��̄ �̄Ä������Ä�������̄ ���°������¤����̄ �������
��·�������������¡��¤���������¤������¢Í�¥�Ä��
��Ì��·���̧�
»������¡Æ����̄ ��������̄ �����¤·�¤������������̄ ����
¥������Ä��������������� ���¥�������������������̄�������̄���������¤���¢Æ��̄ �̄����
���·�̄ �����·̄�Ê�¢ÊË£Ì��·���̧°
�¦
�����¤��������������̄ Ä��Î�����������������������������¡��Æ����̄ £��¢Ì��·��Å��������������¦
¿������¢²�����·�̄����������¤����°�����̄ �����¡�������¢Ì·������ �¡���������������������������¤�����¡�̄ ���������Å¢�¢���̄ �������Å¢�¢���·°������������·̄��Ï�¹ÏÏË
£Ì��·���̧�
�¦�������Ä�̄ �Ä���������¡���Ð������������·�̄ �̧�¬��¡���·��¢Ñ����������������̄��̄ �̄Ä���������̄���°����������¡��
��·������������¡��¤���������¤���������̄ ¤����°��������������̄�¢²����·������Í±§¡�̄���������¤��°��¡�¢Ò��¤����°����Î�������¡�Î°�̄ ·����������������Î����������������Ä��̄ ·���������¤�������£¤·�¤���¡����̄ ����¦̄ ·�������¥�����¡�����¢��¡�����°���Ä�������������¡�̄��������¥���� �¡���������������¡·����¡��������¤�������¤�����¡�̄ ���������Å¢�¢�£Ì��·����¦¢������������¥���� �¡���̄ �����¥��������±²�����������̄ ���£Ì��·����¦¢²����Ä�����������������Î�����������¤����°����Î°����̄ ·������¤���������������������������������¢Æ��̄ �̄����
��Ì��·���̧�
̄
������̄ �Ä������£Ó��¡¦�°�Ä������·̄�Ï�Ë��������¥�̄����������·�̄°�̄ ·���²Ô���������̄ Í±§£�����¡����̄ ����¦¢²������̄��̄�̄Ä��������Ì��·���̧���������
��·������������¡��¤���������¤�������£�¢�¢
���������������¦
¥�����Ì��·����̄ ���¥��������̄��̄ �̄Ä��������°��¡���
����������¤���������¤������¢Ñ�����������¡¤��Î�̄ ¡����̄ ���Í±§������������À·�����°·��¢Ñ�Ä���������
����¡����̄ �������������������
������� ¤����̄ ������¡�̄ ������������·�̄����°�̄ ·��������������²ÔÕÍ±§����������¡����̄ �¤¤���̄¢Æ��̄ �̄����
����¥�̄���²Ô��������������¡����Ä���¡�¤��°��¡���¡¤���̄ ����������²Ô������»��������£��¢Ì��·��Ï¦¢²�����°���Ä��������������·������ �¡���̄ ���������Å¢�¢



����������	
�
�
��
���� ������"$%�&'%�(�)*+�,--+�+-./-0� 11�

� �678� 698�
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'��#���&���%#�$�@����&�@����#���"! [%�$�#0��&���".&� �?��%#�!%#�#��&���"�"����"! +]̂_̀abcaàde,&���$"����&%���"! '���#!��%=%#.�$$"����S,�����"��%B�%��%�#)*!����#!$��@��%#.%���$$"��$ ���,KB$����$��!RST18F7826f�gg>+D��@��%��#'%�&!%�����#�)*�%��%�#��#!!%�����#���"�$����!���#���#� !�����%#�!�&��$$"��$ ���&�)*��������#�0"�����%#!%��$�� %!�#�%I�!@��0�����%$�����'%�&!%�����#���"�$����������+*$$��!%#.���"����&�!
�&�,KB$����$��!RST���=�!���&�h.��"#!��"�&i+)%#$�8F�4%�$��@���0����8FFj�#� ���&�$�����%#�
�&���'���#��!����&����#.B���$()*!�����0�=��%!���!����&���"�%#.�&�$����$��!RST1)�$�%�#�+�>+U��&�"�!0�$�#�%!���!�&������#
� ������%$0%����0��'��#8F782 �#!%#�%�"!����?%��1���)�$�%�#�+�>+A ����"�%#.�&�0%����RST��k)��$��%�#�1lmn�o�782>"�%#.�!p�$�#�,K�1qV"��%�#�1�>C1�>�#!-%."���>
�&�%#$�#�%���#$ 0��'��#�&�.��%!B�������!,K��#!RST!���1'%�&"#!%�$����!������#$�!��"�>'���?@�$��!��0������=�!
