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Introduction 
Accurate and consistent quantification of sea level variation is of utmost importance for 
monitoring, forecasting, and planning of marine activities. In recent years, higher 
accuracy in sea level variations in both time and space dimensions has become important 
for various applications. For instance, improving our understanding of ocean weather 
and processes through the study of mesoscale and sub-mesoscale eddies requires a more 
accurate measurement of sea level variation that remains consistent over time (Durand 
et al., 2010; Bian et al., 2023). In addition, in the fields of navigation and marine 
engineering, an accuracy of a few centimetres is required, especially for determining the 
under-keel clearance as vessels enter into ports and shallow sea areas (Orseau et al., 
2021; Zhang et al., 2022). Several sources of sea level data are available, including 
hydrodynamic models (HDM), tide gauges (TG), satellite altimetry (SA), Global Navigation 
Satellite Systems (GNSS) tide buoys and airborne laser scanning (ALS), each with its own 
set of advantages and disadvantages. Therefore, it is intuitive to realize that in order to 
obtain better accuracy and consistency from coastal to offshore requires the 
development of methodologies to synergize these data sources. 

Previous studies have attempted to integrate sea level sources (Saraceno et al., 2008; 
Cheng et al., 2012; Chang et al., 2023), but their full potential was often limited by the 
absence of a common vertical reference datum. Advancements in sea level measurement 
technology, including improved accuracy and higher resolution, along with modelling, 
now paves the path so that instantaneous sea level modelling and forecasting can be 
achievable within accuracies of less than a few centimetres from coastal to offshore. 
Although several studies undertook extensive evaluations and comparative assessments 
between the sea level data sources for various purposes (Featherstone and Filmer, 2012; 
Ophaug et al., 2015; Schall et al., 2016; Andersen et al., 2018; Varbla et al., 2020 and 
2021; Mostafavi et al., 2021 and 2023; Afrasteh et al, 2021 and 2023), there is a limited 
focus on integrating them for the determination of instantaneous enhanced dynamic 
topography (Slobbe et al., 2013). 

In this research, the Baltic Sea region is chosen as a case study, where the objective of 
realizing chart datum with a standard uncertainty of less than 5 cm has been already 
initiated (Ågren et al., 2023). Although the synergy of data sources enables achieving 
higher accuracy, combining sea level sources still poses complexities due to several 
limitations, including: i) various spatial and temporal resolutions, ii) utilization of 
different vertical reference datums, and iii) diverse errors arising from the method of 
data collection (Jahanmard et al., 2022a and 2023a). 

Tide gauge data stands out as the most historical and reliable source for representing 
sea levels in coastal areas, which often considered as the 'true' sea level (Adebisi et al., 
2021). However, there are some limitations to their usage, including: i) TGs tend to have 
limited spatial coverage, primarily representing coastal areas, and their spatial 
distribution is often uneven and incomplete; ii) challenges may arise from the absence 
of a consistent vertical datum, especially when integrating TG measurements from 
multiple locations across different countries or communities; and iii) TGs measure 
relative sea level with respect to a fixed point on land called the TG benchmark, which in 
certain locations may be affected by vertical land motion, e.g. due to glacial isostatic 
adjustment (GIA). The TG benchmarks are usually connected (with different accuracies) 
to a national height network. Additionally, TG data may contain errors stemming from 
instrumentation, maintenance, and human factors, as well as biases caused by vertical 
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datum shifts or the lack of precise vertical reference unification among countries 
(Pytharouli et al., 2018; Gruber et al., 2022). 

On the other hand, HDMs are capable of deriving sea level continuously, both spatially 
and temporally. This makes them ideal for integrating and consolidating various sea level 
datasets from the coast to offshore. However, HDMs have also some limitations, 
including: i) often lacking a well-defined vertical reference datum, whereas sea level 
derived from HDMs cannot be explicitly described in a 3D coordinate system (Slobbe et al., 
2013); and ii) HDMs are driven by mathematical equations, which may contain errors 
stemming from computational errors, limitations in model resolution and parameterization 
schemes, time steps and modelling discretization, topography, and uncertainties in 
boundary conditions and forcing inputs (Hieronymus et al., 2017; Mardani et al., 2020). 
These limitations can introduce biases in HDMs compared to observations, both spatially 
and temporally (Jahanmard et al., 2023a). 

In addition, SA is one of the most effective sea level determination techniques, which 
has seen significant technological advances over the last few decades. The basic concept 
is that the altimeter sends and receives radar pulses along the satellite's trajectory to 
measure the range. By knowing the altitude of the satellite above a reference ellipsoid, 
based on its orbit computation with respect to a geocentric reference frame, then sea 
surface height (SSH, i.e. the sea level relative to the reference ellipsoid) is determined by 
the difference between the altitude and the range (Figure 1). The reference ellipsoid is a 
mathematical approximation of the Earth's shape that is used in geodesy and satellite 
altimetry for its simplicity and to facilitate precise calculations and measurements.  
The extensive global coverage of SA measurements provides a fundamental resource for 
a wide range of applications, such as regional and global climate studies (Srinivasan and 
Tsontos, 2023) and marine gravity field (Li et al., 2022). Nevertheless, SA has some 
limitations, including: i) several instrumental and geophysical corrections are required to 
be applied to improve the range, some of which may be degraded by approaching land 
and inhomogeneity of radar backscattering; ii) sufficient spatial resolution, while lacking 
the required temporal resolution (e.g., Sentinel-3A has spatial along track resolution of 
300 m and temporal resolution of 27 days); and iii) on approaching the coastal areas, the 
satellite signal can become contaminated by terrains causing inaccurate sea level 
measurements. With the latest missions and retracking algorithms, SA can achieve the 
resulting SSH accuracy up to 2–3 cm in the open ocean and up to 4 cm in coastal regions 
(Abdullah et al., 2023). 

Sea surface topography can also be captured via the ALS technique by emitting laser 
pulses and registering returned reflections from the sea surface (Jahanmard et al., 
2022c). The high pulse repetition rate, low beam divergence, and relatively slow platform 
speed enable covering a wide swath (from the nadir perpendicular to the flight direction). 
The dense and highly accurate 3D point cloud retrieved from the LiDAR sensor allows 
investigating sea surface variations and wind waves (Walsh et al., 1985). Although ALS 
observations are able to provide the most accurate instantaneous sea surface topography, 
this technique is relatively expensive compared to alternative approaches and is not 
suitable for long-term or continuous monitoring. 

The shipborne GNSS data is also used for the determination of sea surface height 
(Nordman et al., 2018; Varbla et al. 2021). Installing a GNSS receiver on a ship is relatively 
straightforward, but deriving SSH from GNSS observations presents several challenges, 
such as determining geometrical connections between the GNSS antenna and the actual 
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sea surface. Additionally, retrieving sea surface from shipborne GNSS data lacks a 
necessary spatial and temporal resolution. 

Synergizing diverse data sources for developing a seamless sea level determination 
system from coastal to offshore is challenging due to the use of different vertical 
reference surfaces and data sources with varying resolutions. To address this challenge, 
the key component that links and unifies all data sources is a geoid model as an 
equipotential surface of the Earth’s gravity field. The geoid model represents the shape 
of the equipotential ocean surface under the influence of the gravitational attraction and 
Earth’s rotation, in the absence of other influences such as winds and tides. This 
reference surface should ideally be used as the zero for sea level and allows the 
determination of dynamic topography (DT), which represents the realistic sea level 
variation. The SSH derived from various data sources, such as SA, GNSS, and ALS can be 
converted into DT using a suitable geoid model (see Figure 1). 

 

 
Figure 1. Schematic representations of the interrelation between various data sources, 
hydrodynamic parameters, and vertical reference surfaces. Refer to the main text body for the used 
symbols and abbreviations [from Publication IV]. 

 
Several global geoid models are available, such as the Earth Gravitational Model 

EGM08, yet they do not meet the required accuracy and spatial resolution for the 
determination of the realistic and accurate DT. For this purpose, high-resolution regional 
geoid models offer more practical solutions (Ågren et al., 2016; Ellmann et al., 2019). 
Regional geoid models are derived through inserting terrestrial gravity measurements 
and global geopotential models into modified Stokes’ formula (Stokes, 1849; Ellmann, 
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2005; Sjöberg & Bagherbandi, 2017). In many study areas, determining DT using  
high-resolution geoid models can be still challenging because of limited access to these 
models and the advanced measurements and expertise required for their development. 
However, notable achievements are observed in some regions and countries in the 
development of accurate geoid models for land and sea. For instance, the collaboration 
among Baltic Sea countries has resulted in the determination of a high-resolution geoid 
model known as NKG2015 (Ågren et al., 2016). This model facilitates advancements in 
marine studies and applications. 

Dynamic topography represents a realistic quantification of the sea level variations 
with respect to an equipotential surface of Earth’s gravity field, thus enabling better 
quantification and understanding of ocean currents, circulations, and heat and salinity 
transport (Wunsch and Stammer, 1998; Johannessen et al., 2014; Morrow et al., 2023). 
This parameter can be determined from two approaches: oceanographic and geodetic. 
In the geodetic applications, the calculation of the DT from SA measurements is obtained 
by subtracting the geoidal height N from the SSH, as follows: 

 
𝐷𝐷𝐷𝐷𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑁𝑁 = 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − (𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 𝐶𝐶𝐶𝐶𝐶𝐶) − 𝑁𝑁. (1) 

 
where 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is the satellite’s altitude, 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 represents the distance between the 
satellite and sea surface, and 𝐶𝐶𝐶𝐶𝐶𝐶 represents various atmospheric, geophysical, and 
instrumental corrections. 

For the oceanographic applications, DT is determined from physical ocean models or 
HDMs. Although HDMs use spherical coordinates (latitude 𝜑𝜑, longitude 𝜆𝜆, vertical 
component z) in their setup, they implicitly use a vertical datum that is adopting the 
constant geopotential W (Hughes and Bingham, 2008). Thus, the term DT is appropriate 
for modelled sea level; however, the value of W is often undisclosed, which indicates that 
there may be an offset required when compared to the geoid. This offset varies 
depending on the different HDMs and the selected zero reference point used for the 
height system of interest. 

It is also important to note that HDMs can contain errors stemming from the model 
compilation setup, including input forcings, uncertainty in boundary conditions, 
bathymetry, modelling discretization, limitations in model resolution, and 
parameterization schemes. Therefore, the difference between HDM and observed data 
can be formulated by a combination of a bias due to the difference in zero level and the 
modelling errors. 

Ideally and conventionally, two steps can be applied for vertical referencing HDMs to 
a particular geoid model: i) referring prescribed sea level along the open boundary to the 
geoid, and ii) assimilating instantaneous geoid-referenced observations into the HDM 
(Slobbe et al., 2013 and 2014). For this purpose, an accurate geoid model covering the 
entire HDM’s domain is required. However, the marine geoid models may contain 
problematic regions (e.g., due to gravity data voids and/or inaccuracy), where their 
errors may reach a few decimetres (Varbla and Ellmann, 2023). While both the geoid and 
vertical referencing of the HDM can be realized through an iterative procedure (Slobbe 
et al., 2014), attaining a significant accuracy (i.e., a few centimetres) remains uncertain. 
This uncertainty is influenced by the chosen data assimilation technique and the 
approach adopted to converge toward a realistic DT during successive iterations.  

As a result, this study develops two novel approaches. The first approach identifies 
the exact difference between HDMs and TG records, which is computed using a dense 
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network of geoid-referenced TG records and is assumed to measure the true sea level 
(Publications I and II). The bias is then propagated from coastal to offshore using 
conventional interpolation methods, such as linear and inverse distance weighted 
interpolation. This approach has some limitations especially on the potential vertical 
datum shifts between TGs and uncertainties in error interpolation away from the 
stations. On the other hand, the second approach uses machine learning to identify and 
predict modelling errors and then derive the bias of HDM’s reference surface 
(Publication IV). For both approaches validation is made using SA data, which is 
particularly applicable to verify that the methods work in the offshore areas. A secondary 
deliverable of applying the two methods is that the synergy of the different sources 
allows in identification the problematic issues with the data sources and also where this 
may occur spatially and temporally. To the best of our knowledge, the developed 
methods is the first attempt at such a synergized exploration across the entire Baltic Sea. 
This study is the first step towards examining realistic dynamic topography, with the 
potential for similar developments to be adapted in other marine areas worldwide. 

Scope and Objectives 
A continuous model of accurate and consistent DT from the coast to the offshore region, 
with pre-defined uncertainty bounds, becomes important for various marine 
applications and serves as the motivation for this study. As mentioned earlier, various 
approaches and data sources derive sea level variations relative to different vertical 
references, each with its own limitations and strengths. Therefore, the main objective of 
this research is to develop a synergistic integration between sea level sources, utilizing a 
geoid reference surface to establish a link between them.  

Firstly, in Publications I and II, the reference bias and modelling errors are treated as 
one integral bias in the HDM. Hence, the vertical reference unification and correcting of 
the HDM-derived DT are addressed simultaneously using a dense closed-loop network of 
geoid-referenced TGs as ground-truth observation. 

Publication I represents the first attempt to combine the HDM and TG data by deriving 
time-domain bias at the location of TGs followed by determination of spatial-domain bias 
using bilinear interpolation. This concept is founded on the assumption that the spatial 
variation of the time-domain biases obtained at the TG stations is insignificant, as long 
as the HDM exhibits a high correlation with TGs, whereas the TG zero marks are 
accurately referred to an identical geoid-based vertical datum. This assumption is tested 
in Publication I by comparing two different HDMs and in Publication II by comparing 
different interpolation techniques along with an assessment using the SA-derived DT in 
the offshore area. 
The primary limitation of the approach used in Publications I and II is that TG data are 
considered as ground-truth. Therefore, if the TG data contain errors or vertical datum 
shifts, they can propagate into the corrected HDM. This issue can be addressed by 
dividing the difference between modelled and observed DT into two main components: 
modelling error and vertical reference bias. A machine learning (ML) strategy was applied 
to determine HDM modelling error over time and space. After correcting the HDM, the 
vertical reference bias is determined by comparing the corrected HDM with the SA-based 
DT. Publication IV focuses on the application of a deep neural network to correct the 
HDM and quantifies the vertical reference bias using SA data. The study area in 
Publication I is the Gulf of Finland and the northern part of the Gulf of Riga. It is extended 
to the entire Baltic Sea region in Publications II and IV. 
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A comparative assessment between data sources in Publications I and IV reveals the 
inconsistency between data sources and highlights problematic regions. These regions 
demonstrate issues related to the geoid model, SA data, HDM errors, or a combination 
of these factors. In Publication IV, the ML-based HDM correction also allows the 
determination of the existing vertical datum shift between TGs. 

The main objective of this study is to integrate modelled and observed data for the 
accurate determination of instantaneous dynamic topography. The corrected HDM has 
also been assessed via airborne laser scanning (ALS) observations. A study was conducted 
to explore the potential of utilizing dense ALS point cloud sea surface data for retrieving 
directional wave parameters. The results of this study were detailed in Publication III.  

In summary, this study introduces two approaches for correcting HDM: 
• Method I: utilizing a dense network of geoid-referenced TGs to determine 

the HDM bias over the course of time at the location of TGs and then spatially 
distributing this bias using interpolation techniques (Publications I and II). 

• Method II: employing a deep neural network to determine the HDM errors 
and vertical referencing the HDM by the reference bias derived from 
comparison with SA data (Publication IV). 

Additionally, this study evaluates the results achieved by correcting the HDM using 
ALS point cloud data and, as a secondary topic, presents an approach for retrieving the 
directional wave spectrum (Publication III). 

Therefore, the objectives of this study are listed as follows: 
• Develop a methodology to correct instantaneous dynamic topography 

derived from HDMs and unify the reference surface of the modelled and 
observed sea level data from diverse sources with respect to a specific 
geodetic reference system (Publications I, II, and IV). 

• Compare multiple sea level datasets to evaluate the performance of the 
corrected HDM and quantify the accuracy and bias of the corrected 
instantaneous dynamic topography (Publications II, and IV). 

• Identify inconsistencies and significant disparities between the datasets and 
the locations and frequency of occurrence (Publications II, and IV). 

• Employ deep learning techniques to integrate HDM data and TG records, 
leveraging physical input variables and causal relationships to address HDM 
errors (Publication IV). 

• Establish a methodology for retrieving directional wave spectra from airborne 
LiDAR point cloud data (Publication III). 

Limitations 
The presented investigations have certain limitations that need to be addressed: 
1. For Method I (Publications I, II), there are some limitations:  

I. Adoption of the TG zero in a common vertical reference datum poses 
challenges, as it may not be available in most regions, especially when multiple 
countries/communities are involved. 

II. The TGs must be rigorously connected to the national vertical datum, as the 
TG records may experience vertical datum shifts caused by various factors, 
such as natural disasters or insufficient maintenance. These shifts, along with 
the individual errors and uncertainties present in different TGs, can propagate 
into the corrected model. 



15 

III. The method relies on interpolation techniques, necessitating a dense  
closed-loop TG network. As a result, it is more suitable for narrow seas or 
gulfs, as the interpolated values may become less reliable with increasing 
distance from the TG stations. 

2. For Method II (Publication IV): 
I. The ML-based HDM correction requires additional efforts to address localized 

features that may be overlooked due to model generalization. 
II. The deep neural network used solely relies on temporal causal convolution 

layers, which hinders the possibility of spatial feature learning and the 
utilization of spatial convolutions. This limitation makes it challenging to 
account for ocean features dependent on basin geometry, such as seiches. 

3. The Baltic Sea region, which serves as the study area for this research, is a  
semi-enclosed sea with its specific characteristics. This region is an ideal study area 
for this examination due to its dense network of TGs with a common geoid-based 
chart datum and well-developed high-resolution geoid model, HDM, and vertical 
land movement model. However, the generalizability of these approaches requires 
testing in other regions of the world, where new challenges may arise. 

4. In Publication III, while the capability to capture 3D point cloud data of sea surface 
topography provides deeper insights into surface ocean waves, ALS technology is 
relatively expensive compared to alternative approaches. 

Structure 
The dissertation is structured into sections that define the problem, address the 
requirements, and present the solutions in the form of two methods that were 
developed. To maintain conciseness, the sections focus on essential details and  
findings, while additional explanations are available in the corresponding publications. 
The following Section 1 provides the theoretical overview and principles for determining 
absolute dynamic topography using diverse sea level sources. In Section  2, the study 
area and datasets are reviewed. Section 3 presents the first method that provided to 
correct the HDM. This section is organized to express the background theory, 
implementation of the method, results, and discussion through a comparative 
assessment of available data sources. Section 4 then introduces the second method, 
which is based on machine learning strategies. This section provides an overview of the 
approach, defines a deep neural network for correcting the HDM, and concludes with 
results and discussion. In Section 5, sea surface topography derived from an airborne 
LiDAR point cloud is introduced for the evaluation of the corrected HDM, employing a 
low-pass filter. Furthermore, high-resolution ALS data also facilitates the determination 
of sea state, hence, this section continues by presenting a technique for deriving the 
wave spectrum from this dataset. In conclusion, Section 6 provides a comprehensive 
discussion and summary to wrap up the thesis. 