�#!$�##�'0�"�%�%H�!����&�$��@��%��#'%�&8F�41)�$�%�#�+�>+,&��=���.����%!"���10%��>0��'��#RST�#!,K123457826Fj9:Fj
;Fj<>=��%�!�����G$����N$�




����������	
�
�
��
���� ��������������� ��!"����!��#$%�&����!� �!�'!��$()*�"!����+�+�,+(�� �-� . ����'.�/��"".���'��!��*��'������!"���!)(01$23425,��'�� ��!���/�"�!������!����.!����6�/!�"*����'7�!&���"���!�/����
�+8+
����(09�5
��
��'��)���:�8.��5,+(�� ��!�/;�&���8�����'.�/���!��#$%��'(0�&��!��6�/!�"*���/��'��</�;�'��������/<�!!���)"�+:�8.��5=
",
��!� �-� . =����"".����8'.���8:�=�.��;!�%��"�)���!��4�<���8,��'=���8!��� �//��!'.���8!���.!. ���'�.  ���������+1�!���&�/.�!����
!��/�"�!���>'�<��'��!'��"��<��"���?@AB�ACDE?FG�
H�I����"�/"./�!�'��!��'�!���/!����8����"�*J<���K";"/��&��!��6�/!�"*��)LM.�!����)�,��')�3,,+#��"�
!��?@AB�ACDE?FG�
H�I��<�����!�!����/�!�&��"".��";��!��EN�A��!���>�<�"!!�ENDE?CO�PP+(��.�"��!���!�����*J'�!������"� �����������&�/.�!�'��!�� ���Q%*L��!��?@AB�ACDE?FG�
H�I+(���?�@F�R��R��KST�R�I��!� �!������" )���*�6,��'5" )*�J��'UJ5,��!����!���6�/!�"*��)"�+:�8.����=
",+V�!�!��!���!��*�6 ������
��/;��&�� ��!����*J'�!������&��/�=/����!����!.';
���"� �;����"!!����/��=�/�!;���!�!��!�"�+W&���//
!��*�J'�!���!�<<����!�=��.<�����!�!��*�6��'UJ�����+X����M.��!/;
!��*JQ �'��/!� �!���)��<�"��//;���*�J,<��&�'� ����"".��!����!��!����.�$(��!� �!���&��!��7Q%>����"��!�'����
���"�"��=� �������"!�'=;/�"�/8�� �!��"� <�"!�+1��''�!���
!��*��!���/"���!�//�!�����'8�� �!�;��!����=�!�)'.�!�!����!�//�!���=�!��"/���!�����'�/!�!.'�,/�'!�=�!!�����./!���!��6�/!�"*����!���!���!��U���� ������
��<�"��//;�&���.=>��"!�"/�!�!.'������):�8.�����4",+(��� <��&�'�/8���!� ���'�''�!����/"����"!����)��<�"��//;�������"���'/��'"��!� ���!���,!��!����� </�;�'��!��6�/!�"Y*LJ7'�!� �;��&��/��� <��&�'!�����./!�"� <���'!��!��'��'��!��"Z�������[�3\
�/!��.8��.����/;��������!��!!�������!�//�� ��<�"����� <��&� ��!�
��<�"��//;��!���"���!�/�����+(��"� <���������EN�A��!�ENDE?CO�PP)LM.�!����)�,4)�],,����<����� �'��'�&�/.�!�'�<�!��//;+(�����./!���!�� �����'*($��!��'�/�!�''��"��<��"���)LM.�!����)�3,��')��,,��':�8.����,�����'/��8��&�/.����!��"� </�-<��!��!��6�/!�"*���!!��"���!�/�����
�����!��<�����"���!����"��<�/�8����'� �//��/��'�����"!!����!���&�/��EN�A)"�+*�"!���]+�,+(����/��'� ���!��!��!��!�.��/8���!� ������ �&��8!���.!/����"���/��=�� <��&�'
����!����!.';�"�  �� �!��')���*�"!����+�,���.��'����//!��'�!�=�!��!!��"���!��'��������+#���&��
�!����=���&�'!��!�.!/������ ����'
��<�"��//;��!��"� </�-��"��<�/�8������+J��/!����!�&���./'=�!�.��� �//�����'��/��8!����!��̂ ��/�!�8����.!/����� �&�/+1��''�!���
��!�����!����<��!��!��6�/!�"*��)0./���6�!����,
!��<�����"����������/����"�"��'�!����"�.��'<�����M.�/�!;��*J'�!�'.�!�/� �!�'�<<��!.��!������*J=�� �!���!���"!��!�!���<����!��+(����<��=/� �!�"����������-!����&�/; �'�=�!!���'��!�̂�=/�=;<����� ��8!����� �/�_�!�����?@AB�ACDE?FG�
H�I=;̀ >�"���+(�������./!���'�"�!�!��!����"� �;�!�//=�� �a��<��=/� ����"!��8!��M.�/�!;��*J'�!�+7��'"��!� ���!���
��<�"��//;��������."���!��6�/!�"*��������. ���.���"��<�/�8���-��!
'.�!�!��'�&��!�������!.���'��'����&���� ������!�����.�"���������+1��''�!���
�� ��!�����8����
�+8+
<��!��!�����!���*��'���"���!
 �;��&��/(0���.��)�."������'�M.�!�K��"����"!"����"!����<</��'
8�.8�_���<��=/� �
�/���/�"Z�����.8�(0�!�!��������!��Q.�����"���!,��'#$%<��=/� �+0���'>��/�!�'<��=/� ������/���'��!�̂�'
�+8+
��!�����!���<��!��!��0./���:��/��'):�8.�������'�],"�+�/��[2�\+1!���./'=���!�'!��!��!����!.';!��"����"!�'#$%���"����'���'!���<�����!!����������b8��.�'!�.!�c+d��/�!!��������"�����;���!�� �!��'!�=�� </� ��!�'
�!�/������!�/� �!�!����+(���-� ���!�����!���/��8>!��"Z*J'�!�):�8.���,�����!��!*J��<�����!�!������.���"� ������/��!�"�//;!���!��#$% �'�/+1���"!
!��*J'�!���!�������������������!���"!.�/&����!�����!������.���"�"� <���'!�!��#$%
���"���<�����!���.����/��!�"�//;� ��!�����.���"�+1��''�!���
�� ��!"����
!��#$%'�!�.�'����!� �!��!��$("� <���'!�*J+(������'.�/�eEN�ACDE? )LM.�!���)�,,�/������!��!�/ ��!�2f��!��'�!�&����'��� C�3!�Y�3" +(����&����!��������Z�;"� <����!���-� ����8 ����"�/��"���';�� �"�+1!"���/��/��'!�!�����'!�� <��&�!��#$%�
���"�"��=��-</���'����.!.���!.'���+



����������	
�
�
��
���� ���������������
� �!�����"��#��������$��%&'"($$(��$�!!���$��)�*(� (�� �(�%�$(����+,(��"���$�����%���!��#�$$(����%#����#�(��$-#�./(�,���0./,�� ��"���
)1#�"2!��($��������(�3�%45$-678�9:;7<0(�� ���#�����(��$
� �!��)��"��(#����$#��)�%����"(��%.5 �$�����$#�,�% �3�$!�#(��# ���#���($�(#$� ��#�,�%���%�������%($#��!2��#(�$=(�#��$($���#(�$.5 ����$��$#��)�#������(>�%�$-(0��3(���"�����="���������(#������#�$(�#�,%(�����%#����"(���(��$��%$��(#�#��%(�(��$?-((0(�#��$($���#(�$(�5@���%(��$-�.�.
%,���>���2��3��($$,�$0� ������#�� �#����#�(����A4B?-(((0!��)��"$*(� A4B"�%��(��?��%-(30!��)��"��(#($$,�$*(� ���(%"�%��$.5 ($$�,%1����"!��%��(%���(�1� ����$��(�����$�"���� �$�!��)��"��(#����$
),�(�"��1#�$�$
�,�� ���C�"(���(��($��+,(��%,$(���� ��#�"!��"�����1%���.DEFGHIJKLMGHL5 ($$�,%1%�"��$�����$�"�� �%���%����"(�(���##,����%1��"(#��!����! 1-450)1(�#��!����(��$�����(�����("���1-&'0%�����&���(���2�'-&�'0
&���(���2�N-&�N0��%O�$��2�-O'�0"($$(��$(�#��P,�#�(��*(� ��(%���,��-5@0#����#��%Q�"�2Q��%(#A1%��%1��"(#B�%��-A4B0.'#���#�"!�����(�� ($$�,%1*�$� ��##�$$��� (� 2��$��,�(��QR@�S�T+,�$(2���(%"�%��� ������*�%����(�3�����##,����78�9�3��� ����(��N���(#&��.5 �"�� �%$ �*�%� ��
���3�����
� �%($#��!��#(�$)��*���A4B��%&'-(.�.