16 

Abbreviations 
ALES Adaptive Leading Edge Subwaveform 
ALS Airborne Laser Scanning 
ASL Absolute Sea Level 
BSCD2000 Baltic Sea Chart Datum 2000 
CERRA Copernicus regional reanalysis for Europe 
CMEMS Copernicus Marine Environment Monitoring Service 
Conv1D One-dimensional convolutional layer 
DL Deep Learning 
DT (ocean) Dynamic Topography 
ECMWF European Centre for Medium-Range Weather Forecasts 
EVRS European Vertical Reference System 
ERA5 ECMWF Reanalysis v5 
ESA European Space Agency 
FES2014 Finite Element Solution tide model 2014 
FFT Fast Fourier Transform 
GEBCO General Bathymetric Chart of the Oceans 
GIA Glacial Isostatic Adjustment 
GNSS Global Navigation Satellite System 
HBM-EST Estonian implementation of the HIROMB-BOOS Model 
HDM Hydrodynamic Model 
HIRLAM High-Resolution Limited Area Model 
HYPE Hydrological Predictions for the Environment 
IAG International Association of Geodesy 
IDW Inverse Distance Weighted 
IHO International Hydrographic Organization 
JONSWAP Joint North Sea Wave Project 
LAT Lowest Astronomic Tide 
MAD Median Absolute Deviation 
MDT Mean Dynamic Topography 
ML Machine Learning 
MSL Mean Sea Level 
MSS Mean Sea Surface 
NAP Normaal Amsterdams Peil 
NEMO Nucleus for European Modelling of the Ocean 
NKG Nordic Geodetic Commission 
NM Nautical Mile 
ReLU Rectified Linear Unit 
RMSE Root Mean Square Error 
RSL Relative Sea Level 
SA Satellite Altimetry 
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SAR Synthetic Aperture Radar 
SMHI Swedish Meteorological and Hydrological Institute 
SSH Sea Surface Height 
SWOT Surface Water and Ocean Topography 
TG Tide Gauge 
VLM Vertical Land Motion 
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Symbols 
𝐴𝐴𝑆𝑆𝐴𝐴 absolute sea level 
𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 bias between modelled and observed data for a certain period 
𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  bias of corrected HDM 
𝑐𝑐 dimension of the input variable in the DL model 
𝐶𝐶𝐶𝐶𝐶𝐶 satellite altimetry corrections 
𝑑𝑑 dilation of causal convolution layers 
𝐷𝐷𝐴𝐴𝐶𝐶 dynamic atmospheric satellite altimetry correction 
𝐷𝐷𝐷𝐷𝑆𝑆𝐴𝐴𝑆𝑆  dynamic topography from airborne laser scanning 
𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐  dynamic topography from hydrodynamic model 
𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶  dynamic topography from corrected hydrodynamic model 

𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐
𝐶𝐶 ,𝑅𝑅𝑅𝑅𝑅𝑅  dynamic topography from corrected and unified reference surface 

hydrodynamic model 
𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐@𝑇𝑇𝑇𝑇  dynamic topography from hydrodynamic model at location of TG 

station 
𝐷𝐷𝐷𝐷𝑅𝑅𝑆𝑆𝐴𝐴  relative dynamic topography from tide gauge records 
𝐷𝐷𝐷𝐷𝑆𝑆𝑆𝑆 absolute dynamic topography from satellite altimetry 
𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇  absolute dynamic topography from tide gauge records 
𝐷𝐷𝐷𝐷𝐶𝐶 dry tropospheric satellite altimetry correction 
𝐸𝐸 Instantaneous difference between HDM and TG records 
𝑓𝑓𝐵𝐵 filter size of convolution layers 
𝐺𝐺(𝑘𝑘𝐵𝐵,𝜎𝜎) 2D Gaussian filter with kernel size 𝑘𝑘𝐵𝐵 and standard deviation 𝜎𝜎 
𝑆𝑆𝑚𝑚𝑅𝑅𝑚𝑚𝑚𝑚−𝑜𝑜𝑜𝑜𝑡𝑡𝑅𝑅 heights in mean-tide system 
𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  satellite’s altitude 
𝑆𝑆𝑜𝑜𝑜𝑜𝑡𝑡𝑅𝑅−𝑅𝑅𝑜𝑜𝑅𝑅𝑅𝑅 heights in tide-free system 
𝑆𝑆𝑧𝑧𝑅𝑅𝑜𝑜𝑜𝑜−𝑜𝑜𝑜𝑜𝑡𝑡𝑅𝑅  heights in zero-tide system 
𝐵𝐵𝑐𝑐𝑅𝑅_𝑓𝑓𝐶𝐶𝑅𝑅𝑐𝑐 ice fraction variable 
𝐵𝐵𝐶𝐶𝑅𝑅𝐶𝐶 ionospheric satellite altimetry correction 
𝑘𝑘 number of causal convolutional units 
𝑀𝑀 mask for transferring from HDM grid points to TG locations 
𝑀𝑀𝐷𝐷𝐷𝐷𝑝𝑝 mean dynamic topography for the period of 𝑝𝑝 
𝑚𝑚𝐵𝐵𝑑𝑑𝐷𝐷𝐷𝐷24 sea level variability for a period of a day 
𝑀𝑀𝑆𝑆𝑆𝑆𝑝𝑝 mean sea surface for the period of 𝑝𝑝 
𝑅𝑅 number of observations within a selected time span 
𝑅𝑅𝑓𝑓 number of filters in convolution layers 
𝑁𝑁 geoid height, which is relative to a reference ellipsoid 
𝑁𝑁𝑚𝑚𝑅𝑅𝑚𝑚𝑚𝑚−𝑜𝑜𝑜𝑜𝑡𝑡𝑅𝑅 geoid height in mean-tide system 
𝑁𝑁𝑧𝑧𝑅𝑅𝑜𝑜𝑜𝑜−𝑜𝑜𝑜𝑜𝑡𝑡𝑅𝑅 geoid height in zero-tide system 
𝑂𝑂𝐷𝐷𝐶𝐶 ocean tide satellite altimetry corrections 
𝑝𝑝 a certain period of time 
𝑃𝑃𝐷𝐷 pole tide satellite altimetry correction 
𝑞𝑞 index of the HDM grid points 
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𝑅𝑅2 coefficient of determination of prediction 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 satellite’s range 
𝑅𝑅𝑅𝑅𝑓𝑓𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 vertical reference bias of hydrodynamic model 
𝑅𝑅𝑅𝑅 receptive field of DL model 
𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸 root mean square error 
𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸𝜀𝜀  root mean square error of predicted 𝜀𝜀 
𝑅𝑅𝑂𝑂𝐶𝐶 radial orbit error satellite altimetry correction 
𝑅𝑅𝑆𝑆𝐴𝐴 relative sea level 
𝑆𝑆𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 spatial-domain bias 
𝑆𝑆𝐴𝐴𝑃𝑃 sea level pressure variable  
𝑆𝑆𝑆𝑆𝐵𝐵 sea state bias satellite altimetry correction 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐴𝐴𝑆𝑆 sea surface height from airborne laser scanning 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 sea surface height from satellite altimetry 
𝑆𝑆𝑆𝑆𝑆𝑆 sea surface salinity variable 
𝑆𝑆𝑆𝑆𝐷𝐷 sea surface temperature variable 
𝑆𝑆𝑆𝑆𝑆𝑆 significant wave height variable 
𝑡𝑡 measurement time instant 
𝑡𝑡0 reference epoch 
𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 time-domain bias 
𝑈𝑈𝑈𝑈𝐵𝐵𝑅𝑅𝑑𝑑 zonal wind speed variable  
𝑉𝑉𝐴𝐴𝑀𝑀 vertical land motion 
𝑉𝑉𝑈𝑈𝐵𝐵𝑅𝑅𝑑𝑑 meridional wind speed variable 
w sliding window length for determination of 𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 
𝑆𝑆0, 𝑆𝑆0𝐸𝐸  potential value and Earth gravity field potential 
𝑈𝑈_𝐸𝐸𝑘𝑘𝑚𝑚𝑅𝑅𝑅𝑅 Ekman pumping velocity variable 
𝑆𝑆𝐷𝐷𝐶𝐶 wet tropospheric satellite altimetry correction 
𝑥𝑥 DL model input variables 
𝑥𝑥𝑜𝑜𝑚𝑚𝑝𝑝 vectorised input variables 
𝑥𝑥𝑇𝑇𝑇𝑇  DL model input variables at TG location 
𝑋𝑋𝑠𝑠 zonal wind stress variable 
𝑌𝑌𝑠𝑠 meridional wind stress variable 
𝜀𝜀 hydrodynamic modelling errors 
𝜀𝜀̂ predicted hydrodynamic modelling errors 
𝜂𝜂𝑝𝑝 Precipitation-induced water column variable 
𝜂𝜂𝑠𝑠 steric height variable 
𝜉𝜉 wind wave elevation 
𝜑𝜑𝑁𝑁𝑆𝑆𝑁𝑁  geodetic latitude of NAP 
𝜑𝜑, 𝜆𝜆 geodetic coordinates: latitude and longitude 
𝜑𝜑𝑇𝑇𝑇𝑇𝑖𝑖 , 𝜆𝜆𝑇𝑇𝑇𝑇𝑖𝑖 geodetic coordinates of TG stations 
𝒟𝒟 distance between two geodetic coordinates 
𝒲𝒲 vector of inverse distance weight 

 



20 

1 Derivation of Ocean Dynamic Topography 
Several sea level data sources are available, each referring to a different vertical reference 
datum, and this diversity in reference datums complicates the integration between 
datasets. Therefore, adopting a particular geoid surface as an intermediate vertical 
reference datum presents a viable solution for integrating various sea level measurement 
approaches (Slobbe et al., 2014). The geoid surface represents the shape of the ocean 
surface influenced by gravitational attraction and Earth’s rotation, excluding other 
factors like winds and tides. It is important to note that the geoid serves as a stable and 
static vertical reference datum, remaining constant over time, unlike Tidal datums, and 
it should ideally be considered as the zero reference for sea level measurements. 
Therefore, sea levels referenced to a geoid surface provide a physically meaningful and 
realistic measure of ocean dynamics known as DT. This section provides an overview and 
background theory of the DT derivation from various approaches. The study area and 
datasets used in this study will be introduced in Section 2. 

1.1 Observations of Dynamic Topography 
The most common observation techniques that provide instantaneous sea levels are tide 
gauge (TG) and Satellite altimetry (SA) datasets. Both sources offer complementary 
observations and are necessary to observe the complete spectrum of ocean dynamic 
processes (Cheng et al., 2012; Andersen et al., 2018). Satellite altimetry offers a time 
series over a sufficiently long period and adequate spatial resolution in open sea areas, 
however, lacks the required temporal resolution. Significant progress in coastal altimetry 
over the past decade also enables the observation of sea levels closer to the coast, with 
improved accuracy (Adebisi et al., 2021). On the other hand, TG records provide a long 
historical time series with sufficient temporal resolution. However, TG stations are 
spatially sparse, and their spatial coverage is limited to the coastal boundary. 

The sea level obtained from SA observations is known as the absolute sea level (ASL), 
which is referenced to the Earth’s centre of mass and remains unaffected by VLM. 
Contrastingly, TG stations are land-bounded and measure sea level relative to a nearby 
benchmark in the national vertical datum. Therefore, TG records is referred to as relative 
sea level (RSL), which includes both ASL and VLM accordingly (Wöppelmann et al., 2007): 

 
𝑅𝑅𝑆𝑆𝐴𝐴 = 𝐴𝐴𝑆𝑆𝐴𝐴 − 𝑉𝑉𝐴𝐴𝑀𝑀. (2) 

 
Derivation of the DT from SA observation relies on a geoid model, where the accuracy 

of the determined DT is contingent upon the accuracy of the utilized geoid model 
(Equation 1). At TG stations, instantaneous DT is directly measured if the TG zero mark 
coincides with a geoid-based chart datum (Jahanmard et al., 2022a). Otherwise, by 
utilizing nearby benchmarks with GNSS observations and a geoid model, one can derive 
DT from TG measurements, where the accuracy depends on the availability of reliable 
ties to the benchmark and geoid model at the TG location (Woodworth et al., 2015; 
Filmer et al., 2018). The TG and SA datasets used in this study are detailed in Subsections 
2.3 and 2.4, respectively. 
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1.2 Geoid-based Vertical Datum 
A height system definition comprises essential components: an origin, a vertical reference 
surface of the zero level, and a specific type of height measurement (Heiskanen and 
Moritz, 1967). The vertical reference datum of marine areas, including TGs, commonly 
relies on a chart datum, which typically represents tidal observation such as lowest 
astronomic tide (LAT) and mean sea level (MSL), or a physical model like the geoid as 
their reference surface (IHO, 2020). The tidal datums are most customarily used by 
several countries; however, they are no longer an ideal approach as they can vary over 
different time spans, whereas depending on the country/community, the sea level data 
may be referred to different definitions of vertical datums (Jahanmard et al., 2021a).  
For instance, this issue can lead to inconsistencies and incompatibilities in the Baltic Sea 
region (the study area for this research; described in Subsection 2.1), which is surrounded 
by nine countries. Therefore, pan-regional integration is essential in order to study this 
dynamic marine area effectively. 

While tidal datums are based on sea level variations for a certain time span,  
geoid-based datums are realized using geoid models with a typical standard uncertainty 
of few centimetres. The use of a geoid-based datum offers the advantage of a stable 
reference surface, allowing for a seamless transition of the chart datum from land to 
offshore as well as enabling vertical datum unification between countries/communities 
(Schwabe et al., 2020; Ke et al., 2020). 

The Baltic Sea countries have adopted national realizations of the European Vertical 
Reference System (EVRS), which defines the vertical datum as an equipotential surface 
where the Earth’s gravity field potential remains constant: 

 
𝑆𝑆0 = 𝑆𝑆0𝐸𝐸 = 𝐶𝐶𝐶𝐶𝑅𝑅𝐵𝐵𝑡𝑡., (3) 

 
and is set at the level of the Normaal Amsterdams Peil (NAP). Note that the EVRS  
is in the zero-tide permanent tide with reference epoch 2000.0 (Ihde et al., 2002).  
The differences between the national height systems range from a few millimetres up to 
a few centimetres (Varbla et al., 2022). Due to the significant influence of glacial isostatic 
adjustment (GIA) in this region (described in Subsection 1.3), the NKG2016LU VLM model 
is employed to adjust observations to the common reference epoch 𝑡𝑡0 = 2000.0 (Vestøl 
et al., 2019). 

Similarly, considerable efforts have been made to establish the Baltic Sea Chart Datum 
2000 (BSCD2000) as a unified geoid-based chart datum (Liebsch et al., 2023) for 
hydrographic surveying, engineering, nautical charts, and sea level measurement in all 
countries surrounding the Baltic Sea. Consequently, the BSCD2000 also enables the 
establishment of a seamless height reference framework compatible with the national 
height systems (listed in Table 1) of the surrounding countries (Schwabe et al., 2020; 
Varbla et al., 2022). 
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Table 1. National height systems complying with BSCD2000, along with their regional geoid models 
and permanent tide systems. 

Country National height systems National geoid model Permanent tide system 
Denmark DRV90 DKgeoid12 tide-free system 
Estonia EH2000 EST-GEOID2017 zero-tide system 
Finland N2000 FIN2005N00 zero-tide system 
Germany DHHN2016 GCG2016 mean-tide system 
Latvia LAS2000,5 LV14 zero-tide system 
Lithuania LAS07 LIT15G zero-tide system 
Poland PL-EVRS2007-NH PL-geoid-2011 zero-tide system 
Sweden RH2000 SWEN17_RH2000 zero-tide system 
Russia BHS77 (Kronstadt) -- mean-tide system 
 

1.3 Vertical Land Motion 
Tide gauges measure sea levels relative to fixed benchmarks on land and include any 
vertical land motions. The VLM values are not spatially constant, and to ensure accurate 
determination of the DT observed at coasts and comparability with SA measurements,  
it is necessary to consider the VLM correction for TG records (Santamaría-Gómez et al., 
2012; Wöppelmann and Marcos, 2016; Pfeffer and Allemand, 2016).  

Note that the VLM can be categorized into non-linear and linear motions. Non-linear 
VLM is influenced by various factors, such as tectonics, groundwater depletion, dam 
building, and settling of landfills, which have relatively short spatial scales and are 
challenging to model and account for (Raucoules et al., 2010; Fokker et al., 2018; Denys 
et al., 2020). The most important VLM in terms of rates is the GIA due to response of the 
solid Earth’s surface to periods of glacier and polar cap loading/unloading, which is 
commonly expressed as a spatially dependent linear trend (Ostanciaux et al., 2012). 

In the Baltic Sea region (study area; described in Subsection 2.1), vertical motions 
observed in Fennoscandia are primarily attributed to GIA, resulting in a mean sea level 
retreat as the crust rises faster than the sea level (Steffen and Wu, 2011). Therefore, the 
VLM must be compensated for TG records to the common reference epoch 𝑡𝑡0 using a 
land uplift model as follows: 

 
𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇(𝜑𝜑, 𝜆𝜆, 𝑡𝑡) = 𝐷𝐷𝐷𝐷𝑅𝑅𝑆𝑆𝐴𝐴(𝜑𝜑, 𝜆𝜆, 𝑡𝑡) + 𝑉𝑉𝐴𝐴𝑀𝑀(𝜑𝜑, 𝜆𝜆) ∙ (𝑡𝑡 − 𝑡𝑡0), (4) 

 
where 𝐷𝐷𝐷𝐷𝑅𝑅𝑆𝑆𝐴𝐴  is obtained relative TG records, and 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇  represents VLM-mitigated DT 
derived from TGs (i.e., absolute sea level). The most recent official VLM model used in 
the Baltic Sea region is NKG2016LU model (Vestøl et al., 2019). 

Figure 2 shows the difference between relative and absolute DT measured by Spikarna 
TG station, located in the west of the Bothnian Sea (denoted in Figure 3), with a land 
uplift rate of 8.94 mm/year according to the NKG2016LU model. The station exhibits a 
long-term linear sea level trend of –6.7 mm/year for relative DT and 2.2 mm/year for 
absolute DT, indicating a significant influence of VLM at this location. 
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Figure 2. Relative and absolute DT from Spikarna station, located in the northwest of the Bothnian 
Sea, along with their linear trend [from Publication II]. 

Note that the geoid also rises in the Baltic Sea region due to the VLM and mass 
redistribution, however, the values of the geoid rise is relatively small (Figure 3).  
The maximum geoid rise in the northern part of the Baltic Sea region is approximately 
0.6 mm/year, relative to reference epoch 2000.0, then the geoid rise would be 1.4 cm 
for 2021. Since DT refers to the difference between SSH and the geoid height, the geoid 
rise needs to be considered in precise applications (Jahanmard et al., 2022a and 2023a). 

 
Figure 3. Rate of the vertical land movement (colormap) and geoid rise (dashed isolines) in the Baltic 
Sea region according to NKG2016LU. Black triangle denotes the location of Spikarna TG station. 
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1.4 Permanent Tide Systems 
The time-averages of the gravitational forces exerted by the Sun and Moon, which give 
rise to tidal forces leading to ocean and earth tides, are not zero (Ekman, 1989; Mäkinen 
and Ihde, 2009). To address the permanent deformation caused by the permanent tide, 
the Earth’s geometric shape (crust or topography) is described using two concepts:  
tide-free and mean-tide; whereas the gravity field is described using three concepts:  
tide-free, zero-tide, mean-tide (Mäkinen, 2021). Therefore, it is important to harmonize 
the permanent tide system of the datasets used. 