B���678�9:;7<0*���(�� ��������U�S#"-*(� ���3�������:����#"��%VB&W��TX�#"�3�����(��N���(#&��0*(� $���%��%%�3(��(��$*(� (��#"��%�Y#"
��$!�#�(3��1.5 �&'%���$ �*"�������($�(#$����3��%���#�"!���%��� �$���� �A4B
* (# ���%��,�%���$�("���� �453��(��(��$.'$!��(���$$�$$"������ �$�%($#��!��#(�$$ �*�%#�(�(#������$� ����+,(���,�� ���C�"(���(��./��(�$���#�
� �@,����N�� �(���3����%����$�������%($#��!��#(�$
* (#  (��$� ��&'!�$$()�1 �$# �������$(�%����"(�(��� �$��$,���#�%,���� �$��$����!��$��#���$��(#�.���%%(�(��
��� �&*�%($ ��$�#��$���%� �&�,� ���N���(#&��
!�$$()��5@!��)��"$"�1�C($�.��� ���$����!�����@,����/(����%
(�($!�$$()��� �����(%2������%!��)��"$�C($�.5 �(����2#�"!��($����&'"($$(��$#��Z�"�%� ��)�����78�9��$,��$����)��(��)��3(�&'V"�%�-&�'��%&�N0��� ��� ��[VB"�%�&'"($$(��$-O'�0
$(�#�",# ������678�9:;7< 3��,�$*�����,�%*(� ��$!�#���� �$��)��(��%���� �O'�"($$(��.5 ($��#��"! �$(>�$� ��� �O'�%���$��($��($(��� ��� ����&�'
��%��$�� ��� �&V'[���("�������&���(���2�"($$(��$)�����$��3�$� �$(����(�� �#��$���)��%.���%%(�(��
%,���� �O�$��"($$(��\$��)(���%(�#�(���(���3��$,)2��#�(#����$
O'�#�,�%���!��3(%�",# ���(�)��%���.A��#�
� �&���(���2�"($$(��$!��3(%�%"����##,������$,��$� ��O�$��2��3��N���(#&��.5 �!��$����%"�� �%����1($�!��"($(��$��,�(��� ��!��3(%�$"�������($�(#&'2)�$�%�)$��,��$����3��%���.5 �"�� �%��$�����*$(%���(Z#��(����!��)��"��(#����$%,���� ��("(���(��$��� �%���$�,�#�$,�(�(>�%./���,�,��$�,%(�$
��(�����(3��!!���# #��)�("!��"����%��(%���(�1��%#����#�� �$�!��)��"��(#����$=$�,�#�$.���%%(�(��
,�(�(>��(������*�1��,�# �%���("���1"($$(��$
���(�$���#�� �&���(���2YB(# ���/��(�(# $�����(��-��,�# �%(��S�S0��%� �&,���#�]������% #̂���5�!����! 1-&] 5̂0-��,�# �%(��S��0
#�,�%���%��"���!��#($���%���(�)���$�("���$��%�� ��#��,�_��*��%���)�,�$����3�� �(� �$.K̀abGcFGHacMdKaMGHLeB.B.f#��#�!�,��(>��(��
"�� �%����1
3��(%��(��
���"������1$($
*�(�(��g��(�(���%����
*�(�(��g3($,��(>��(��.Q.4.2W.f#��#�!�,��(>��(��
*�(�(��g��3(�*h�%(�2(��
$,!��3($(��.'.W.f#��#�!�,��(>��(��
*�(�(��g��3(�*h�%(�(��
$,!��3($(��
!��P�#��%"(�($���2�(��
�,�%(���#+,($(�(��.i.O.f3��(%��(��.'���,� ��$ �3����%��%�����%��� �!,)�($ �%3��$(����� �"��,$#�(!�.jKHkMHle5 ($��$���# ($$,!!����%)1� �W$���(��V�$���# m�,�#(������$nV@������%nV@���T.