In the tide-free system, all direct (i.e., tide-generating potential) and indirect  
(i.e., the deformation potential of the Earth) effects of the Sun and Moon are eliminated. 
In the mean-tide system, the permanent effect on the Earth’s shape is considered, 
representing the long-term average shape under tidal forces. The SSH measured by SA is 
in the mean-tide system, as the tidal corrections do not remove the permanent tide 
(Mäkinen and Ihde, 2009). Therefore, since the mean-tide system is the most physically 
meaningful case for oceanographers and comparison with SA observations, all datasets 
are transformed to this permanent tide system. 

In the International Association of Geodesy recommended (IAG, 1984) zero-tide 
system, the direct effect of tides is removed, but the indirect effects are retained. This 
results in the gravity field being generated solely by the Earth’s masses and the 
centrifugal force (Mäkinen and Ihde, 2009). Regional gravimetric geoid models (e.g., 
NKG2015) are explicitly stated to be in the zero-tide system, which must be transformed 
into the mean-tide system before applying to SSH. 

The transformations between the normal height differences and geoid height 
between the aforementioned permanent tide systems are presented by Ekman (1989). 
Since, TG records in the Baltic Sea region refer to NAP, they are transferred from the 
zero-tide to the mean-tide system accordingly (Varbla et al., 2022): 

 
𝑆𝑆𝑚𝑚𝑅𝑅𝑚𝑚𝑚𝑚−𝑜𝑜𝑜𝑜𝑡𝑡𝑅𝑅(𝜑𝜑) = 𝑆𝑆𝑧𝑧𝑅𝑅𝑜𝑜𝑜𝑜−𝑜𝑜𝑜𝑜𝑡𝑡𝑅𝑅(𝜑𝜑) + 0.2954(sin2(𝜑𝜑) − sin2(𝜑𝜑𝑁𝑁𝑆𝑆𝑁𝑁)), (5) 

 
where 𝜑𝜑𝑁𝑁𝑆𝑆𝑁𝑁  is the latitude of NAP (52°22′ 53″) and the units are in meters. For Danish 
TGs that are in the tide-free system: 

 
𝑆𝑆𝑚𝑚𝑅𝑅𝑚𝑚𝑚𝑚−𝑜𝑜𝑜𝑜𝑡𝑡𝑅𝑅(𝜑𝜑) = 𝑆𝑆𝑜𝑜𝑜𝑜𝑡𝑡𝑅𝑅−𝑅𝑅𝑜𝑜𝑅𝑅𝑅𝑅(𝜑𝜑) + 0.2954𝛾𝛾(sin2(𝜑𝜑) − sin2(𝜑𝜑𝑁𝑁𝑆𝑆𝑁𝑁)), (6) 

 
where the coefficient 𝛾𝛾 = 0.7. Similar to Eq. 5, the conversion of geoidal heights to the 
mean-tide system is as follows: 

 
𝑁𝑁𝑚𝑚𝑅𝑅𝑚𝑚𝑚𝑚−𝑜𝑜𝑜𝑜𝑡𝑡𝑅𝑅(𝜑𝜑) = 𝑁𝑁𝑧𝑧𝑅𝑅𝑜𝑜𝑜𝑜−𝑜𝑜𝑜𝑜𝑡𝑡𝑅𝑅(𝜑𝜑) − 0.2954(sin2(𝜑𝜑) − sin2(𝜑𝜑𝑁𝑁𝑆𝑆𝑁𝑁)), (7) 

 
The values of the conversion from the zero-tide and tide-free system to the mean-tide 

system are shown in Figure 4, according to Equations (5) and (6). 
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Figure 4. Differences of heights in the zero-tide and tide-free system and the mean-tide system in 
the Baltic Sea region, latitude from 54° to 66°. 

1.5 Dynamic Topography Modelling 
Hydrodynamic models are considered one of the most valuable sea level data sources 
due to their high resolution in both time and space, allowing for extensive spatial and 
temporal data coverage from coast to offshore. Nevertheless, they are not devoid of 
limitations, particularly in sea level determination, which is the main focus of this study. 
The foundation of HDMs lies in the governing equations of fluid dynamics, which are 
based on fundamental principles of physics, particularly the laws of conservation of mass, 
momentum, and energy. The most common set of equations used is the Navier-Stokes 
equations, the analytical solution of which is often extremely challenging. Thus, numerical 
methods and mathematical techniques, involving the discretization of continuous 
equations into a set of discrete equations, are employed to approximate and solve these 
equations. Hence, HDMs may contain modelling errors arising from assumptions, 
approximations, time steps and modelling discretization, limitations in model resolution, 
and parameterization schemes. Additionally, the models may have modelling errors 
inherited from various input sources, such as topography, atmospheric forcings, and river 
discharge (Mardani et al., 2020).  

The second and important limitation is that HDMs typically lack a well-defined vertical 
reference surface, which hinders direct integration with other sea level data sources.  
In HDMs, it is common to set up the model using a spherical coordinate system with 
latitude, longitude, whereas vertical coordinates (z- height) are derived from the 
bathymetry dataset. However, the bathymetry is often considered as a control variable 
in the calibration process (Slobbe et al., 2013). Regardless of the vertical coordinate 
system utilized in the model, there will always be an implicit z coordinate for sea level 
determination.  

It is important to note that since the models’ dynamics are based on the assumption 
that gravity acts in the z-direction, the surface of the constant z represents surfaces of 
constant geopotential W (Hughes and Bingham, 2008). Consequently, the sea level 
derived from HDMs can be referred to as dynamic topography (𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐). However,  
the potential values (𝑆𝑆0) of the HDMs’ reference surface are still undisclosed, and the 
determination of the reference surface in HDMs is challenging due to the presence of 
modelling errors. In this regards, two approaches for correcting HDM relative to a  
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well-defined geodetic reference frame are presented in this study, which are described 
in Section 3 (see Publications I and II for more details) and Section 4 (see Publication IV 
for more details). The HDM datasets used in this study are detailed in Subsections 2.6. 

1.6 Mean Dynamic Topography 
The time-mean dynamic topography (MDT) can be derived by subtracting the geoid 
height from the time-mean sea surface (MSS) or calculated using ocean models based on 
estimated distributions of temperature, salinity, currents, etc. (Ekman and Mäkinen, 
1996; Filmer et al., 2018). The former is the geodetic approach that is determined from 
TG records and SA data from the geodetic methods; the latter is the oceanographic 
approach that is computed from a global or regional ocean model. Therefore, in geodetic 
approach, the MDT for the period of 𝑝𝑝 is:   

 
𝑀𝑀𝐷𝐷𝐷𝐷𝑝𝑝(𝜑𝜑, 𝜆𝜆) = 𝑀𝑀𝑆𝑆𝑆𝑆𝑝𝑝(𝜑𝜑, 𝜆𝜆) − 𝑁𝑁(𝜑𝜑, 𝜆𝜆), (8) 

 
and in oceanographic approach, the MDT is determined as follows: 

 
𝑀𝑀𝐷𝐷𝐷𝐷𝑝𝑝(𝜑𝜑, 𝜆𝜆) = 1

𝑝𝑝
∑ 𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑, 𝜆𝜆, 𝑡𝑡)𝑝𝑝
𝑜𝑜=1 . (9) 

 
Oceanographers are interested in MDT knowledge in order to study the ocean’s 

geostrophic currents and ocean transports (e.g., Marshall et al., 1997; Krauss et al., 1991; 
Bingham et al., 2008; Armitage et al., 2018; Mintourakis et al., 2019; Knudsen et al., 2021;), 
and geodesist aim to unify or analyse height datums globally or locally (e.g., Rummel, 
2002; Woodworth et al., 2012; Featherstone and Filmer, 2012; Slobbe et al., 2014; 
Afrasteh et al., 2023). In Publication II, the two approaches are employed to evaluate the 
HDM correction by comparing SA data and the corrected HDM. Additionally, the vertical 
reference bias of the HDM is determined by comparing geodetic and oceanographic 
MDTs in Publication IV. 
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2 Study Area, Data Sources and Preprocessing 
Sea level datasets are gathered from various sources to determine the accurate absolute 
DT from coast to offshore area. In this dissertation, the Baltic Sea region is selected as 
the study area, and the instantaneous determination of DT is realized by correcting a 
high-resolution HDM by a network of TGs and utilizing the geoid as an intermediate 
reference surface. The corrected HDM is examined by the DT derived from the separation 
between SA data and a high-resolution geoid model. By comparing geodetic and 
oceanographic MDTs, it is possible to determine the vertical reference bias of the HDM 
relative to the EVRS (with the reference point of NAP and the reference epoch of 2000.0). 
The synergistic integration of data sources and approaches also facilitates the 
identification of problematic regions related to HDM, TG vertical datum shifts, SA data, 
and geoid model. 

2.1 Study Area 
The HDM correction and vertical reference unification is investigated in the Baltic Sea 
region, which is characterized as a micro-tidal semi-enclosed water body located in 
Northern Europe and surrounded by nine countries. The sea area is divided onto several 
sub-basins often defined by their geometry and bathymetry (see Figure 5 for the location 
Baltic Sea and its’ sub-basins). Some of these sub-basins are often only slightly  
inter-connected (Lehmann and Hinrichsen, 2000). 

An estuarine type of environment exists in this sea area, the freshwater flows from 
the numerous rivers of the surrounding countries, whilst the salty water from the Atlantic 
Ocean often intrudes through the narrow connection with the North Sea via the Danish 
Straits. This often leads to the formation of the strongly stratified water column, with the 
Baltic Sea being the world’s second-largest estuarine water mass with an area of  
ca. 377,000 km2 and average depth of 55 m. It is also quite common in the winter months 
for the Baltic Sea to become ice-covered, especially in the northern and eastern sections 
and also along coastal areas (Leppäranta and Myrberg, 2009).  

The Baltic Sea is frequently chosen as an ideal research site for investigating global 
climate and environmental changes, thanks to extensive long-term monitoring programs 
on land and at sea (Reusch et al., 2018). Furthermore, owing to its semi-enclosed nature, 
surrounded by densely populated and highly industrialized countries, the Baltic Sea is 
highly sensitive to anthropogenic influences. This region is also considered to be one of 
the busiest maritime traffic areas in the world (Rytkönen et al., 2002). These characteristics 
make it necessary to have a realistic and continuous sea level data from coastal to 
offshore.  

The Baltic Sea is a well-suited study area for evaluating the proposed methods due to 
the availability of key resources such as the high-resolution Nemo-Nordic model (Hordoir 
et al., 2019; Kärnä et al., 2021), a dense network of well-established TG stations with a 
common geoid-based reference datum (i.e., BSCD2000), a high-resolution geoid model 
NKG2015 (Ågren et al., 2016), and an accurate land uplift model NKG2016LU (Vestøl  
et al., 2019). 
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Figure 5. Baltic Sea region and its bathymetry sourced from GEBCO 2022 gridded bathymetry data1. 
The dense network of used tide gauges is denoted by red circles. 

Some general characteristics can be seen for both baroclinic and barotropic forces 
play a major role in the dynamics of the Baltic Sea. In general, the surface salinity 
decreases from west to east (ranging from 5 to 7 PSU) being influenced by freshwater 
river runoff and net precipitation, and exchange with saline water from the North Sea 
through the Danish Straits (Kniebusch et al., 2019). This often results in multi-structured 
seasonal and permanent thermocline and halocline at various depths (Liblik and Lips, 
2019). Due to this layered structure, direct atmospheric forcing primarily affects the 
upper layer, which typically has a thickness of 40–80 meters (Soomere and Quak, 2013). 
For the bottom layer advection and mixing play a major role. 

Winds over the Baltic Sea have a seasonal pattern. However, the dominant wind 
direction in this area is southwest, but it is quite common for northerly winds to also be 
prevalent (Soomere and Keevallik, 2001). The winter and autumn seasons tend to have 
the strongest winds and highest waves (Jakimavičius et al., 2018). Winds play an essential 
role in this region, causing the occurrence of free oscillations known as seiches, which 
can significantly contribute to sea level extremes (Suursaar et al., 2002). 

For waves in general the long-term average significant wave height in the Baltic Proper 
is 1–1.5 m (Räämet and Soomere, 2010; Björkqvist et al., 2018). For other sub-basins, 
such as the Gulf of Finland, where ALS surveys were performed, it can be around  
0.5–0.8 m, and the maximum significant wave height is 3.8 m with a return period of  
100 years.  However, the maximum significant wave height at the western entrance of 
the Gulf of Finland may reach values comparable with extreme wave heights in the Baltic 
Proper (about 10 m) during severe storms (Soomere et al., 2008). The geometry and 
bathymetry of the northern Baltic Proper can influence wave direction, particularly 

 
1 https://www.gebco.net/data_and_products/gridded_bathymetry_data/ [accessed 7 August 2023] 

https://www.gebco.net/data_and_products/gridded_bathymetry_data/
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towards the Gulf of Finland. Consequently, wave periods in the gulf may be comparable 
to those in the Baltic Proper. Notably, there can be a deviation of up to 50° between wind 
and wave directions in the gulf (Pettersson et al., 2010). An examination of wind, waves, 
and surface currents reveals that wind and surface waves predominantly govern surface 
drift (Delpeche-Ellmann et al., 2021). Moreover, wind waves can also play a noticeable 
role in contributing to extreme sea levels (Staneva et al., 2016). 

Currents in the Baltic Sea are mainly the result of four factors: wind stress at the sea 
surface, surface pressure gradients, horizontal gradients of thermohaline density,  
and tidal forces. Furthermore, the currents are influenced by Coriolis acceleration, 
topography, and friction, resulting in the formation of a general cyclonic circulation in 
this stratified system; however, this circulation can vary within the different layers.  
Up- and downwellings are also common in the Baltic Sea especially in the summer 
months. Winds blowing predominantly parallel to the coast from favourable directions 
induce up- and downwelling, which often results in vertical water displacement and 
mixing (Lehmann and Myrberg, 2008; Delpeche-Ellmann et al., 2017). Also, the internal 
(baroclinic) Rossby radius that defines the size of meso-scale circulation cells (meso-scale 
or synoptic eddies) varies from a radius of 1–10 km (Alenius et al., 1998). Unlike many 
global sea areas, astronomical tides in the Baltic Sea are negligible, less than 10 cm,  
due to its limited co-oscillation with the open ocean. However, under resonance 
conditions, locally generated tides may still play a role, and as a result, tidal variations 
could become noticeable (Weisse et al., 2021). 

Several components affect the sea level in the Baltic Sea. For a long-term effect,  
the global sea level change (due to thermal sea water expansion and melting of glaciers) 
will influence the sea level. Whilst changes in temperature, precipitation and evaporation 
are mostly influenced on a decadal time scale. It has also been suggested that 
temperature and precipitation may contribute for 15% of the sea level variability in 
winter and approximately 35% in summer (Hünicke and Zorita, 2006).  

Short-term influences (yearly, seasonal, daily, etc.), variations in the water balance are 
mainly occurring due to water exchange in the Danish Straits. For instance, saltwater 
intruding (driven by atmospheric conditions) from the Atlantic (Major Baltic inflow) may 
lead to notable sea level changes. As an example, the Baltic inflow in 1993 increased the 
mean sea level by 70 cm within 21 days (Matthäus and Lass, 1995). River runoff also 
affects the water balance, with the biggest freshwater contributor being the Neva River 
located on the eastern end of the Gulf of Finland (Myrberg and Soomere, 2013).  
The decrease in sea ice days also contributes to the sea level in the Baltic Sea (Rosentau 
et al., 2017). Localized events, occurring on much shorter time frames, such as weeks, 
days, and even hours, can impact sea levels. Most of these events are influenced by 
meteorological factors, e.g. particularly strong, anisotropic winds in the Baltic Sea 
(Soomere, 2003). For example, storm surges and coastal upwellings are quite prevalent 
in the Baltic Sea with a more or less seasonal trend (Suursaar and Sooäär, 2007; 
Delpeche-Ellmann et al., 2017). These drastic short-term sea level changes that can occur 
show the importance of obtaining accurate instantaneous DT measurements that are 
necessary to record and predict these incidents. 
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2.2 The Geoid Model 
The official NKG2015 geoid model, the most recent high-resolution geoid model for the 
Baltic region (Ågren et al., 2016), is employed for the determination of DT derived from 
SA data. The model was developed by the Nordic Geodetic Commission with spatial 
resolution of 0.01° × 0.02° and reference epoch of 2000.0. The NKG2015 coverage 
extends from 23°N to 73°N latitude and from 0°E to 34°E longitude. The geoid model was 
determined based on the least-squares modification of Stokes’ formula with additive 
corrections (LSMSA) up to degree and order 300 using the GOCE/GRACE geopotential 
model. The geoid model is shown in Figure 6. The standard deviation of the NKG2015 in 
agreement with the control GNSS/levelling data is 2.85 cm.  

 
Figure 6. The NKG2015 geoid model in the zero-tide system. 

The NKG2015 geoid heights are relative to the GRS80 reference ellipsoid.  Accordingly, 
in this study, the GRS80 ellipsoid is adopted, and if necessary, the SA data (that could 
initially refer to some other reference ellipsoid, e.g. Topex/Poseidon) are transformed to 
this reference surface. Note that the NKG2015 model is in the zero-tide system, however, 
the officially released online model2 contains a ‘hybrid permanent tide system’ 
correction, making it directly applicable to GNSS data. Therefore, this correction should 
be removed first, then the geoid model in the mean-tide system can be determined by 
Equation (7). In addition, the rate of geoid rise also needs to be accounted for due to the 
GIA-induced geoid rise in this region (Vestøl et al., 2019; see also Figure 3). 

 
2 https://www.isgeoid.polimi.it/Geoid/Europe/NordicCountries/nordic_baltic_countries_g.html 
[accessed 7 August 2023] 

https://www.isgeoid.polimi.it/Geoid/Europe/NordicCountries/nordic_baltic_countries_g.html
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2.3 Tide Gauge Records 
Tide gauge data serve as a base for correcting the HDM, which provides geoid-referenced 
sea level observations and can be considered as the ground-truth data (in Method I);  
as it is the most accurate source of high-temporal-resolution sea level variation, but may 
include errors and vertical datum shifts (in Method II). In this regard, hourly TG records 
were obtained from nine Baltic Sea countries: Estonia3, Latvia4, Lithuania5, Poland6, 
Germany7, Denmark8, Sweden9, Finland10, and Russia11. Figure 5 shows the location of 
TG stations marked by red circles (see the Publications I, II and IV for more details about 
the used stations).  

Since the Baltic Sea is under a strong influence of the GIA induced land uplift, it is 
essential to reduce TG benchmarks into a common time-epoch using a vertical land uplift 
model. In this region, this can be accomplished using the NKG2016LU model for the 
reference epoch 2000.0 (Vestøl et al., 2019). In addition, the common geoid-based chart 
datum BSCD2000 has been adopted to unify the reference surface of TG benchmarks in 
the Baltic Sea region with the reference point of the NAP (Schwabe et al., 2020). 
Therefore, according to the BSCD2000, the TG zero marks are consistent with their 
respective national height systems in the EVRS, with the exception of the Russian station, 
as indicated in Table 1. Given that the EVRS is a zero tidal system, it is essential to 
transform TG benchmarks to the mean-tide system before comparing them with the 
HDM sea level. Two exceptions exist for German and Danish stations, which employ 
mean-tide and tide-free systems, respectively. 