����������	
�
�
��
���� ��������������������� !���"#"$�%&'()*(+'�),-./0+(12)1(+2/22,(2320-24-(�,�5(26'6�)7/,.8*+2/29,�30+(,
5(7/0�7(+07&24-(�:&'(+2/2;2**050-2/(+3(,*0�7<=>?�@��/'(=(5�;=�,+06A�+(-0*2320-24-(�7/'(>ABCD(4*0/(<DDD:*5'0:*(
266(**(+�7�EF9,0-�?�?@:&'((59-�.(+=GH�?�I1(�0+5�+(-D2*9,�30+(+4.JKL27+/'(=GH�?�KMNOMA5�+(-D2*9,�30+(+4.J�?L:&'(9�*/;9,�6(**(+*2/(--0/(;2-/05(/,.;42*(+27+5�+(-;42*(++.72506/�9�1,29'.+2/2�,�5/'(9,(*(7/*/)+.2,(2320-24-(�7>PF=QP<>(2*60(7/0R6�9(7+2/29)4-062/0�7@:A�*/2�230A2S0+<�?��@:>2/(--0/(F-/05(/,.27+B.+,�+.72506A�+(-+(,03(+F66),2/(T.72506&�9�1,29'.)/0;-0U071A2,07(H(�0+A�+(-07V2-/06>(2<�?��W�?��@:'//9*XYY+�0:�,1Y�?:�����Y�EEK�:�Z[$\]�"̂_#"$�̀%&'(/D�27�7.5�)*,(30(D(,*2,(/'27a(+��,/'(0,6�55(7/*/'2/059,�3(+/'(b)2-0/.��/'(527)*6,09/:&'(2)/'�,*2,(2-*�(c/,(5(-./'27a�)-/�/'(V2-/06d>PFM9,�S(6//(25<��/'(&(6'7062-N703(,*0/.��A)706'@��,1,27/071266(**/�/'(+2/2*(/27+/'(4(-�D;5(7/0�7(+07*/0/)/(*��,9,�30+071/0+(12)1(*,(6�,+*27+*)99�,/Xe�-27+XC7*/0/)/(��A(/(�,�-�1.27+f2/(,A2721(5(7/<CAHf;eCV@:DDD:051D:9-
266(**(+�7��F9,0-�?�?:H(,527.Xg(+(,2-A2,0/05(27+B.+,�1,29'06F1(76.<V>B@:DDD:4*':+(
266(**(+�7��Q6/�4(,�?�?:M0/')2702XP730,�75(7/2-e,�/(6/0�7F1(76.<FFF@:DDD:222:25:-/
266(**(+�7�A2,6'�?�?:P*/�702XP*/�7027P730,�75(7/F1(76.<GFNh@:DDD:a(*aa�77221(7/)),:((
266(**(+�7��g(4,)2,.�?�?:M2/302Xi(7/(,��P730,�75(7/2-H(�-�1.27+A(/(�,�-�1.��M2/302<MOH
Ai@:DDD:30+(*6(7/,*:-3156:-3
266(**(+�7�Ig(4,)2,.�?�?:g07-27+Xg0770*'A(/(�,�-�1062-C7*/0/)/(<gAC@:DDD:0-52/0(/((7-20/�*:R
266(**(+�7��A2,6'�?�?:>D(+(7X>D(+0*'A(/(�,�-�1062-27+B.+,�-�1062-C7*/0/)/(<>ABC@:DDD:*5'0:*(
266(**(+�7��A2,6'�?�?:j\$k�Z�̀\lm$�"n"̀�%&'(2)/'�,*+(6-2,(7�6�7o06/��07/(,(*/:&'(�)7+(,*'2+7�,�-(07/'(+(*017��/'(*/)+.p07/'(6�--(6/0�7
272-.*(*
�,07/(,9,(/2/0�7��+2/2p07/'(D,0/071��/'(527)*6,09/p�,07/'(+(60*0�7/�9)4-0*'/'(,(*)-/*:�qq"$̂�r�s���"�tu&'()*(+/0+(12)1(*/2/0�7*:m� sv!����\$wj\x$�n y z����x̂"w{|y z\$_��x̂"w{}y� =2,32;S~(*)) PP I�:EK�?I ��:?E���� G)7+2 PP I�:I��?? �K:IE���� M�a*2 PP I�:I�EE� �I:�?���E e0,0/2 PP I�:EK��� �E:��?��I e2-+0*a0 PP I�:�I?�K �E:?E���K T0,'250 PP I�:�?�E� ��:E�K��� B229*2-) PP I�:�I�?� ��:I��E�� B(-/(,522 PP I�:�KIII ��:?E��E� h0*/72 PP I�:����� ��:?II���? h��52**22,( PP I�:����I ��:I?����� O0,/*) PP I�:I���I ��:I���K�� e�,7) PP I�:���E� �E:E���K�� B��+(5((*/( PP I�:?��EI �E:EK�K?�E h)'7) PP I�:���IE ��:�K�I?�I >2-261,��32 MO I�:�II�� �E:�I�K��K >a)-/( MO I�:��I�� �E:E?�EE�� T2)1231,��32 MO I�:?I�EE �E:?����



����������	
�
�
��
���� ������������� !���	"# �$%&�&'()*+(,)&-./ 0�&'&,1�*23/ 0()4'&,1�*25/�� 6789:9;<: => ?�@��A�� ��@������� B�CD; => ?�@����� ��@?������ >8EF:GHC: => ?�@��??I ��@?�AAA�� =H8G7;J; => ?I@?�??I ��@���AA�� BC;HG8K; =L ??@����A ��@������� MKNEH; O= ?A@?���� ��@???���A =8P; O= ?A@�I�A� ��@??�?��? Q:FD; O= ?A@?���� �I@�?����I B�C�P9R8< O= ?A@��II� �?@??�A��� STHE�UJ:VH8 O= ?�@���A� �A@�?A���� M98H�:T;CK WX ?A@����� ��@AAI���� S;::EHFR WX ?A@?���� ��@IA����� Y;9E8Z[EK8 WX ?A@�I��� ��@������� L9;\8Z[EK8 WX ?�@�?��� ��@������� ]�KPN WB ?A@I?��� ��@�?����� L8JE WB ??@�?��� �A@������A ]�K\H< WB ??@�?A�� ��@������? W9;<�9 WB ??@I���� ��@I�����I 8̂C:HE<P�9<:J_\ SX ?I@�AAI� ��@I������ ;̀9:8PaVD SX ??@�?IA� ��@������� SD;E_9 SX ??@A�I�� ��@���A��� b:F;K:J_\ SX ??@A���� ��@��?��A� SHZ9H:c;ZE SX ??@??�?� �A@�?���A� B;9C:c;ZE:J_\ SX ?I@�?A�� �A@�����A� B;CZ;9:J_\ SX ?I@I���� �I@�����A� d:D;9:c;ZE SX ?�@��?�� �I@A����AA eC;EK:E�99;UKK8 SX ?�@�II�� ��@�����A? >H:PN SX ?�@I���� ��@��AA�AI >a:F89\HD:J_\ SX ?�@�A��� �I@I�A��A� f9D_ SX ?�@A�A�� �I@�I���A� =;EK:�9FE�99; SX ?�@�I��� ��@�?���A� =�UKK8E:J_\ SX ?�@�A��� ��@�����?� g�9:Z;9D SX I�@A��I� ��@�����?� _̀E;E:J_\ SX I�@���A� ��@���I�?� =JU:E8:J_\ SX I�@��I�� ��@�A?��?� SGHD;9E; SX I�@�I��� ��@?����?A =UEK8:J_\ SX I�@��I?� ��@��IA�?? SD;<:UKK8:J_\ SX I�@���I� ��@�����



����������	
�
�
��
���� �������������� ���	!" �#$%�%&'()*'+(%,-. /�%&%+0�)12. /'(3&%+0�)14.56 7�89:;<=:>?@ AB 6�C6�D�D �DC����D5� E;F;?GF;<= AB 6HC��5�D ��C��D6D5� AIF?9?FJ<:>?@ AB 65C5H��D ��C����D5� KL8MNO:I�F?< AB 65C6�6�D ��CD�6�D6D KJ9M EP 65C6���� �HC5�5�66� Q;8; EP 65CDHD�D �5CH���D6� RLLSJ EP 6HC666�D �HCHD�D�6� TMJILF:LLFM EP 6�C�D�5� ��C6��5�6H ULL:L EP 6�CD��5D ��C5����65 KL:VM<J< EP 6�C�H��5 ��C��H��66 WX<IY8;�I� EP 6�C5�H�� ��CH6�H�6� RL;9L EP 6�C���5� ��CH�5��6� E?G8? EP 6DCD���� �DC��H��6� Z;FV; EP 6DCH���� ��C�DD5��D 7L<V� EP 5�C����� ��C��65��� 7J8:M<VM EP 6DC�5�6� �HC�56���� T�F@�� EP 6DC�D5�� �5C6�5D��� 7L9M<L EP 6DC56��� ��C����D�H KF�<:IL=I R[ 5�C�66�D ��C�5DDD������
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O�n�̀��̀ò�m}qm9�o�~qpo�a���9q�9�m8_���g��pn}�}̀�m���� @*�.#*P�.,����$7�.1$*-%0�.,��*-W@P�%XSO�#,-
L#��/*
�Q�Q 0�V��K�,��2�*���,�*S)..0-STTFFF��K,-����.,�*.#3��#T5�*�$�,�T$�/1�*�.-T$�.�T.���-T)$26UO,-.�/)�0$�W�//*--*$����!�#/)�Q��X���� Y����$*�1
G� (),2�1.
O� O,/�#$
H� O�,--��
E�@� (#��
P� O,/�.
P� G1,���.
��r-,�+%�A�MT��.,J�.�N�0#�K*J�I2��$��.,�*.*#!*�-1#*�*�.-��#@��-.��f��*-
R3$#���+3��$N/*S()*O��@RNO#�.�.30*�x 9̀	l��m	
�;i
jb
��V>�V���K�,��2�*���,�*S)..0-STTFFF�.��$����,�*�/��T�/.,��T'�1#���N���#��.,���'�1#���@�$*�1�+$�QW�//*--*$����!�#/)�Q��X�?@#�--A*�B��� Y,+�1$*��,
%� @,0���,�,
O� G���*�+,�+*#
@� %��,.)
R� @�*�)�
R� L*#���$*-
E� G��*sI��#,
E� !�#.,�IO1,+
@� \��$F�#.)
O� Z,��#$�
%� *.���()*@&�%(�M(0#�'*/.S(�F�#$-���0*#�.,����1-*��-�.*��,.*��.,�*.#3,�.)*/��-.��s��*�N�O#�/**$,�+-��.)*&/*��-�QQ�
H,��],
!%
r%�
�C>��&/.�2*#�QQ� N���SP*Fe�#6
Pe
r%�
�QQ� 00��>C�?@#�--A*�B�Q� H,#��
L� L1��*#
P� M3�#$
L� @��/*.
!� P,��
L� Z*�*2*/41*
@� L�*1#3
%� (�12���/
L� !*�*.
�� %�#�/*��
!� *.���@��-.���00�,/�.,��-�#����$,#��.,�*.#3S�]��0�*��.)*cI(A�@J#*+,����0#�$1/.-�pm:	�ù_����	
�;|
��
��C>����?@#�--A*�B��� (1��,
M� A�1.,�,�*�
M� O�--�#�
!����9x �̀8̀opo��~��9̀_��̀ �̀�̀o�a_���p{ O#�'*/.S�%��&T�I����T��TNIHGIH�M(N@�H�M(N@�()*�*�H��.,/�%��MW%*�M*K*�XA*41,#*�*�.-H�-*�,�*Z�/1�*�.THGIH�M(N@�%��MW%*�M*K*�X@�.*+�#3S�%��]0#*--O#�/1#*�*�.O�1-I�cOA&�Z*�,K*#�2�*SZ���@�$*S(r!UH%��MUAHZ H��.,/%��MS!��/)*�
G*#���3
�Q�Q�?@#�--A*�B��� Y�#2��
%� �������
�� Z*�0*/)*I�������
P��00�,/�.,��-���,#2�#�*��-*#-/���,�+��#$*.*#�,�,�+��#,�*+*�,$��$-1#��/*F�K*-0#�0*#.,*-��89	h	����������	
�
;
�[
���>�C��?@#�--A*�B��� M,,21-6
�� Y�#2��
%� �������
�� Y�).*#
J� r,2�10,�
A� Z*�0*/)*I�������
P�%),02�#�*GP%%�/41,-,.,����-*�-1#��/*)*,+).-,�.)*H��.,/%*��h	l��m	�_a	
�


�=
�>���?@#�--A*�B�V� Y�#2��
%� M,,21-6
�� �������
��%),02�#�*GP%%IZ*.*#�,�*$%*�%1#��/*R*,+).-r-,�+G*�,$!�$*���$A*��,-.,/Z3���,/(�0�+#�0)3�����������	