In conclusion, to compare spatially distributed TG records with the HDM in terms of 
absolute values, the records need to be transformed into the mean-tide system using 
Equations (5) and (6). Furthermore, it is necessary to correct the TG readings to a 
common reference epoch of 2000.0 through the application of Equation (4) and the 
utilization of the NKG2016LU VLM model (see also Figure 3). Method I requires that 
missing TG data be addressed, and TG records be completed. Therefore, a machine 
learning (ML) based approach was employed to fill the gaps in TG data using 
neighbouring stations (Jahanmard et al., 2021b). In Method II, the only requirement is to 
account for the reduction of vertical land motion to a reference epoch. To determine 
HDM’s reference bias using a network of TG data, it is essential to have a common  
geoid-based chart datum and to transform TG records to the mean-tide system. 

 
 

 
3  http://www.ilmateenistus.ee/meri/vaatlusandmed/kogu-rannik/kaart/ [accessed 7 August 2023] 
4 https://www.meteo.lv/hidrologija-datu-meklesana/ [accessed 7 August 2023] 
5 http://gamta.lt/ [accessed 7 August 2023] 
6 https://imgw.pl/ [accessed 7 August 2023] 
7 https://www.bsh.de/ [accessed 7 August 2023] 
8 https://kyst.dk/soeterritoriet/maalinger-og-data/vandstandsmaalinger/ [accessed 7 August 2023] 
9 https://www.smhi.se/data/oceanografi/ladda-ner-oceanografiska-observationer/ [accessed 7 
August 2023] 
10 https://en.ilmatieteenlaitos.fi/download-observations [accessed 7 August 2023] 
11 http://www.emodnet-physics.eu/Map/DefaultMap.aspx [accessed 7 August 2023] 

http://www.ilmateenistus.ee/meri/vaatlusandmed/kogu-rannik/kaart/
https://www.meteo.lv/hidrologija-datu-meklesana/
http://gamta.lt/
https://imgw.pl/
https://www.bsh.de/
https://kyst.dk/soeterritoriet/maalinger-og-data/vandstandsmaalinger/
https://www.smhi.se/data/oceanografi/ladda-ner-oceanografiska-observationer/
https://en.ilmatieteenlaitos.fi/download-observations
http://www.emodnet-physics.eu/Map/DefaultMap.aspx
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2.4 Satellite Altimetry Dynamic Topography 
Satellite altimetry is a widely recognized remote sensing technique employed for acquiring 
sea level measurements with respect to a reference ellipsoid across offshore and coastal 
region. The altimeter calculates the range by transmitting and receiving radar pulses 
along the satellite’s path. By determining the accurate position and altitude of the 
platform in a geocentric reference frame, the SA mission derived SSH can be calculated 
by Equation (1).  

In this study, the Sentinel-3A mission was employed to obtain along-track SSH 
observations, which were used to assess the HDM correction and ascertain the vertical 
reference bias of HDM. The trajectories of the Sentinel-3A mission over the Baltic Sea are 
visible in Figures 16 and 26. The SSH measurements operate in SAR mode based on the 
ALES+SAR retracker algorithm with a cycle period of 27 days and a spatial resolution of 
300 m in high frequency data rate (20 Hz). The Synthetic Aperture Radar (SAR) mode is 
designed for high along-track resolution over flat surfaces, facilitating increased 
independent measurements in various areas including sea-ice thickness, coastal waters, 
ice sheet margins, land, and inland waters. The ALES+SAR is an empirical retracker 
developed as part of the ESA Baltic SEAL project and validated to assess its effectiveness 
in estimating sea level from signals acquired by the Sentinel-3A SAR altimeter (Passaro 
et al., 2022). 

The determination of DT from SA data is performed by applying Equation (1) and the 
NKG2015 geoid model within the mean-tide system and utilizing an identical reference 
ellipsoid; where the atmospheric, geophysical, and instrumental corrections are embedded 
in the joint correction (𝐶𝐶𝐶𝐶𝐶𝐶) term:  

 
𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑆𝑆𝐷𝐷𝐶𝐶 + 𝐷𝐷𝐷𝐷𝐶𝐶 + 𝐵𝐵𝐶𝐶𝑅𝑅𝐶𝐶 + 𝑆𝑆𝑆𝑆𝐵𝐵 + 𝐷𝐷𝐴𝐴𝐶𝐶 + 𝑂𝑂𝐷𝐷𝐶𝐶 + 𝑆𝑆𝐸𝐸𝐷𝐷 + 𝑃𝑃𝐷𝐷 + 𝑅𝑅𝑂𝑂𝐶𝐶, (10) 

 
where 𝑆𝑆𝐷𝐷𝐶𝐶 wet tropospheric correction; 

𝐷𝐷𝐷𝐷𝐶𝐶 dry tropospheric correction; 
 𝐵𝐵𝐶𝐶𝑅𝑅𝐶𝐶 ionospheric correction; 
 𝑆𝑆𝑆𝑆𝐵𝐵 Sea state bias correction; 
 𝐷𝐷𝐴𝐴𝐶𝐶 dynamic atmospheric correction; 
 𝑂𝑂𝐷𝐷𝐶𝐶 ocean tide corrections; 
 𝑆𝑆𝐸𝐸𝐷𝐷 solid Earth tide; 
 𝑃𝑃𝐷𝐷𝐶𝐶 pole tide correction; 
 𝑅𝑅𝑂𝑂𝐶𝐶 radial orbit error correction; 

 
Given the focus on instantaneous DT in this study, Equation (10) is employed with the 

exclusion of 𝐷𝐷𝐴𝐴𝐶𝐶 and 𝑂𝑂𝐷𝐷𝐶𝐶 corrections. Note also that the instantaneous TG readings do 
not contain these terms either. The SA data was sourced from Baltic+ SEAL datasets12 
(Passaro et al., 2021) for Publication II and from EUMETSAT data centre13 for Publication 
IV.  

Satellite altimetry data may also include gross errors and outliers resulting from 
factors such as land contamination and the presence of sea ice (Mostafavi et al., 2023). 
The treatment of the SA data errors and outliers is conducted after the determination of 
DT and the removal of the geoid variation from SSH. Therefore, to mitigate errors arising 

 
12 http://balticseal.eu/data-access/ [accessed 7 August 2023] 
13 https://www.eumetsat.int [accessed 7 August 2023] 

http://balticseal.eu/data-access/
https://www.eumetsat.int/
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from land contamination, data points located within 5 km of the coastlines were 
excluded. Then, the gross errors beyond the ±3 m range were eliminated, as DT variation 
exceeding 3 m is physically impossible in the study area and can distort the statistical 
parameters of SA data for detecting outliers. Finally, for each pass and cycle, outlier data 
is detected and removed by applying a moving median with a sliding window of one 
degree along the latitude and a threshold of three times the local scaled median absolute 
deviations. Figure 7a shows the data screening for a sample pass and cycle. 

 

 
Figure 7. An illustration of the data screening for SA data: a) SA-derived DT for Cycle No. 63 (24-
Sep-2020 09:42) and Pass No. 272 (denoted in b) and detected outliers. c) the clean SA data is 
represented in blue, and smoothed DT by applying the wavelet filtering method is shown in red. The 
frequency contents of the SA data are displayed in panel (d) [from Publication IV]. 

The 300 m spatial sampling rate of SA enables the derivation of a robust DT through 
the application of wavelet filtering to eliminate high-frequency features, including noise. 
These high frequency signals observed from the SA can be examined in future studies to 
determine their importance. For the purpose of this study, focused on validating the 
corrected HDM with a one-nautical-mile resolution, it is important to note that the model 
cannot accurately represent sea level variations with wavelengths shorter than about  
10 km. Figure 7c shows a comparison between the cleaned and filtered SA data, and 
Figure 7d demonstrates the efficacy of high-frequency wavelength removal. 

2.5 Airborne Laser Scanning point cloud 

Airborne Laser Scanning (ALS) is a remote sensing technology that enables high-resolution 
mapping through active ranging. In this technique, a LiDAR (Light Detection and Ranging) 
sensor mounted on an aircraft emits short laser pulses and records the returning 
reflections from the Earth’s surface. While measuring the distance from the sensor to a 
surface with signal return time, the sensor’s position and direction on the aircraft are 
determined using a GNSS device and an inertial measurement unit. Therefore,  
the captured point cloud is accurately mapped with regard to desired coordinate system. 

This technique is primarily employed for topographic mapping on dry lands with a 
vertical accuracy of 10 to 15 cm, depending on the measured surface and setup 
configuration (Hodgson and Bresnahan, 2004). However, ALS has advanced over the 
years and is now also used for marine applications, offering similar accuracy for sea 
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surface measurements (e.g., Sutherland et al., 2018; Varbla et al., 2021; Jahanmard et al., 
2022c; Baker et al., 2023). 

The capabilities of ALS, including its high pulse repetition rate, utilization of slow 
platform speed, and low beam divergence (resulting in a small-size and crisp footprint), 
enable the capture of dense and highly accurate point cloud data of the sea surface 
across a wide swath along the flight direction. As the ALS point cloud is accurately 
georeferenced by GNSS with respect to a reference ellipsoid, this technique provides 
precise observations of the instantaneous SSH surface, which can then be transformed 
into DT using a suitable marine geoid model. Furthermore, this technique is able to 
record high-frequency features of the sea surface due to its spatial resolution  
(e.g., 1 × 1 m), which makes it a valuable tool for measuring a wide range of waves. 
Publication III explores this dataset to retrieve the wind waves’ parameters and their 
directional power spectral density. 

The dataset used in this study was obtained from a marine ALS survey conducted on 
May 10, 2018, in the Gulf of Finland. This survey was performed using the Cessna Grand 
Caravan 208B aircraft operated by the Estonian Land Board. The aircraft was equipped 
with a LiDAR scanning system, RIEGL VQ-1560i, which operated with a pulse repetition 
rate of 1 MHz at a wavelength of 1064 nm. The dataset, along with more details, is 
available in Varbla et al. (2020). Figure 8 displays the location and a portion of the  
ALS-derived SSH surface from the 6th profile of this dataset that is used in this study.  

 

Figure 8. Image of the sea surface topography derived from ALS (first 1 km of the trajectory from 
west) with respect to the reference ellipsoid GRS-80 (left panel), and location of the flight trajectory 
on 10 May 2018, at 9:30 UTC in the Gulf of Finland (right panel). 

The measured data corridor is about 1000–1200 m wide. In this study, the central  
500 m wide data-strip is used, whereas the poor-quality data at the edges are disregarded 
(Varbla et al., 2021). The horizontal resolution is 1 m, which enables the extraction of 
surface features by a minimum wavelength of 5 m by considering 5 grid points to 
accurately define a feature without aliasing. Therefore, the highest wave frequency that 
may be observed is 3.5 rad/s, which makes it possible to derive wind waves from this 
dataset (e.g., Walsh et al., 1985; Jahanmard et al., 2022c; Baker et al., 2023). This is 
described in Section 5 and with more details in Publication III. 

2.6 Hydrodynamic Model 

Hydrodynamic models play a pivotal role in comprehending ocean dynamics, predicting 
natural disasters, assessing human impacts and climate change effects, designing 
resilient infrastructure, and optimizing shipping routes. Numerical modelling offers 
valuable insights into complex processes, including circulation patterns, sea level, 
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temperature, and salinity variations, stratification, and their impact on pollutant 
transport and water quality in the water body. 

This numerical modelling relies on the Navier-Stokes equations, which are informed 
by meteorological and hydrological data to simulate the real world. HDMs are usually 
sufficient at features that the actual observations are limited, which is their resolutions 
in time and space from coast to offshore. However, there is no guarantee that HDMs do 
not deviate from reality due to potential modelling errors stemming from modelling 
limitations and uncertainties in inputs (Axell and Liu, 2016). Errors in HDMs can originate 
from factors such as bathymetry, temporal discretization, spatial resolution limitations, 
parameterization schemes, computational errors, and uncertainties in boundary 
conditions and forcing data (Mardani et al., 2020). In addition, HDMs typically lack a well-
defined vertical reference datum, which is an obstacle to express uniquely the sea level 
derived from HDMs in a 3D coordinate system (Slobbe et al., 2013). 

Two hydrodynamic models were selected to investigate the methodologies for 
determining realistic absolute DT by integrating observed and modelled sea levels.  
In Publication I, Nemo-Nordic model14 (Hordoir et al., 2019; Kärnä et al., 2021) with a 
horizontal resolution of 2 NM and HBM-EST model15 (Lagemaa et al., 2011) with a 
resolution of 0.5 NM were sourced for the period spanning 2014 and 2015 (see Publication 
I for more details regarding the HDMs). The spatial coverage of HBM-EST model is shown 
in Figure 9. In Publications II and IV, assimilated Nemo-Nordic model with a horizontal 
resolution of 1 NM was employed for the entire Baltic Sea region during the periods from 
December 2016 to April 2020 and from December 2016 to June 2021, respectively.  
The spatial domain of the Nemo-Nordic model is the Baltic and North Sea (see Figure 9).  

 
Figure 9. Nemo-Nordic model domain covers the Baltic Sea and the North Sea. The model domain 
of HBM-EST is denoted by a solid-line rectangle. 

 
14 https://www.smhi.se/ [accessed 7 August 2023] 
15 http://emis.msi.ttu.ee/download/ [accessed 7 August 2023] 

https://www.smhi.se/
http://emis.msi.ttu.ee/download/
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The Nemo-Nordic model (NEMO NS01) was obtained from the Swedish Meteorological 
and Hydrological Institute16 (SMHI). This model is a 3D high-resolution ocean model of 
the Baltic and North Seas. It is based on the Nucleus for European Modelling of the Ocean 
(NEMO) ocean engine, which is a set of ocean modelling tools supported by a large 
community. The Nemo-Nordic model is used for both research and operational 
applications, including forecasting sea level, water temperature, salinity, velocity,  
sea ice concentration, and thickness (Hordoir et al., 2019; Kärnä et al., 2021). The model 
provides a 60-hour forecast every 6 hours through data assimilation of available 
observations. For this purpose, the meteorological forecast model Arome, the forecast 
model from ECMWF, and river data from the hydrological model HYPE are employed. 

The Nemo-Nordic model has a horizontal resolution of 1 NM and uses a z* grid 
configuration with 56 vertical levels. However, the obtained dataset contains only 
surface parameters. The layer thickness is 1 m at the surface, increasing to 10 m at a 
depth of 75 m and 24 m at a depth of 700 m. The model uses GEBCO-201417  bathymetry 
data, with the ambiguous vertical reference surface assumed to be the mean sea surface. 

The model has two open boundaries, located in the English Channel (meridionally) and 
between Scotland and Norway (zonally). The sea level data along the open boundaries 
are prescribed from the CMEMS Northwestern Shelf forecast model.  

The model uses SI3 sea ice model (NEMO Sea Ice Working Group, 2019) and landfast 
ice parametrization. The Nemo-Nordic is forced with the 3 km HIRLAM atmospheric 
forecast model data (Undén et al., 2002). River discharge data is derived from the E-HYPE 
daily mean (Arheimer et al., 2012). It has been shown that wind waves play a significant 
role in contributing to extreme sea levels (Staneva et al., 2016 and 2017). However,  
to our knowledge, Nemo-Nordic does not incorporate wind waves into its calculations.  
For more details about the model setup, please refer to Hordoir et al. (2019) and Kärnä 
et al. (2021). 

 
 

 
16 https://www.smhi.se/data/ladda-ner-data/ladda-ner-fran-gribarkiv/nemo-bs01 [accessed 7 
August 2023] 
17 https://www.gebco.net/data_and_products/gridded_bathymetry_data/ [accessed 7 August 2023] 

https://www.smhi.se/data/ladda-ner-data/ladda-ner-fran-gribarkiv/nemo-bs01
https://www.gebco.net/data_and_products/gridded_bathymetry_data/
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3 Method I: Geoid-referenced Tide Gauges as Ground Truth 
The implementation of BSCD2000 has unified the vertical reference for the extensive 
network of TGs along the coastline of the Baltic Sea. BSCD200 is the geoid surface with 
the zero level through the NAP (Schwabe et al., 2020). Using NKG2015 geoid model to 
derive DT from SA data enables a comparison with the TGs on a consistent equipotential 
reference surface. However, the reference surface of the HDM remains undisclosed, and 
the presence of modelling errors complicates the determination of this reference 
surface.  

To integrate data sources, the HDM should be reduced to the same reference surface 
as observations, then the modelling errors can be treated by comparing with observed 
data. On the other hand, the modelling errors distort the accurate determination of the 
HDM’s reference surface. Thus, as a primary step in the presence of a dense network of 
geoid-referenced TGs, the modelling errors and HDM’s vertical reference bias can be 
considered as one integral bias. As a result, the HDM can be corrected using TG records 
for the narrow and limited Baltic basins. For the sake of consistency between sections 
and methods, minor adjustments have been applied to some equations and figures, as 
compared to the initial publications. For more detailed information, please refer to 
Publications I and II. 

3.1 Theoretical Principles for Bias Computation 
The difference between HDM and TG records illustrate temporal and spatial variations 
(see Figure 10). Temporal variations of the bias range from –20 cm to 50 cm, covering 
frequencies from high (e.g., half-day and daily) to low (e.g., seasonal and annual cycles). 
In addition, the HDM has a roughly 20 cm shift with respect to the TG records due to the 
difference in zero level, which also changes under influence of the HDM errors.  
The difference between HDM and TG records is determined as follows: 

 
𝐸𝐸�𝜑𝜑𝑇𝑇𝑇𝑇𝑖𝑖 , 𝜆𝜆𝑇𝑇𝑇𝑇𝑖𝑖 , 𝑡𝑡� = 𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐�𝜑𝜑𝑇𝑇𝑇𝑇𝑖𝑖 , 𝜆𝜆𝑇𝑇𝑇𝑇𝑖𝑖 , 𝑡𝑡� − 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇�𝜑𝜑𝑇𝑇𝑇𝑇𝑖𝑖 , 𝜆𝜆𝑇𝑇𝑇𝑇𝑖𝑖 , 𝑡𝑡�. (11) 

 
To correct the HDM, its bias is classified into time-domain bias (𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵) and  

spatial-domain bias (𝑆𝑆𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵). The 𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 is initially obtained by comparing HDM and 
TG records, and subsequently, the 𝑆𝑆𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 is determined using interpolation techniques. 
Utilizing a backward moving average method with a window length of w to determine 
the 𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 helps filter out high frequencies that are not of interest and also effectively 
eliminates potential spike errors in the TG records. Therefore: 

  
𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵�𝜑𝜑𝑇𝑇𝑇𝑇𝑖𝑖 , 𝜆𝜆𝑇𝑇𝑇𝑇𝑖𝑖 , 𝑡𝑡� = 1

w
∑ �𝐸𝐸�𝜑𝜑𝑇𝑇𝑇𝑇𝑖𝑖 , 𝜆𝜆𝑇𝑇𝑇𝑇𝑖𝑖 , 𝑡𝑡��
0
𝑜𝑜=(1−w) . (12) 

 
In this study, window length of 6-hour is used (see Publication I and II for more 

details). Given the strong correlation that is observed between the Nemo-Nordic model 
and the TG records, it can be inferred for each time instant that the determined biases 
at stations do not have drastic changes by moving away from the TG stations. 
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Figure 10. Difference between the Nemo-Nordic model and tide gauge records: a) time series at 
three sample stations. Location of the stations are denoted in Figure 12. b) Fast Fourier transform 
(FFT) of the records shown in panel (a). Please note that the HDM data until April 2020 were 
accessible for Method I [Modified from Publication IV]. 