�


�[
��C��?@#�--A*�B��� P�K�.�3
J� M,*2-/)
G� Z,*.#,/)
A� M*)����
��@��2,��.,����-*�I�*K*��2-*#K�.,��-��$���/*���+#�0),/��$*���#+*�$*.,/�00�,/�.,��-,�.)*H��.,/%*��N�p�a�m�����z�w8�89��tl��m��q %0#,�+*#%*#,*-��N�G%3�0�-,� %0#,�+*#SH*#�,�TR*,$*�2*#+
G*#���3
�QQ� 00����>�QQ�?@#�--A*�B�C� O�--�#�
!� !���*#
L�M� &*�-����
E� A�1.,�,�*�
M� Z*..�*#,�+
Z� R�#.IZ�K,-
!�G� �21��,.,',��+
�� ��$*#-*�
&�H� Ry3*#
E�M� !�$-*�
J�%� *.����2-��1.*H��.,/%*�M*K*�(#*�$-,�.)*%�.*��,.*��.,�*.#3�#�S�A*K,-,.�w9���	x 9̀	�_a	
�
;
b
CV�CQ��?@#�--A*�B��� A�1.,�,�*�
M� %"#66"
E� (1��,
M� !���*#
L� O�--�#�
!��̀o�a_���p{��̀oam̀�a����u�9� H��.,/%��MSL#�-/�.,
N.��3
�Q�Q�?@#�--A*�B



����������	
�
�
��
���� ��������� �����
����� �!"#$�
��%"�&'�()*�+��*,�*�+�!-�()�.)�+*��*,�!,-,!)+./,*�0./,(+1�!.)"2,��(�&�!.)&,.($�+3.)3,4�04,3�.��567	�89:����	
�;<
=>
����?���@�AB(�**C,�D��� 2/,'�(3
E�%F �GE)&,+*)�+�!H+.,('�!�.)�+I0+".)�+��(H((,40!�(!$G2'�",3E�.��H+�(�",,3)+4*��./,��(3%BJK�.)�+�!B�+�,(,+",
L�*M,4�*
KM
N2%
��?��%040*.�����%BJ�(,**OK, P�(�
KP
N2%
�����''�Q��?Q�R�AB(�**C,�D�@� M,*.S!
T��U4(,+
V��2.,��,+
W���),(0!�
W��F�(�*�-
L�K�X�@��LNO%+, !�+30'!)�.&�3,!��(I,++�*"�+3)��+3./,1�!.)"C,4)�+�Y	Z��6	
�;[
\>
��Q�?�����AB(�**C,�D��� J$(],(4
���2��&,(,
F�F/,X0!���I)+!�+3
).*/$3(�4(�'/$�+3")("0!�.)�+3$+�&)"*�H+ _̂�7���̀7�a��b�6�c�_d�9��9e_̂���:�̀���2'()+4,(O1,(!)+fW,)3,!],(4
X,(&�+$
�@���''����?����AB(�**C,�D��� C�*,+.�0
%��J0(0
J��X�0�
J��T��
F��L))]0*�
%����!!
F����((�
g��C��*,
%��2,''
J��F�&&,'00
%��,.�!�2,�G!,-,!"/�+4,�+3h��3()*�*�.g*.�+)�+"��*.�!#�+,�H+d�9��è��db9�i���c�b�j9e�̀:��9c_����k�b��l9���2'()+4,(O1,(!)+fW,)3,!],(4
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Appendix 3 

Publication III 
Mostafavi, M., Ellmann, A., Delpeche-Ellmann, N. 2024. Long-term and Decadal Sea Level 
Trend of the Baltic Sea using Along-track Satellite Altimetry. Remote Sens. 16, 760. 
https://doi.org/10.3390/rs1605076  

https://doi.org/10.3390/rs1605076
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�f XIJQIGSKJR �d�g��dm� gdw���d�� �E����E
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