Based on the limited distance between the network of TGs in the study domain,  
the 𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 at each time instant can be propagated using an interpolation technique. 
Therefore, the 𝑆𝑆𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 can be obtained as follows: 

 
𝑆𝑆𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵(𝜑𝜑, 𝜆𝜆, 𝑡𝑡) = Interp�𝜑𝜑𝑇𝑇𝑇𝑇 , 𝜆𝜆𝑇𝑇𝑇𝑇 ,𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵�𝜑𝜑𝑇𝑇𝑇𝑇𝑖𝑖 , 𝜆𝜆𝑇𝑇𝑇𝑇𝑖𝑖 , 𝑡𝑡�,𝜑𝜑, 𝜆𝜆�, (13) 

 
where Interp is an interpolation operator, and the 𝑆𝑆𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 is estimated at the HDM’s 
grid points. Finally, the corrected HDM is determined as follows: 

 
𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶 (𝜑𝜑, 𝜆𝜆, 𝑡𝑡) = 𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑, 𝜆𝜆, 𝑡𝑡) − 𝑆𝑆𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵(𝜑𝜑, 𝜆𝜆, 𝑡𝑡). (14) 

 
Several interpolation techniques were examined, such as linear, inverse distance 

weighted, and thin plate spline, the results of which are detailed in Publication II.  
The differences between the use of different interpolation methods are negligible.  
For conciseness, only the results of the inverse distance weighted (IDW) method are 
presented in the sequel. 

As a result, the corrected HDM can be evaluated using the DT derived from SA 
observations to assess the effectiveness of the HDM correction approach. Moreover, 
comparing all DT data sources in a common geodetic reference frame can reveal 
inconsistencies and highlight problematic regions requiring further investigation.  
Figure 11 shows a flowchart of the methodology for correcting HDM and comparing data 
sources. 
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Figure 11. Flowchart of the HDM correction using a dense network of geoid-referenced TG records 
and comparative assessment of the datasets [from Publication II]. 

3.2 Hydrodynamic Model Correction 
This method considers that the TG records represent the true absolute sea level relative 
to a common geoid surface. Therefore, Equation (12) was applied to obtain the 
𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵es at 73 TG stations along the Baltic coastline. Figure 12a shows the spatial 
distribution of the 𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 for an arbitrary time instant (i.e., 5 June 2019, 12:00).  
The root mean squared error (𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸) between the HDM and TG records, before and 
after correction, is calculated as follows: 

 

𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸�𝜑𝜑𝑇𝑇𝑇𝑇𝑖𝑖 , 𝜆𝜆𝑇𝑇𝑇𝑇𝑖𝑖� = �1
𝑚𝑚
∑ �𝐸𝐸�𝜑𝜑𝑇𝑇𝑇𝑇𝑖𝑖 , 𝜆𝜆𝑇𝑇𝑇𝑇𝑖𝑖 , 𝑡𝑡� − 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵�𝜑𝜑𝑇𝑇𝑇𝑇𝑖𝑖 , 𝜆𝜆𝑇𝑇𝑇𝑇𝑖𝑖��

2
𝑚𝑚
𝑜𝑜=1 , (15) 

 
where 𝑅𝑅 is the number of observations within the selected time span, and 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 
represents the average of the differences over the entire time period for each station: 

 
𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵(𝜑𝜑, 𝜆𝜆) = 1

𝑚𝑚
∑ �𝐸𝐸(𝜑𝜑, 𝜆𝜆, 𝑡𝑡)�𝑚𝑚
𝑜𝑜=1 . (16) 

 
Figure 12b and 12c illustrate the 𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸 and 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 at the stations for original and 

corrected HDM. The corrected HDM at the stations can be computed using Equation (14) 
by employing 𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 instead of 𝑆𝑆𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵. The 𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸 of the Nemo-Nordic model after 
correction is reduced by approximately a factor of three at the stations, which is within 
the range of 1 to 6 cm. The 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 of the original HDM with respect to TGs varies from  
13 cm to 25 cm, which is reduced to zero after correction. The average of the 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 is  
18.6 cm, with a standard deviation of 2.5 cm. 
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Figure 12. Comparing the HDM with the network of TGs. a) DT of the Nemo-Nordic model at a 
specific time instant (e.g., 5 June 2019, 12:00), along with the corresponding 𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵. b) 𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸 of 
original and corrected HDM at TG stations. TG stations are numbered clockwise, starting from the 
easternmost Estonian TG station, as indicated in (a) for some stations. c) 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 of the HDM with 
respect to TG records. 

The results demonstrate that the 6-hour window employed in Equation (12) effectively 
eliminates biases between HDM and TG records, and the remaining errors are limited to 
a standard deviation of 5 cm (see Publication I regarding the window selection). A larger 
window results in a larger post-correction RMSE and may not effectively eliminate 
systematic errors. Conversely, employing a smaller window can introduce high-frequency 
noise into spatial interpolation, and as a result, decrease the reliability of the interpolated 
𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 by increasing the distance from TG stations. 

Using Equation (14) requires propagating the 𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 over the HDM grid points at 
each time step. In Publication II, it has been demonstrated that the variability resulting 
from different interpolation methods is negligible (around 1.3 cm), and the IDW 
interpolation effectively interpolates the 𝐷𝐷𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 over the grid points for each time step. 
Therefore, the surface of the HDM bias (I.e., 𝑆𝑆𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵) can be determined as follows: 

 

𝑆𝑆𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵(𝜑𝜑, 𝜆𝜆, 𝑡𝑡) = ∑ 𝒲𝒲𝑖𝑖(𝜑𝜑,𝜆𝜆)⋅𝑇𝑇𝑐𝑐𝑇𝑇𝑜𝑜𝑚𝑚𝑠𝑠(𝜑𝜑𝑖𝑖,𝜆𝜆𝑖𝑖,𝑜𝑜)𝑚𝑚
𝑖𝑖=1

∑ 𝒲𝒲𝑖𝑖(𝜑𝜑,𝜆𝜆)𝑚𝑚
𝑖𝑖=1

 ,    ∀(𝜑𝜑, 𝜆𝜆) ≠ (𝜑𝜑𝑜𝑜 , 𝜆𝜆𝑜𝑜), (17) 

 
where 𝒲𝒲 represents the vector of inverse distance weight, computed by measuring the 
distance 𝒟𝒟 of each grid point from the TG stations: 
 

𝒲𝒲 = 1
𝒟𝒟2

 . (18) 
 
As a result, the corrected HDM is obtained using Equation (14). Figure 13 illustrates 

the original and corrected HDM for a sample time instant (i.e., 5 June 2019, 12:00), along 
with the corresponding 𝑆𝑆𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵. The 𝑆𝑆𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 varies spatially from 11 cm to 28 cm for 
this time instant, with the largest bias occurring along the Swedish coastline and 
decreasing eastward. The notable observation in this figure is the abrupt variation in the 
𝑆𝑆𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 near some stations. This variation may imply a potential vertical datum shift at 
these stations; however, the IDW interpolation method has effectively damped this error 
in the vicinity of the stations. 
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Figure 13. HDM correction for 5 June 2019, 12:00. a) instantaneous DT derived from the original 
Nemo-Nordic model, b) the corresponding 𝑆𝑆𝐷𝐷𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 obtained from 73 TG records, and c) corrected 
DT based on Equation (14). 

3.3 Comparative Assessment of HDM Bias Estimates Using Satellite 
Altimetry 
The corrected HDM, particularly in offshore regions, can be validated using SA data as an 
independent data source. Hence, conducting a comparative assessment between sea 
level data sources with both the original and corrected HDM can reveal the performance 
of the HDM correction process and highlight discrepancies among sea level measurement 
techniques.  

For this purpose, the instantaneous DTs derived from the original/corrected HDM are 
extracted at the coordinates of the SA data points using bilinear interpolation in space 
and linear interpolation in time, corresponding to the time of SA. The SA data was 
available for the period from January 2017 to June 2019, including the winter months. 
The Bias between the HDM and SA data is determined along the SA tracks using Equation 
(16), where the 𝐸𝐸 is the difference between the original/corrected HDM and SA 
measurements. Figure 14 shows the 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 of the original and corrected HDM with respect 
to SA data against the SA passes and cycles, along with the interquartile range to 
demonstrate the variability of the differences. In this figure, it can be observed that the 
HDM correction can reduce the HDM’s reference surface to the specified geoid surface. 

In Figure 14a, passes showing a significant 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 are situated in the vicinity of the 
coastline, which SA data are affected by land contamination, or located in the eastern 
part of the Gulf of Finland, where the geoid model lacks accuracy and contains an 
unrealistic undulation due to the gravity data voids (Varbla et al., 2023). This figure also 
demonstrates a reduction in the variability of differences between HDM and SA after 
applying the HDM correction. A significant reason can be seen in Figure 14b, where the 
original HDM demonstrates a seasonal discrepancy compared to the SA measurement, 
which is almost eliminated in the corrected HDM. During the winter months, both the 
𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 and interquartile ranges of the corrected HDM increase, which can be attributed to 
the presence of ice coverage in the northern and eastern parts of the Baltic Sea. In sea 
ice conditions, SA measurements include sea ice freeboard and are not accurate sea level 
measurements for comparison with HDM data. Therefore, the winter months should be 
discarded in this comparison. 
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Figure 14. Existing 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 between the original and corrected HDM with respect to the SA 
measurements against the SA passes in (a) and cycles in (b). The bars demonstrate the distance 
between the first and third quartiles [Modified from Publication II]. 

Since the instantaneous SA measurements are utilized (meaning the 𝐷𝐷𝐴𝐴𝐶𝐶 and 𝑂𝑂𝐷𝐷𝐶𝐶 
corrections are not applied), the temporal average of SA data does not precisely 
represent the MDT. Hence, the mean of SA data across cycles is denoted as 𝐶𝐶𝐶𝐶𝑐𝑐𝐶𝐶𝑅𝑅𝑀𝑀𝐷𝐷𝐷𝐷, 
and it is derived through an inverse-variance weighted average (please see Publication 
II for more details). Figure 15 illustrates the 𝐶𝐶𝐶𝐶𝑐𝑐𝐶𝐶𝑅𝑅𝑀𝑀𝐷𝐷𝐷𝐷 along a selection of sample tracks 
extracted from the SA data, the original and corrected HDM, and nearby TGs. It is 
observed that the original HDM deviates from the SA and TG data by approximately 
19 cm, which is due to the HDM’s vertical reference bias relative to the specified geoid 
surface. 

Figure 15 also shows the negligible (spatial) variation of the corrected HDM in 
comparison to the original HDM, which indicates that the instantaneous corrections have 
effectively eliminated modeling errors and the HDM’s reference level has almost 
coincided with an equipotential surface. Therefore, the discrepancy of HDM can be 
categorized into two components: HDM modelling errors and vertical reference bias, 
which is tackled in the following section. 

The significant discrepancy between the corrected HDM and SA measurement for pass 
number 414 (Figure 15e) indicates problems with the geoid model in the eastern part of 
the Gulf of Finland. The substantial undulation of the DT derived from SA data is not 
realistic for such a limited area. This unrealistic variation is also noticeable in Figure 14a, 
especially around Bornholm Island (i.e., latitude 54° to 56°) and in the Bothnian Sea 
(i.e., latitude 60° to 64°). 
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Figure 15. 𝐶𝐶𝐶𝐶𝑐𝑐𝐶𝐶𝑅𝑅𝑀𝑀𝐷𝐷𝐷𝐷 derived from the SA data, original and corrected HDM, and nearby TG records. 
The location of the selected passes is shown in the top-right panel [Modified from Publication II]. 

Spatial distribution of the 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 between the original/corrected HDM and SA data are 
shown in Figure 16 to highlight problematic areas. The Bias is determined at the  
SA data points, where the along-track data are gridded by latitude interval of 900 m  
(i.e., three observations at each cycle) and 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 is obtained with a threshold of 95% data 
presence. Comparison between the original and corrected HDM illustrates the average 
spatial correction. Note that the HDM correction in this method is forced by the network 
of TG observations, which might contain vertical datum shift. The mean of the 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵es 
with respect to SA data after correction is almost zero with a standard deviation of  
2.4 cm. 

Furthermore, Figure 16b emphasizes problematic regions where the discrepancy 
between the corrected HDM and SA data is significant. Four regions showing noticeable 
patterns are indicated by green dashed rectangles. However, further investigations are 
necessary for discussing the sources of errors in other regions. The 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 in the Bothnian 
Bay arises from winter months when SA measurements are disrupted by ice coverage. 
The noticeable 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵es observed in the eastern part of the Gulf of Finland, Bothnian Sea, 
and around Bornholm Island can be attributed to issues with the geoid model (Figure 15a 
and e; see also Jahanmard et al., 2022b). 



44 

 
Figure 16. Spatial distribution of the 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 of the a) original and b) corrected HDM with respect to 
SA-derived DT. Green dashed rectangles denote noticeable patterns of differences [Modified from 
Publication II]. 

As a result, the instantaneous absolute DT can be derived through the correction of 
HDM using a network of geoid-referenced TG records. Therefore, a realistic MDT for a 
certain time period, which represents the corresponding ocean circulation patterns, can 
also be determined by calculating the temporal mean of the corrected DT. Figure 17 
presents a comparison between the original and corrected annual MDTs, accompanied 
by the corresponding observed MDTs from TGs. For consistency in colour scales,  
the original MDT has been adjusted downward by 18.6 cm, which corresponds to the 
average Bias relative to the TG records. The corrected MDTs demonstrate enhanced 
consistency with observed MDTs at TG stations, and a noticeable change in the MDT 
patterns can be observed in 2019. Note that by reducing the period of MDT, such as to 
seasonal or monthly intervals, the discrepancy between the corrected and original MDT 
becomes more evident. 

It is worth mentioning that the HDM correction using a closed-loop network of  
geoid-referenced TGs and interpolation techniques is vulnerable to any presence of tilts 
in height datums (caused by systematic errors in levelling data; Featherstone et al., 2012; 
Afrasteh et al., 2023) or vertical datum shifts among stations. For instance, in Figure 17, 
the MDT of a station situated in the middle of the Gulf of Riga displays a spike difference 
relative to the HDM, as well as its neighbouring stations. This discrepancy indicates a 
datum shift in the zero level of the TG records. Additionally, an eastward tilt in the zero 
level of TGs in the Bothnian Sea can be inferred by comparing HDM and TG data (refer to 
Figure 12c; Swedish and Finnish TG stations are highlighted in green and red colour, 
respectively), which is further supported by comparing the corrected HDM with SA data 
(see Figure 16b). 
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Figure 17. Annual mean dynamic topography shown for the original Nemo-Nordic model in the top 
row and the corrected HDM in the bottom row, along with the corresponding TG-based MDTs 
marked by circles. The original HDM has been adjusted by –18.6 cm to use consistent colour scaling 
with the corrected HDM for each year [Modified from Publication II]. 

In the following Section, an ML-based approach is used to eliminate the HDM 
modelling errors, in which the method is independent of the absolute values of TG 
records and can address the TG-related bias and errors by generalizing the HDM 
correction. Then, correcting HDM allows accurate determination of the vertical reference 
bias between HDM and the geoid surface of interest using SA measurements. Therefore, 
the HDM correction can also be performed in the absence of a common geoid-based 
reference for TG readings. Moreover, the ML-based approach can resolve the limitations 
of the interpolation, such as the necessity of a closed-loop network of TG stations and 
the uneven distribution of stations along the coastlines. 
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4 Method II: Application of Machine Learning 
As inferred and mentioned above, the difference (E) between the modelled and observed 
DT (derived from Equation 11) includes two components: i) HDM modelling errors that 
can vary in a wide range of frequency, and ii) a bias due to difference between zero levels 
that is a constant value over time and space. Therefore:  

𝐸𝐸(𝜑𝜑, 𝜆𝜆, 𝑡𝑡) = 𝜀𝜀(𝜑𝜑, 𝜆𝜆, 𝑡𝑡) + 𝑅𝑅𝑅𝑅𝑓𝑓𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵, (19) 

where 𝜀𝜀 represents the HDM errors and 𝑅𝑅𝑅𝑅𝑓𝑓𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 is the bias between the HDM’s 
reference surface and geoid surface of interest. The former, which is due to the modelling 
limitations, can be predicted across model domain by a deep learning (DL) model; and 
the latter is accurately determined by comparing the corrected HDM with the DT derived 
from SA measurements. For this purpose, a multivariate temporal causal convolutional 
network is employed. Note that the observations may also contain errors and biases, and 
the DL model has the capability to mitigate the influence of errors by generalizing the 
pattern it learns across different time periods and locations. 

The fundamental idea is that the HDM modelling errors can be predicted based on 
temporal causal relationships between spatio-temporal input variables and computed 
errors in the TG stations. It is also expected that the DL model can be generalized 
spatially. Figure 18 presents the flowchart of Method II for correcting the HDM and 
comparing the sea level data sources. 

Figure 18. Flowchart of Method II for the HDM correction and vertical referencing it to a common 
vertical datum, as utilized for both SA and TG observations [Modified from Publication IV]. 

4.1  Deep Neural Network for Modelling Error Prediction 
Tide gauges present continuous and high-frequency measurements of sea level, which 
are historically the most reliable source of sea level variations in a wide range of temporal 
features. However, they may suffer from datum shifts or even lack a common vertical 
datum to combine sea level records from multiple locations. Comparing the HDM-based 
DT with TG records at station locations on an hourly basis allows for the detection of 
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HDM errors (𝜀𝜀) across various frequencies (see Figure 10). Therefore, the HDM errors 
that will be served as the target values for the DL model training is obtained as follows: 

𝜀𝜀𝑜𝑜(𝑡𝑡) = �𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐@𝑇𝑇𝑇𝑇𝑖𝑖(𝑡𝑡) − 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇𝑖𝑖(𝑡𝑡)� − 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵𝑜𝑜 , (20) 

where 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 is computed by Equation (16), and 𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐@𝑇𝑇𝑇𝑇𝑖𝑖  represents DT derived from 
the HDM at the nearby 𝐵𝐵-th TG station, which is obtained as follows: 

𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐@𝑇𝑇𝑇𝑇𝑖𝑖(𝑡𝑡) = median�𝑀𝑀𝑜𝑜(𝜑𝜑, 𝜆𝜆) ∙ 𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑, 𝜆𝜆, 𝑡𝑡)�, (21) 

where 𝑀𝑀𝑜𝑜  is a mask for 𝐵𝐵-th station, employed to extract HDM time series within a limited 
radius (e.g., 5 km) around the station. Accordingly, the input variables are also determined 
for each station by the 𝑀𝑀𝑜𝑜: 

𝑥𝑥𝑇𝑇𝑇𝑇𝑖𝑖(𝑐𝑐, 𝑡𝑡) = median�𝑀𝑀𝑜𝑜(𝜑𝜑, 𝜆𝜆) ∙ 𝑥𝑥(𝜑𝜑, 𝜆𝜆, 𝑐𝑐, 𝑡𝑡)�, (22) 

where 𝑐𝑐 represents the dimension of the input variable (or channel). The input variables 
are described in Subsection 4.1.2. 

The DL model is trained by a set of TG records for the available period to predict the 
HDM errors over the HDM grid points. Therefore, the predicted HDM errors is obtained 
from a pre-trained model as follows: 

𝑥𝑥𝑜𝑜𝑚𝑚𝑝𝑝(𝑐𝑐, 𝑡𝑡, 𝑞𝑞) = Vec�𝑥𝑥(𝜑𝜑, 𝜆𝜆, 𝑐𝑐, 𝑡𝑡)�, 
𝜀𝜀̂(𝑞𝑞, 𝑡𝑡) = DLModel �𝑥𝑥𝑜𝑜𝑚𝑚𝑝𝑝(𝑐𝑐, 𝑡𝑡, 𝑞𝑞)�

′
,

𝜀𝜀̂(𝜑𝜑, 𝜆𝜆, 𝑡𝑡) = Vec−1(𝜀𝜀̂(𝑞𝑞, 𝑡𝑡)) ∗ 𝐺𝐺(𝑘𝑘𝐵𝐵,𝜎𝜎), 

(23) 

where 𝐺𝐺 is a 2D Gaussian filter with a kernel size of 𝑘𝑘𝐵𝐵 = 5 nautical miles and a standard 
deviation of 𝜎𝜎 = 2.5 nautical miles. This spatial filter is applied to suppress potential 
high-frequency noises that may arise from the individual determination of HDM errors 
at each grid point. By utilization of spatio-temporal input variables, the predicted HDM 
errors 𝜀𝜀̂(𝑞𝑞, 𝑡𝑡) can be calculated, where 𝑞𝑞 are the indices of the HDM grid points within 
the study domain. The operator Vec( ) is employed for vectorization, and the symbol ∗ 
represents the convolution operation. 

Finally, the corrected HDM (𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶 ) is obtained based on the Equations (11) and (19) 
as follows: 

𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶 (𝜑𝜑, 𝜆𝜆, 𝑡𝑡) = 𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑, 𝜆𝜆, 𝑡𝑡) − 𝜀𝜀̂(𝜑𝜑, 𝜆𝜆, 𝑡𝑡). (24) 

Thus, by determining the 𝑅𝑅𝑅𝑅𝑓𝑓𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 through the comparison of 𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶  and DT derived 
from SA observations and a specific geoid model, the reference surface of the corrected 
HDM can be unified with the observations as follows: 

𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐
𝐶𝐶 ,𝑅𝑅𝑅𝑅𝑅𝑅(𝜑𝜑, 𝜆𝜆, 𝑡𝑡) = 𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶 (𝜑𝜑, 𝜆𝜆, 𝑡𝑡) − 𝑅𝑅𝑅𝑅𝑓𝑓𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵. (25) 

Figure 19 depicts the procedure of the HDM correction and its vertical referencing 
using the pre-trained DL model, TG records, and SA measurements. 
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Figure 19. Utilizing the DL model to correct HDM dynamic topography and vertical reference the 
HDM to a specific geodetic reference frame [Modified from Publication IV]. 

During the DL training process, it’s important to consider that TG stations are spatially 
sparsely distributed. This characteristic of TG observations hinders effective feature 
learning across the spatial dimension in machine learning approaches. Nevertheless, 
their high-resolution time series enables feature learning over the course of time using 
causal convolutional layers. The absence of the feature learning across spatial dimensions 
can lead to overfitting in this aspect, which requires controlling the DL model’s 
generalization. Hence, employing a spatial-sample splitting strategy can effectively 
address this issue.  

In this approach, a set of 50 tide gauge stations are used and partitioned into three 
subsets: 16 stations for training, another 16 for validation, and a remaining 18 for the 
test set (see Figure 22a). Therefore, the DL model will undergo training using the training 
set, while the model’s spatial generalization will be controlled by the validation set, and 
the test set (along with the validation set) is used for evaluating the model’s 
performance. The performance of the DL model is statistically examined by RMSE and 
R-Squared estimates, which are computed as follows:

𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸𝜀𝜀 = �1
𝑚𝑚
∑ (𝜀𝜀̂(𝜑𝜑, 𝜆𝜆, 𝑡𝑡) − 𝜀𝜀(𝜑𝜑, 𝜆𝜆, 𝑡𝑡))2𝑚𝑚
𝑜𝑜=1 , (26) 

and 

𝑅𝑅2 = 1 − ∑ (𝜀𝜀�(𝜑𝜑,𝜆𝜆,𝑜𝑜)−𝜀𝜀(𝜑𝜑,𝜆𝜆,𝑜𝑜))2𝑛𝑛
𝑡𝑡=1

∑ �𝜀𝜀(𝜑𝜑,𝜆𝜆,𝑜𝑜)−1𝑛𝑛∑ 𝜀𝜀(𝜑𝜑,𝜆𝜆,𝑜𝑜)𝑛𝑛
𝑡𝑡=1 �

2𝑛𝑛
𝑡𝑡=1

, (27) 

where 𝜀𝜀 is the actual HDM errors (target) at the measurement point (𝜑𝜑, 𝜆𝜆), and 𝜀𝜀̂ 
represents the predicted HDM errors using the DL model. 

4.1.1 Deep Learning Model Structure 
A multivariate DL model employing a stack of dilated causal convolutional layers is 
utilized to predict the HDM errors (𝜀𝜀). The network is inspired by WaveNet (Oord et al., 
2016), which is also used in a wide range of fields, such as ocean wave height prediction 
(Lou et al., 2022), wind speed forecasting (Rathore et al., 2021), and dynamic topography 
forecasting (Rajabi-Kiasari et al., 2023). 

The DL model consists of k blocks of causal convolutional units, each containing two 
conv1D layers with parameters: filter size (𝑓𝑓𝐵𝐵), number of filters (𝑅𝑅𝑓𝑓), and dilation (𝑑𝑑). 
The conv1D layer includes two trainable parameters: weights and biases, which are 
learned during training. Incorporating rectified linear unit (ReLU) activation functions 
after the conv1D layers enable the model to learn complex relationships between the 
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inputs and the output by adding nonlinearity to the model. The utilization of batch 
normalization layer between the conv1D and ReLU layers enhances accuracy and 
accelerates the training process. The utilization of batch normalization layer between the 
conv1D and ReLU layers enhances accuracy and accelerates the training process (Bjorck 
et al., 2018), and the inclusion of a dropout layer enables the prevention of overfitting 
and encourages the network to learn more robust and generalized representations (Baldi 
and Sadowski, 2013). 

The internal structure of the DL model and the causal convolution blocks are shown 
in Figure 20. After passing through the convolutional units, the feature tensors are then 
input into the fully connected layers to compute the HDM errors using the final 
regression layer.  

Figure 20. Internal structure of the DL model with 𝑘𝑘 = 4, 𝑓𝑓𝐵𝐵 = 2, and 𝑅𝑅𝑓𝑓 = 16 for simplicity in 
display. The causal convolution blocks are shown on the right-hand side [from Publication IV]. 

Table 2 presents a summary of the DL model used and the selected hyperparameters. 
By employed 𝑘𝑘 = 5 blocks of the causal convolutional unit with 𝑓𝑓𝐵𝐵 of 6 and 𝑅𝑅𝑓𝑓 of 32, 
the receptive field 𝑅𝑅𝑅𝑅 of the DL model is 156 time-steps (i.e., 6.5 days), accordingly: 

𝑅𝑅𝑅𝑅 = (𝑓𝑓𝐵𝐵 − 1) ∙ (2𝑘𝑘 − 1) + 1. (28)
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Table 2. Summary of the DL model and the chosen hyperparameters for training, with default values 
applied to the remaining parameters. C, T, and B represent dimensions of channel, time, and batch, 
respectively. 

Layers Output shape Learnable parameters # 
Causal_conv_block (k = 1) 
𝑓𝑓𝐵𝐵: 6, 𝑅𝑅𝑓𝑓: 32, and 𝑑𝑑: 1 

32(C) × 1(T) × 1(B) Weights: 7488 
Bias: 64 

Offset: 64 
Scale: 64 

Skip_conv1D 
𝑓𝑓𝐵𝐵: 6, 𝑅𝑅𝑓𝑓: 1, and 𝑑𝑑: 1 

32(C) × 1(T) × 1(B) Weights: 224 
Bias: 32 

Causal_conv_block (k = 2~5) 
𝑓𝑓𝐵𝐵: 6, 𝑅𝑅𝑓𝑓: 32, and 𝑑𝑑: 2𝑘𝑘−1 

32(C) × 1(T) × 1(B) Weights: 
49152 
Bias: 256 

Offset: 256 
Scale: 256 

Fully_connected_1 32(C) × 1(T) × 1(B) Weights: 1024 
Bias: 32 

Layer_normalization_1 32(C) × 1(T) × 1(B) Offset: 32 
Scale: 32 

Dropout (probability of 0.2) 32(C) × 1(T) × 1(B) -- 
Fully_connected_2 16(C) × 1(T) × 1(B) Weights:  512 

Bias: 32 
Layer_normalization_2 16(C) × 1(T) × 1(B) Offset: 16 

Scale: 16 
Fully_connected_out 1(C) × 1(T) × 1(B) Weights:  16 

Bias: 1 
Regression_output 1(C) × 1(T) × 1(B) -- 

Number of layers: 49 
Total learnable parameters: 59553 
Optimizer: Adam 
mini-batch size: 4 

Number of epochs: 200 
Loss function: 0.5MSE (default) 
Learning rate: 0.001 

4.1.2 Spatio-temporal Input Variables 
To reconstruct 𝜀𝜀 across the HDM domain, identifying relevant spatio-temporal input 
variables (𝑥𝑥) is essential. For selecting the variables, following key factors must be 
considered: i) relevance to the physical processes, ii) predictive capability for generalizing 
to new data, especially within the spatial domain, iii) channel availability, iv) data 
dimensionality, and v) addressing concerns related to regularization and overfitting. 

In this study, sixteen spatio-temporal variables are sourced to predict the HDM errors 
over time and space. The variables are listed in Table 3 and include oceanic and 
atmospheric parameters, as well as some computed variables, all of which are obtained 
from the Nemo Nordic or other data sources. Further details regarding the variables and 
their calculations are detailed in Publication IV.  

Prior to being fed the variables into the model, they were normalized. This normalization 
process enhances stability and facilitates faster convergence during training, which is 
particularly important when utilizing the Adam optimizer. In addition, in the following 
Subsection, a feature selection process is employed to identify variables that have 
significant contribution to the reconstruction of the HDM errors. As mentioned above, 
to avoid spatial overfitting, this feature elimination process is essential. However, deep 
learning approaches can reduce the impact of unrelated input variables and enhance 
generalization through feature learning (Sun et al., 2020). 
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Table 3. List of the input variables used for feature selection. 

Variable units 
Sourced resolution 

Dataset Temporal Spatial 
1 Zonal wind (𝑈𝑈𝑈𝑈𝐵𝐵𝑅𝑅𝑑𝑑) m/s Hourly 1 NM Nemo-Nordic 
2 Meridional wind (𝑉𝑉𝑈𝑈𝐵𝐵𝑅𝑅𝑑𝑑) m/s Hourly 1 NM Nemo-Nordic 
3 Sea surface temperature (𝑆𝑆𝑆𝑆𝐷𝐷) °C Hourly 1 NM Nemo-Nordic 
4 Sea surface salinity (𝑆𝑆𝑆𝑆𝑆𝑆) psu Hourly 1 NM Nemo-Nordic 
5 Ice fraction (𝐼𝐼𝑐𝑐𝑅𝑅_𝑓𝑓𝐶𝐶𝑅𝑅𝑐𝑐) % Hourly 1 NM Nemo-Nordic 
6 Zonal wind stress (𝑋𝑋𝑠𝑠) Pa Computed hourly at the HDM grid points 
7 Meridional wind stress (𝑌𝑌𝑠𝑠) Pa Computed hourly at the HDM grid points 
8 Ekman pumping (𝑈𝑈_𝐸𝐸𝑘𝑘𝑚𝑚𝑅𝑅𝑅𝑅) m/s Computed hourly at the HDM grid points 
9 Sea surface pressure (𝑆𝑆𝐴𝐴𝑃𝑃) Pa 3-hourly 5.5 km CERRA18 
10 Precipitation water col. (𝜂𝜂𝑝𝑝) cm Hourly 0.25° ERA519  
11 Significant wave height (𝑆𝑆𝑆𝑆𝑆𝑆) m Hourly 2 km Baltic Sea Wave Hindcast20 
12 Semi-diurnal tide (M2) cm Computed hourly at 

the HDM grid points 
FES201421  

13 Diurnal tides cm 
14 Low tides cm 
15 Steric height changes (𝜂𝜂𝑠𝑠) cm Computed hourly at the HDM grid points from 

monthly observations at BY15 station22  
16 Sea level variability (𝑚𝑚𝐵𝐵𝑑𝑑𝐷𝐷𝐷𝐷24) cm Computed hourly at the HDM grid points 

4.1.3 Feature Selection 
To ensure the robustness of the DL model in predicting HDM errors, excluding irrelevant 
input features that could cause overfitting is essential. For this purpose, a wrapper-type 
sequential feature elimination algorithm is employed to systematically eliminate and sort 
variables through multiple iterations (Guyon and Elisseeff, 2003). The algorithm starts by 
training the model with the set of all variables and then progressively removes individual 
variables based on specific elimination criteria. The criterion is a combination of the 
𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸𝜀𝜀  (cf. Equation 26) from both training and validation sets.  

The iterations of the feature elimination process are illustrated in Figure 21, which 
started with ‘none’, indicating the inclusion of all variables (see Table 3). In the second 
iteration, the algorithm removed the ‘ice_frac’ variable due to its lack of contribution to 
the HDM errors reconstruction at various locations. Furthermore, the utilization of 
‘ice_frac’ is observed to cause overfitting at the training locations, as evidenced by the 
decline in the performance of the DL model on the validation set. The iterations continue 
until all variables have been removed from the set of input variables. 

The results of all feature elimination steps are shown in Figure 21 sequentially from 
left to right, where the x-axis indicating the variable that is removed. The blue and red 
lines correspond to the 𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸𝜀𝜀  values of the training set and validation set, respectively. 
This visual representation facilitates the detection of overfitting, evident when the RMSE 
of the training set exceeds that of the validation set. To mitigate the influence of random 
variations in the iterations, the training process is repeated five times, and the average 
RMSE was adopted as the elimination criterion. Dotted lines in the figure show one 

18 https://doi.org/10.24381/cds.622a565a [accessed 7 August 2023] 
19 https://doi.org/10.24381/cds.adbb2d47 [accessed 7 August 2023] 
20 https://doi.org/10.48670/moi-00014 [accessed 7 August 2023] 
21 https://www.aviso.altimetry.fr/ [accessed 7 August 2023] 
22 https://sharkweb.smhi.se/ [accessed 7 August 2023] 

https://doi.org/10.24381/cds.622a565a
https://doi.org/10.24381/cds.adbb2d47
https://doi.org/10.48670/moi-00014
https://www.aviso.altimetry.fr/
https://sharkweb.smhi.se/
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standard deviation for both the training and validation sets, derived from the five training 
repetitions. 

 
Figure 21. Sequential feature elimination for selecting optimal input variables. Variables are 
removed stepwise from left to right based on the elimination criterion. The solid blue and red lines 
are the average 𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸𝜀𝜀 resulting from five repeats of the training processes, with dotted lines 
representing one standard deviation from the average. The green line represents the R-Squared 
result of each elimination iteration. The variable set of the best solution is highlighted in blue font 
[from Publication IV]. 

According to Figure 21, the best set of variables includes: ‘msdDT24’, ‘ηs’, ‘Uwind’, 
‘Vwind’, ‘Diurnal tides’, ‘Low tides’, and ‘SLP’, where the RMSEε is 3.5 cm for both the 
training and validation sets and the R-Squared is 0.79. Note that additional new variables 
can be included in Table 3, and the feature elimination process can be repeated. While 
this approach is essential for training a spatially generalized DL model in this study,  
it could potentially lead to the exclusion of variables with localized effects or make the 
addition of localized variables more challenging. 

4.1.4 Deep Learning Model Performance 
The performance assessment of the DL model is conducted through the calculation of 
𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸𝜀𝜀  and R-Squared values at all TG stations, including training, validation, and test 
sets. The structure of the DL model is outlined in Subsection 4.1.1, and the model is 
trained using the selected variables (as described in Subsection 4.1.3) on 16 training 
stations highlighted in blue in Figure 22a.  

Figure 22b demonstrates the performance of predicted HDM errors based on 
Equations (26) and (27). The mean 𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸𝜀𝜀  and R-Squared values are 3.4 cm and 0.79, 
respectively. The training set shows a performance of 3.2 cm and 0.82, while the 
combination of validation and test set demonstrates a performance of 3.5 cm and 0.77. 
Evident patterns of significant 𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸𝜀𝜀  values are noticeable at some regions, such as the 
Gulf of Riga and Southwest of the Baltic Sea. These patterns may indicate issues with the 
DL model (e.g., the need for additional variables and the requirement to optimize 
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hyperparameters), TG problems (e.g., errors, vertical datum shifts over time, and the TG 
location compared to HDM data points; as TGs are utilized as truth values for evaluating 
DL model performance), and/or localized HDM errors that might not be considered 
during the generalization. 

 
Figure 22. DL model performance. a) Location of tide gauge stations utilized in this study and their 
division into training, validation, and test sets. b) Performance of HDM error prediction at the tide 
gauge stations. Triangles and circles represent RMSE and R-Squared values, respectively, using 
separate colourbar [Modified from Publication IV]. 

The residuals between the target and predicted HDM errors (see Figure 23) imply that 
the DL model and input variables do not effectively address the high-frequency 
components (Daily and shorter periods) of the HDM errors. Hence, the significant 𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸𝜀𝜀  
values in specific regions indicate that the remaining HDM errors could be attributed to 
localized high-frequency events, such as resonance and seiche. Not only are these events 
not simulated by HDM modeling, but they also pose a challenge for the DL model to 
accurately predict the corresponding errors using input variables.  

For instance, at station 10, resonance with the barotropic 5-hour seiche period of the 
Gulf of Riga can lead to amplitude growth in Pärnu Bay (Suursaar et al., 2002). In addition, 
the bathymetry and unique geometry of the Gulf of Riga (particularly at its main entrance 
Irbe Strait) induce distinct oscillations within this basin (Jönsson et al., 2008). These 
localized high-frequency oscillations degrade the performance of the DL model during 
the process of generalization. Similarly for station 23 in Eckernförde Bay, seiche-like 
oscillations strongly influence DT variations (Friedrichs et al., 1995) and cause challenges 
for predicting HDM errors. Station 45 is situated in an archipelago area; therefore, the 
HDM may have localized issues there that the generalized DL model for the entire Baltic 
Sea is not able to predict. 

Figure 23 also presents the time series of actual and predicted HDM errors, along with 
their residuals and corresponding FFT for three sample stations 10, 26, and 31. At station 
10, the HDM errors vary from –40 to 40 cm, while the residuals (i.e., remaining errors 
after HDM correction) range from –20 to 20. This pattern of HDM errors being reduced 
by a factor of at least two is replicated in other stations. Note that the DL model 
effectively estimates low-frequency HDM errors, such as annual and seasonal cycles. 
Nonetheless, additional efforts are needed to address high-frequency errors.  
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Figure 23. Time series of the actual (𝜀𝜀) and predicted HDM errors (𝜀𝜀̂) at three sample stations (10, 
26, and 31) in top row, residuals are in middle row, and the FFT of actual HDM errors and residuals 
in the bottom row [from Publication IV]. 

4.2 Vertical Reference Bias 
The vertical Reference bias (𝑅𝑅𝑅𝑅𝑓𝑓𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵) is the height difference between the potential 
surface (𝑆𝑆0) of the HDMs’ reference surface and a particular geoid model. 
The determination of 𝑅𝑅𝑅𝑅𝑓𝑓𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 allows for the adjustment of a HDM’s zero level to 
a well-defined geodetic reference. Consequently, a direct comparison between modeled 
and observed DTs is facilitated in terms of absolute values. Additionally, the use of a 
common reference datum enables the systematic combination of various sources of sea 
level with a consistent physical definition.  

The 𝑅𝑅𝑅𝑅𝑓𝑓𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 can accurately be computed by taking the spatial median of the 
remaining bias, referred to as 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, between the corrected HDM and observed DT, 
as follows: 

𝑅𝑅𝑅𝑅𝑓𝑓𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 = 𝐵𝐵𝑝𝑝𝑅𝑅𝑡𝑡𝐵𝐵𝑅𝑅𝐶𝐶𝑀𝑀𝑅𝑅𝑑𝑑𝐵𝐵𝑅𝑅𝑅𝑅(𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑, 𝜆𝜆)). (29) 

Figure 24a shows histograms of the differences between the original/corrected HDM 
and TG records. The results indicate that the HDM correction not only successfully 
reduced the standard deviation of the HDM errors but also aligned the remaining errors 
after the HDM correction to a normal distribution. Therefore, the 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  determined 
both from TG stations and SA data points is represented in the Figure 24b histograms. 

The 𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 should ideally remain constant since both modeled and observed DT 
are referenced to the equipotential surface of the Earth. However, it is apparent that 
𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  values vary from 5 to 25 cm in the SA data points and from 13 to 21 cm in the 
TG stations. This variation arises from errors in several factors such as TG zero marks, 
geoid model, and near-coast SA measurements. Therefore, the 𝑅𝑅𝑅𝑅𝑓𝑓𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 of the 
Nemo-Nordic model relative to TG and SA datasets is obtained as 16.2±1.6 cm and 
18.1±2.9 cm, respectively. SA dataset offers a more robust estimation of the 𝑅𝑅𝑅𝑅𝑓𝑓𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 
due to its extensive spatial coverage compared to the TG stations. The 𝑅𝑅𝑅𝑅𝑓𝑓𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 can be 
improved in accuracy by removing problematic areas from the analysis, resulting in a bias 
of 18.3±1.9 cm.  



55 

Figure 24. Bias between HDM and observations. a) Histogram of the difference between 
original/corrected HDM and TG measurements. b) Histogram of the 𝐵𝑖𝑎𝑠𝑐𝐻𝐷𝑀 with respect to the 
TG and SA data [Modified from Publication IV]. 

4.3 Comparative Assessment 

The correction and vertical referencing of the HDM are implemented as shown in Figure 
19, aiming to calculate instantaneous absolute DT. A comparison of the instantaneous 
DT before and after the correction is presented in Figure 25 for a certain time instant 
(e.g., 18 August 2019, 10:00). In this figure, the original HDM is reduced by the 𝑅𝑒𝑓𝐵𝑖𝑎𝑠 
to visualize solely the improvements resulting from the application of the ML-based 
correction to the HDM. The HDM error (𝜀) in this figure illustrates the values and pattern 
of the HDM correction for the corresponding time instant, with range of from 5 to 16 cm. 
The range and pattern of the HDM error vary over the course of time. 
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Figure 25. A sample time instant of HDM correction for 18-Aug-2019, at 10:00. a) original Nemo-
Nordic model reduced by 𝑅𝑅𝑅𝑅𝑓𝑓𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵, along with TG readings and SA measurement (pass No. 272 and 
cycle No. 48) at the corresponding time instant, b) predicted HDM error based on Equation (23),  
c) the corrected HDM, and d) along the SA track comparison between modelled and observed DTs 
[Modified from Publication IV].

Figure 25d shows the differences between the original/corrected HDM along the SA 
track and observed DT measured by SA and nearby TGs. In this example, two significant 
discrepancies are observed between the corrected HDM and SA data, in the southern 
Baltic Sea (latitude 54° to 57°) and the Bothnian Sea (latitude 60° to 62°). Further 
investigations are required to provide a precise explanation for the former. However, 
it can more likely be imputed to an issue with the geoid model. The latter is due to 
deficiencies in the geoid model in this area. (Jahanmard et al., 2022a and 2023b; Varbla 
and Ellmann, 2023; Mostafavi et al., 2023). It can be inferred that such an enormous DT 
variation in the limited area is not realistic; and since these variations can be observed 
constantly over the SA cycles, the discrepancies can be attributed to the geoid model 
(see also Figure 15, Figure 16, and Figure 26). 
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Figure 26. Spatial distribution of the a) 𝐵𝑖𝑎𝑠 of the original HDM, b) 𝐵𝑖𝑎𝑠 of the corrected HDM,  
c) 𝑅𝑀𝑆𝐸 of the original HDM, and d) 𝑅𝑀𝑆𝐸 of the corrected HDM [from Publication IV].

The 𝐵𝑖𝑎𝑠 and 𝑅𝑀𝑆𝐸 of the differences between the original/corrected HDM and 
observations are presented in Figure 26. Both 𝐵𝑖𝑎𝑠 and 𝑅𝑀𝑆𝐸 demonstrate a significant 
improvement in the corrected HDM. The Bias of corrected HDM (similar to Figure 16) 
reveals the problematic areas where inconsistencies are evident among various data 
sources. Three significant problematic areas are marked, the associated reasons and 
sources of errors were discussed above and Subsection 3.3. The spatial distribution of 
the 𝑅𝑀𝑆𝐸 before and after applying HDM correction (shown in Figure 26c and d) 
demonstrates the performance of the DL model in post-processing the HDM-derived DT. 
The spatial average of the 𝑅𝑀𝑆𝐸 for the original HDM is 7.6 cm and 6.5 cm with respect 
to TGs and SA data points, respectively. While these values for the corrected HDM are, 
respectively, 3.4 cm and 4.1 cm, which indicates a significant improvement in the 
modelled DT. However, more effort is still needed to address high-frequency errors, 
particularly in the Gulf of Riga. Moreover, the corrected HDM exhibits an average increase 
in the correlation coefficient compared to the TG records, rising from 0.93 to 0.98. 

Figure 26b also displays the spatial distribution of the 𝐵𝑖𝑎𝑠 between the TG records 
and corrected HDM, which indicates the shift between TG zero-mark relative to the 
HDM’s reference surface. It is observed that the 𝐵𝑖𝑎𝑠es along the coastlines of Finland 



58 

and Estonia are negative, while they are almost always positive along the Swedish 
coastline. This indicates that there could be a tilt from west to east between TG zero 
marks and HDM’s reference surface. Moreover, the spike variations observed in the 
𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵, which do not align with neighbouring stations, indicate the presence of a vertical 
datum shift in those stations, such as stations with IDs 22, 25, 31, and also TG stations 42 
to 44. 

Figure 27 illustrates the spatial variations of the monthly mean of the HDM errors for 
the period from January 2017 to June 2021. This figure implies that a seasonal variation 
was not considered in the original model. The monthly mean error reaches its highest 
positive values during Spring (March, April, and May) and its lowest, negative values 
during Autumn (September, October, and November). The seasonal variation of the HDM 
errors may arise from a combination of factors, including the seasonal changes in wind 
patterns, freshwater runoff and ice melting, and steric effect. 

Figure 27. Monthly mean of the HDM errors (𝜀𝜀) for the period from January 2017 to June 2021. 
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5 Airborne LiDAR Measurements 
The unique horizontal resolution of the ALS dataset allows for the retrieval of a 
broadband of spatial scales of sea surface processes. However, unlike SA measurements, 
which are regularly collected at a fixed repeat cycle, this measurement technique can 
only provide a snapshot of the sea surface topography at a specific time instant. Hence, 
although the ALS technique cannot consistently capture long-term sea surface variability 
or be available at all desired times, it can serve as a valuable observation method for 
gaining insights into high-frequency processes in both near-shore and offshore areas. 
Furthermore, ALS observations can serve as an additional data source for investigating 
problematic regions through conducting of ALS surveys over marine areas. 

This section aims to demonstrate (i) the potential use of ALS observations for 
validating corrected HDM-derived DT and (ii) the utilization of ALS point clouds to 
determine the sea state parameters and directional power spectral density of wind 
waves. To compare ALS point cloud data with HDM data, the first step is transforming 
the ALS-derived SSH into DT using the geoid model, as follows: 

𝐷𝐷𝐷𝐷𝑆𝑆𝐴𝐴𝑆𝑆 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐴𝐴𝑆𝑆 − 𝑁𝑁. (30) 

To eliminate high-frequency sea surface fluctuations from DT, a low-pass filter is 
applied. In this study, a wavelet filter was applied to separate the high-frequency wind 
waves that are not considered in the HDM computations. Note that the HDM has a 
horizontal resolution of one nautical mile, meaning it can accurately depict only features 
larger than 5 NM (i.e., 9.26 km). Figure 28a illustrates a comparison between DTs derived 
from ALS and original/corrected HDM along the flight track at the observation epoch (i.e., 
10 May 2018, at 9:30). Since the flight direction changed in the middle of the track, this 
figure presents the first 21 km of the track, during which the flight azimuth was 71.2°. 
The comparison indicates that the ALS observations validate the corrected HDM. 
Nevertheless, the HDM offers a smoother surface compared to the ALS results, which 
can be due to the HDM’s lower spatial and temporal resolutions. 

Figure 28. Decomposing ALS data and comparing with HDM. a) DT derived from ALS and 
original/corrected HDM along the flight track observation epoch 10 May 2018, at 9:30. b) FFT of 
the ALS profile along the track, along with the low-passed filtered signal (shown in panel a). c) High-
frequency signal recorded by ALS, which indicates the wind-generated wave fluctuations, and its 
FFT in panel (d). 
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Figure 28b displays the FFT of the ALS profile before (grey line) and after (dark blue) 
applying the wavelet filter, which eliminates fluctuations with wavelengths less than  
1 km. The residual between the ALS profile and filtered signal reveals wind-generated 
waves, which is shown in Figure 28c and will be discussed in Subsection 5.1. 

Figure 29 overlays sea surface topography from the ALS campaign and the corrected 
HDM to reveal discrepancies. Note that the HDM surface is inherently smoother than ALS 
observations due to its limitations in spatial and temporal resolution. Therefore, 
the corrected HDM exhibits good agreement with ALS observations, yielding an RMSE of 
1.8 cm. To calculate the RMSE between the HDM and ALS point cloud, the corrected HDM 
data were extracted at the coordinates of ALS data points using bilinear interpolation in 
space and linear interpolation in time. 

Figure 29. Overlay of DTs from the ALS point cloud and the corrected HDM at the observation epoch, 
in L-EST97 coordinate system. 

5.1 Directional Wave Spectrum23 
High-resolution ALS data acquisition (1 × 1 m) enables the determination of the 
wavenumber spectrum, defining wave propagation direction and wavelength (Hwang 
et al., 1998; Walsh et al., 1985). This section introduces the retrieval of directional 
wave spectra from the ALS point cloud as a potential source of wind wave observations 
over a wide area (please see Publication III for mere details). 

Figure 30 displays the steps and flowchart for obtaining directional wave spectra and 
wave parameters from airborne LiDAR point cloud. For this purpose, the ALS data are 
segmented into limited areas (1 × 1 km) to compute the directional wavenumber 
spectrum since wave direction may change due to variations in wind regime and water 
depth. As a scale of 10 km and 30 min or longer may be desirable for considering 
homogeneous (i.e., spatial invariance) and stationary (i.e., temporal invariance) wave 
processes for field observations, the statistical stability of the computed wave spectra 

23 The symbols used in this section are not included in the table of Symbols to avoid the use of non-
conventional symbols in wave theory and potential symbol-conflict with other sections. 
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should be examined. Moreover, in this study, rather than using 2D FFT, 1D periodograms 
of wave records are determined in various directions. This approach enables the 
examination of the statistical stability of wave spectra for each direction, especially when 
the record lengths vary due to the ALS limited data corridor width. Therefore, the wave 
record 𝜉(𝑥) (similar to Figure 28c) are extracted for 12 azimuthal directions, from 0° to 
165° with a 15° step. 

 
Figure 30. Flowchart of the retrieval of directional wave spectra from the ALS point cloud [Modified 
from Publication III]. 

Therefore, the wavenumber power spectral density of a stationary process is 
computed by averaging 1D periodograms for each direction of interest (Bartlett, 1948; 
Welch, 1967). For this purpose, the discrete Fourier transform 𝑌𝑚  of the wave records 
𝜉(𝑥) is determined as follows: 

 

𝑌𝑚 = ∑ 𝜉𝑛e−𝑖𝑘𝑚𝑛𝛿𝑥𝛿𝑥𝑁
𝑛=1 = 𝛿𝑥 ∑ 𝜉𝑛e

−2𝜋𝑖𝑚𝑛

𝑁𝑁
𝑛=1 , (31) 

 
where 𝑁 is the number of samples with sampling interval of 𝛿𝑥, and 𝑘 is the wavenumber 
vector with a size of 𝑚: 
 

𝑘𝑚 =
2𝜋𝑖𝑚

𝑁𝛿𝑥
 ,   𝑚 = 1,2, … , 𝑁. (32) 

 
As a result, the one-sided wavenumber power spatial density 𝜒𝜃  of wave record 𝜉(𝑥) 

for a selected direction 𝜃 is determined as follows: 
 

𝜒𝜃(𝑘) =
2

2𝜋𝑁𝛿𝑥
|𝑌𝑚|2, (33) 

 
Before applying Equation (31), using a cosine taper data window is beneficial for 

mitigating discontinuities at the two endpoints of the records (Liu and Frigaard, 1999).  
In addition, to maintain consistent wavenumber resolution across different directions, 
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zero padding was applied to both ends of the wave profiles. Eventually, the directional 
wavenumber power spectral density function 𝛸 is obtained as follows: 

 

𝛸(𝑘, 𝜃) =
1

𝑠
∑ 𝜒𝜃𝑖

(𝑘)𝑠
𝑖=1 , (34) 

 
where 𝑠 represents the number of samples required to satisfy the statistical stability of 
the wave spectral density. In this regard, a random sampling is used to produce parallel 
wave spectra for each direction. To determine the required number of samples,  
an experiment was conducted to assess the statistical stability of 𝛸(𝑘, 𝜃) for various 
sample sizes. This experiment was repeated 𝑅 = 100 times for 𝑠 values from 1 to 1000, 

and for each 𝑠, the standard error 𝑆𝐸 of the spectrum’s peaks 𝛸(𝑘𝑝) as a criterion of the 

statistical stability is determined as follows: 
 

𝑆𝐸 = √∑ (𝛸𝑖(𝑘𝑝,𝜃)−𝜇)
2𝑅

𝑖=1

𝑅
, (35) 

 
where 𝜇 is the mean of 𝑅 repetitions of the experiment. Figure 31 shows the results of 
this experiment for direction 75° as an example. By considering all directions, a sample 
size of 300 was deemed suitable for the current study. 

 

Figure 31. Statistical stability of the wave spectral density. a) Standard errors (Equation 35) against 
various sample sizes for a selected fragment and wave direction 75°. b) Wavenumber spectra 
corresponding to the sample size of 300 [from Publication III]. 

Because the measurements have been taken on a moving platform, the wavenumber 
spectra are calculated using the encountered wavenumber (𝑘𝑒). Therefore, the Doppler 
effect can introduce a shift between the computed and true wavenumber (Δ𝑘). Hence, 
the wavenumber should be adjusted according to the aircraft’s speed (𝑣𝑎) and the angle 
of difference between the flight direction and the wave spectrum (𝛼) as follows (Walsh 
et al., 1985): 

 

∆𝑘 =
√𝑔∙tanh(𝑘𝑑 𝑘⁄ )

𝑣𝑎∙cos(𝛼)
, and  ∆𝑘 = 𝑘𝑒 − 𝑘, (36) 

 
where 𝑑 represents water depth, which is approximately 70 m in the study area, and 𝑔 
is the acceleration of gravity. The aircraft’s speed was ca. 62 m/s, and the flight azimuth 
was 71.5°, which changed slightly along the flight track. 
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To determine frequency wave spectra 𝑆𝑆(𝜔𝜔) from Equation (34), one can employ the 
dispersion relation, which defines the relationship between wave frequency 𝜔𝜔 and 
wavenumber 𝑘𝑘: 

𝜔𝜔 = �𝑘𝑘𝑅𝑅 ∙ tanh(𝑘𝑘𝑑𝑑). (37) 

The frequency spectrum represents the distribution of wave energy over frequency at 
a fixed location, while the wavenumber spectrum represents this distribution over 
wavenumber or wavelength. Since wave frequencies propagate at different speeds, 
the dispersion relation links the wavenumber spectrum and frequency spectrum. 
As a result, the frequency spectrum can be determined as follows: 

𝑆𝑆(𝜔𝜔, 𝜃𝜃) = 𝛸𝛸(𝑘𝑘(𝜔𝜔),𝜃𝜃) ∙ 𝑡𝑡𝑘𝑘(𝜔𝜔)
𝑡𝑡𝜔𝜔

.  (38) 

Therefore, calculating the wavenumber power spectral density for 12 directions from 
each segment of the ALS point cloud (Equation 34) enables the determination of 
directional frequency power spectral density, as illustrated in Figure 32. The peak of wave 
energy is observed at 𝜃𝜃𝑡𝑡 = 72°, representing the dominant wave direction. This direction 
almost agrees with measurements from a nearby buoy24 (approximately 40 km from the 
ALS profile) and the WAM model25, which recorded dominant directions of 86.5° and 
82.5°, respectively. Also, the ALS-derived peak period (𝐷𝐷𝑝𝑝 = 2𝜋𝜋 𝜔𝜔𝑝𝑝⁄ ) is 3.63 s, compared 
to 3.65 s measured by the buoy and 3.56 s by the model. 

Figure 32. Frequency wave spectrum for a segment in the middle of the ALS track: a) in different 
direction, b) in the dominant direction. The power spectral density derived from the ALS point cloud, 
the buoy, and the WAM model is compared in panel (b) [Modified from Publication III]. 

In Figure 32b, the wave spectrum of the dominant wave direction retrieved from the 
ALS data is compared with the JONSWAP standard wave spectrum related to the sea 
state measured by the buoy and WAM model. This comparison demonstrates a good 
agreement among the various techniques used for measuring the sea state. Moreover, 
the significant wave height of the ALS measurement can theoretically be defined based 
on the zero moment (𝑚𝑚0), which represents the area under the spectral curve, using the 
formula 𝑆𝑆𝑆𝑆𝑆𝑆 = 4�𝑚𝑚0. Thus, it is evident that there is also a good agreement among 

24 Suomenlahti wave buoy, obtained from: https://ilmatieteenlaitos.fi [accessed 7 August 2023] 
25 https://doi.org/10.48670/moi-00014 [accessed 7 August 2023] 

https://ilmatieteenlaitos.fi/
https://doi.org/10.48670/moi-00014
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data sources in terms of 𝑆𝑆𝑆𝑆𝑆𝑆, with a value of 0.6 m for ALS data, compared to 0.65 m 
for the buoy and 0.64 m for the model. Also, the peak period (𝐷𝐷𝑝𝑝) derived from ALS point 
cloud is 3.63 s, compared to 3.65, and 3.56 s for the buoy, and WAM model, respectively.  

The wavelength corresponding to the peak period, as derived from Equation (34),  
is 20.55 meters. This value represents deep water conditions for the sea state by 
considering a depth of 70 m. Therefore, the dominant wave directions and wavelengths 
of each ALS point cloud fragment are computed and illustrated in Figure 31.  
The computed wavelengths vary between 17.9 and 25.1 m (which is 21.3 m on average) 
along the trajectory, decreasing towards the eastern direction. 

 
Figure 33. Dominant wave directions and wavelengths derived from ALS point cloud along the flight 
trajectory. The background contour represents the bathymetry obtained from GEBCO_2020 
[Modified from Publication III]. 

Besides, a comparison of wave parameters derived from the LiDAR-based method and 
WAM model is illustrated in Figure 34. The model has a temporal resolution of hourly 
data and a spatial resolution of one nautical mile. For comparing two datasets,  
the WAM model obtained the coordinates of the fragments’ centres at ALS flight time  
(i.e., 9:35 UTC) via bilinear interpolation in space and linear interpolation in time. This 
figure shows that the wave parameters derived from ALS data are supported by the 
modelled estimations along the flight trajectory. The mean and standard deviation of 
differences are a) 0.2 and 0.1 s for the peak period, b) −0.09 m and 0.03 m for the 𝑆𝑆𝑆𝑆𝑆𝑆, 
and c) −0.5° and 10.0° for dominant wave direction, respectively. Note that the WAM 
model produces smoother results, which could be attributed to limitations in the model’s 
resolution and the wind model used to force the wave model. Additionally, ALS-derived 
parameters are based on instantaneous observations and the results are sensitive to 
local conditions.  

The modelled parameters are also compared with the buoy data at the location of the 
buoy for a duration of 24 hours, as shown in the figure. This comparison shows the 
performance of the model relative to buoy observations with a mean and standard 
deviation of −0.1 and 0.23 s for the peak period, –0.12 and 0.05 m for the 𝑆𝑆𝑆𝑆𝑆𝑆, and 
10.0° and 7.4° for the wave direction, respectively. 
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Figure 34. Comparing wave parameters peak period (top row), significant wave height (middle 
row), and wave direction (bottom row) derived from ALS point cloud and the WAM model. 
Comparison between the model and buoy observations for a period of 24 hours are also 
demonstrated [Modified from Publication III]. 

The results show that the possibility of retrieving directional power spectral density 
and wave parameters from ALS point cloud. For this purpose, the wavenumber spectra 
are computed from 12 directions using the periodogram method and a random sampling 
approach to satisfy the statistical stability of the spectra. Compared to the previous 
studies (e.g., Hwang et al., 2000a and b), this study introduces a method for retrieving 
the directional wave spectrum for each small ALS data fragment (i.e., 1 × 1 km), regardless 
of the angle between the dominant wave and flight directions, in a stand-alone manner. 

Although ALS technology may be somewhat expensive compared to some alternative 
sensors, such as wave buoys, pressure sensors, and satellites, it provides the capability 
to capture 3D point cloud data from the spatial wave field. This capability offers a deeper 
insight and a better understanding of surface ocean waves, which is essential in the 
context of our changing climate and advancements in marine engineering and shipping. 
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6 Discussion and Concluding Remarks 

6.1 Summary of Results 
The vertical reference unification between the hydrodynamic models (HDMs) and 
observations facilitates the accurate and comprehensive determination of absolute 
dynamic topography by integrating diverse data sources. This unification has the 
potential to enhance the effectiveness of data assimilation for accurate sea level 
forecasting. Moreover, accurate and consistent sea level data are always important for 
understanding ocean weather and supporting applications like marine engineering, 
coastal management, optimal route planning based on under-keel clearance criteria in 
shallow waters, and autonomous shipping navigation. 

In this dissertation, Section 1 reviewed various approaches and considerations for 
deriving dynamic topography (DT). Section 2 reviewed the study area and datasets used 
in this study. Among the different sea level data sources, HDMs are distinguished by their 
high spatial and temporal resolutions. However, they often lack a well-defined vertical 
reference datum, which hinders direct combination with other sea level data sources. In 
addition, HDMs are prone to modelling errors due to numerical limitations. Therefore, 
vertical referencing HDM and combining observed and modelled DT within a unified 
vertical reference system can enhance modelling and forecasting capabilities. However, 
modelling errors hinder the accurate determination of vertical reference in HDM. 
Conversely, the absence of a common vertical reference system between HDM and 
observations poses challenges in effectively identifying and rectifying modelling errors. 

This study presented two approaches for correcting and vertical referencing of HDMs 
in Sections 3 and 4. In both approaches, a geoid surface is employed as an intermediate 
vertical reference datum. Since the geoid is an equipotential surface of Earth’s gravity 
field, hence a physically meaningful reference surface for the determination of sea level, 
which can also be used seamlessly from land to offshore. In the geodetic applications, 
geoid surfaces are modelled by using gravity data. HDMs inherently utilize a similar 
concept for their reference surface, with simulated sea levels being relative to a 
geopotential reference surface. Therefore, utilizing high-resolution geoid models as a 
common reference surface for both observations and modelled sea level data is 
beneficial in establishing an integrated measurement system. 

Section 3 discussed Method I used to correct HDM through a dense network of  
geoid-referenced TG records. In this approach, TG readings were considered as  
ground-truth and the HDM bias was determined in the location of TG stations. Then,  
the biases were propagated from stations into HDM grid points using interpolation 
techniques. This method is practical when dense network of TG stations is accurately in 
a common geoid-based chart datum. Additionally, because the model is directly 
corrected by the TGs, any errors in the TG records or zero marks can propagate into the 
corrected HDM. However, the corrected HDM demonstrates a good agreement with SA 
measurements. Furthermore, the method enabled the identification of inconsistencies 
between data sources and problematic areas, which can be explored in further research 
to improve the models used in this comparative assessment.  

Certain shortfalls of Method I became the motivation to develop Method II using 
machine learning strategies, which were presented in Section 4. For this purpose,  
a multivariate deep neural network was introduced to predict HDM modelling errors, 
followed by an adjustment of HDM's reference surface using SA observations. Input 
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variables for predicting HDM errors were chosen using a wrapper feature selection 
method, and these selected inputs (‘𝑚𝑚𝐵𝐵𝑑𝑑𝐷𝐷𝐷𝐷24’, ‘𝜂𝜂𝑠𝑠’, ‘𝑈𝑈𝑈𝑈𝐵𝐵𝑅𝑅𝑑𝑑’, ‘𝑉𝑉𝑈𝑈𝐵𝐵𝑅𝑅𝑑𝑑’, ‘Diurnal tides’, 
‘Low tides’, and ‘𝑆𝑆𝐴𝐴𝑃𝑃’) were generalized for the entire Baltic Sea. However, localized 
high-frequency HDM errors still require attention.  

The DL model accurately predicted HDM modelling errors with RMSEs of 3.2 cm  
(R-Squared: 0.82) for the training set and 3.5 cm (R-squared: 0.77) for the test set. 
Nevertheless, addressing remaining HDM errors in specific areas, such as the Gulf of Riga 
and the entrance of the Baltic Sea, requires further efforts. Once the HDM was corrected 
by predicted HDM errors, the vertical reference bias of the HDM relative to the geoid 
model was determined as 18.3±1.9 cm using SA measurements by excluding problematic 
areas. 

Therefore, the instantaneous absolute DT was determined through a DL-based HDM 
correction and SA measurements. The corrected HDM presents a notable improvement 
relative to TG readings with an RMSE of 3.4 cm and a correlation coefficient of 0.98,  
in contrast to the original HDM, which had an RMSE of 7.6 cm and a correlation 
coefficient of 0.93. The RMSE of the corrected HDM in offshore was examined by SA 
measurement, which exhibited an improvement on average from 6.5 cm to 4.1 over the 
entire Baltic Sea. Moreover, the comparative assessment highlighted problematic areas, 
such as the eastern part of the Gulf of Finland, the Bothnian Sea, and southwest of the 
Baltic Sea (Bornholm), as well as possible vertical datum shifts between the network of 
the TG stations. 

This study developed a methodology to correct instantaneous dynamic topography 
derived from the HDM with respect to the common vertical datum in the Baltic Sea 
region. The method also involved the unification of the reference surface among various 
sea level data sources, which enabled us to compare modelled and observed sea level 
data in terms of dynamic topography across time and space. Therefore, quantifying the 
accuracy and bias of the corrected instantaneous dynamic topography also allowed us  
to identify inconsistencies between datasets and problematic areas for further 
investigations. The presented methodology can be adopted in other marine areas 
worldwide to harmonize sea level measurements from different sources and approaches 
and achieve an appropriate level of accuracy in datasets. 

6.2 Key Conclusions Presented for Defence 
• All used diverse sea level datasets were transferred to a common vertical reference 

surface with consistent physical meaning (geoid: equipotential surface of Earth’s 
gravity field), zero reference level (NAP), reference epoch (2000.0), and permanent 
tide system (mean-tide system). 

• Two methods were developed to correct HDM-derived instantaneous sea level:  
i) employing a dense network of geoid-referenced TGs, in which model discrepancies 
from observations are propagated spatially via conventional interpolation methods; 
and ii) utilizing a DL model to investigate HDM modelling errors without considering 
vertical reference bias, thereafter, addressing the 𝑅𝑅𝑅𝑅𝑓𝑓𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵 by SA data and a geoid 
model. 
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Method I: 
• The method demonstrated that using a network of geoid-referenced TG records 

allows for a direct evaluation of the HDM-derived DT based on TG readings. It is also 
possible to spatially interpolate the discrepancies from stations to offshore areas 
when a close loop of TGs with limited distances is available. 

• Based on a frequency analysis, it was observed that the HDM bias varies temporally 
with both high- and low-frequency components, along with spatial variations. 
Hence, to achieve uncertainties less than 5 cm across the Baltic Sea region, bias 
correction with a maximum window length of 6 hours is necessary. 

• The corrected HDM demonstrates an average RMSE of 2.5 cm compared to TG 
records and a zero-bias agreement with SA data and RMSE of 2.4 cm for period of 
form January 2017 to June 2019. 

 
Method II: 
• The DL model accurately predicted HDM errors with RMSEs of 3.2 cm (R-squared: 

0.82) for the training set and 3.5 cm (R-squared: 0.77) for the test set. Nevertheless, 
addressing remaining HDM errors in specific areas, such as the Gulf of Riga and the 
entrance of the Baltic Sea, requires further efforts. 

• The vertical reference bias (𝑅𝑅𝑅𝑅𝑓𝑓𝐵𝐵𝐵𝐵𝑅𝑅𝐵𝐵) of the HDM relative to the NKG2015 geoid 
model was determined to be 18.1±2.9 cm using SA measurements. This bias  
can be refined for accuracy by excluding problematic areas, resulting in a bias of  
18.3±1.9 cm. 

• In contrast to the original HDM, which had an RMSE of 7.6 cm and a correlation 
coefficient of 0.93, the corrected HDM presents a notable improvement relative to 
TG readings with an RMSE of 3.4 cm and a correlation coefficient of 0.98. The RMSE 
of the corrected HDM in offshore was examined by SA measurements, which 
exhibited an improvement on average from 6.5 cm to 4.1 over the entire Baltic Sea. 

• The corrected HDM reveals vertical datum shifts between the network of TG stations 
and highlights that the TG benchmarks at Latvian, Estonian, and Finnish stations are 
below the reference surface of the HDM. 

• A comparative assessment in both methods identified problematic areas, including 
the eastern part of the Gulf of Finland, the Bothnian Sea, and the southwest of the 
Baltic Sea (Bornholm). These issues were attributed to the accuracy of the geoid 
model in the marine area, where the geoid model quality is questionable due to 
marine gravity data voids. 

• Airborne LiDAR point cloud can serve as an additional observation data source for 
investigating problematic regions. 

• The corrected HDM was also compared with the ALS point cloud at a specific time 
and location in the Gulf of Finland, revealing a strong agreement with an RMSE of 
1.8 cm. 

• The ALS point cloud data demonstrated the potential to observe sea state and 
retrieve directional wind wave spectra. This technique provides an observational 
approach to capture the spatial wave field, offering a deeper insight and a better 
understanding of surface ocean waves. 
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6.3 Recommendations for Further Research 
Future research can explore various aspects of this study, including enhancing the 
performance of the DL model, investigating problematic areas to mitigate sources of 
errors, studying land/sea datum unification by comparing mean dynamic topography 
from both geodetic and oceanographic approaches, examining the circulation system 
of the Baltic Sea through the corrected HDM, and exploring applications such as  
accurate spatio-temporal sea level nowcasting and forecasting, as well as determining  
near-real-time under-keel clearance in navigation. The DL model performance has the 
potential to improve by collaborating with model developers and acquiring a better 
knowledge of the physical model outputs. In addition, including feature learning from 
spatial dimensions can improve the DL model performance. The DL model can also be 
employed in real-time alongside the hydrodynamic model to post-process the physical 
ocean model output, correcting the modelled dynamic topography using observed sea 
levels, and providing feedback to refine the physical ocean model. 

Moreover, research can be conducted on the corrected HDM to investigate the 
circulation of the Baltic Sea in shorter time periods, such as seasonal circulations. The DL 
model has shown potential to reduce modelling errors of instantaneous DT with respect 
to observations with a high level of accuracy. The corrected DT can also reveal variations 
in other ocean parameters within the Baltic Sea, such as temperature and salinity.  
This can be particularly insightful at the entrance of the Baltic Sea, where saline water 
inputs from the North Sea interface with the freshwater inputs from the north and east 
of the Baltic Sea. 

The study area utilized in this research was equipped with a favourable data set, with 
an essential component being the existence of a dense network of TGs around the Baltic 
Sea. In many marine areas, where such a dense network of TGs doesn’t exist, which may 
make the implementation of the methods described challenging. A possible solution that 
can be explored is an adaption of the present methods. Instead of the TGs acting as the 
‘ground truth’, it may be possible to utilize multi-mission SA with TG data in machine 
learning strategies, so that the SA measurements may also serve as ‘ground truth’ data. 
As SA data lack sufficient temporal resolution, the utilization of this method requires 
relying on the spatial variability of the DT for training the DL model, in contrast to the 
temporal variability considered in this study. With the advent of the Surface Water and 
Ocean Topography (SWOT) mission, new opportunities can arise for employing DL 
models to learn patterns from the observed surface of DT, which the DL model can also 
be used for correcting HDM. The SWOT data offers one of the most detailed views of the 
sea surface topography. 
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Abstract 
Developments Towards Deriving Realistic Dynamic 
Topography by Synergizing High-Resolution Geoid with Sea 
Level Data  
Synergistic integration of various sea level sources (tide gauges, satellite altimetry and 
hydrodynamic models – HDM, etc.) is important for many marine and engineering 
applications to achieve the required accuracy from coastline to offshore. The data fusion 
amongst the different sources, however, can be challenging due to: (i) varying spatial and 
temporal resolutions, (ii) the utilization of different vertical datums, and (iii) various 
sources having their own measurement/modelling errors. The geoid (the equipotential 
surface of Earth’s gravity field) is presently the best and most realistic vertical datum that 
can be utilized to represent sea level variations. Expressing sea level variation relative to 
the geoid yields realistic ocean dynamic topography estimates from coast to offshore. 
Accordingly, this study demonstrates that realistic dynamic topography can be achieved 
by synergizing the various sea level sources by means of mathematical and computing 
algorithms.  

Hydrodynamic models are one of the important sources of sea level data due to their 
spatio-temporal resolution, however, they are limited by a vertical datum bias and also 
by modelling errors. Two methodologies to improve HDMs are explored in this study. 
The first method determines and eliminates the HDM datum bias with respect to the 
actual sea level by using a dense network of geoid-referred tide gauges, hence serving as 
the ground truth. The TG data at the coast is compared to the initial HDM values and the 
determined bias is eliminated by employing different interpolation methods (e.g., linear, 
thin plate spline regression and inverse distance weighted). The second method employs 
a deep learning model, that is trained to find the inter-relations between a group of input 
spatio-temporal variables and HDM modelling errors at the locations of tide gauges.  
So that once these HDM modelling errors are corrected it becomes possible to confirm 
the HDM offshore improvements by using satellite altimetry data. Both methods were 
examined in the Baltic Sea region.  

The vertical datum bias of the HDM was calculated to be 18.3±1.9 cm, then to be 
eliminated. The deep learning model application shows promising potential in identifying 
HDM modelling errors. When compared to tide gauges and satellite altimetry data the 
corrected HDM significantly improved the RMSE of instantaneous dynamic topography 
from 7.6 and 6.5 cm to 3.4 and 4.1 cm, respectively. Satisfactorily, the HDM correlation 
coefficient with respect to tide gauge data improved from 0.93 to 0.98. A comparative 
assessment between sea level sources revealed inconsistencies and problematic regions, 
such as the eastern Gulf of Finland, Bothnian Sea, and southwestern Baltic Sea.  
Although a preliminary investigation attributed most errors to the geoid model, further 
investigations are needed to address inconsistencies in the participating datasets. 
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Lühikokkuvõte  
Merepinna realistliku dünaamilise topograafia saavutamine 
täppisgeoidi ja meretaseme andmete kooskasutamisel   
Kõrge ruumilise ja ajalise lahutatavuse tõttu on hüdrodünaamilised mudelid üks olulisi 
meretaseme andmestikke, kuid neile on paraku ka omane vertikaaldaatumi 
süstemaatiline nihe ja modelleerimisvead. Käeolevas uurimistöös kasutatakse kahte 
HDM-i parendamise metoodikat. Esimene meetod tuvastab ja elimineerib HDM-i 
nihkeväärtused tegeliku merepinna suhtes. Selleks kasutatakse veemõõdujaamade 
võrku, mille mõõtmistulemuste lähtepinnaks on ühtne geoidimudel. Veemõõdujaamade 
andmeid rannikul võrreldakse algse HDM väärtustega, misjärel tuvastatud nihe 
elimineeritakse erinevate interpoleerimismeetodite (nt lineaarne, õhukese plaadi splaini 
regressioon ja kaalutud pöördkaugus) abil. Teine meetod kasutab süvaõppe mudelit, mis 
on treenitud leidma veemõõdujaamade asukohtades vastastikuseid seoseid ruumilis-
ajaliste sisendmuutujate ja HDM-i modelleerimisvigade vahel. HDM-i 
modelleerimisvigade parandamise järgselt on võimalik HDM-i täiustusi tõestada 
satelliitaltimeetria avamere mõõtmisandmetega. Mõlemat meetodit rakendati 
Läänemere piirkonnas. 

HDM-i vertikaaldaatumi nihkeks saadi 18,3±1,9 cm, misjärel see elimineeriti. Süvaõppe 
mudeli rakendamine on paljutõotav HDM modelleerimisvigade tuvastamiseks. Võrreldes 
veemõõdujaamade ja satelliitaltimeetria mõõtmise andmetega parandas korrigeeritud 
HDM märkimisväärselt dünaamilise topograafia keskruutvigade väärtuseid vastavalt  
7,6 -> 6,5 cm ning 3,4 -> 4,1 cm. Ka paranes HDM-i ja veemõõdujaamade andmete 
korrelatsioonikoefitsient 0,93-lt 0,98-le. Meretaseme andmestike võrdlev hindamine 
viitas probleemsetele piirkondadele Soome lahe idaosas, Botnia meres ja Läänemere 
edelaosas. Kuigi esialgne uurimine omistas enamiku vigadest geoidimudelile, on 
osalevate andmestike ebakõlade kõrvaldamiseks vaja täiendavaid uuringuid. 
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Appendix 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication I 
Jahanmard, V., Delpeche-Ellmann, N., Ellmann, A. (2021). Realistic Dynamic Topography 
Through Coupling Geoid and Hydrodynamic Models of the Baltic Sea. Continental Shelf 
Research, 222. doi:10.1016/j.csr.2021.104421. 
 





�����������	
�����
����
���������������

����������������������������������� ����!"���

�#�$%�
�����&�#'
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defg�hgJ�)�#$%&.���&#)%6� ���.$#�!��ijkil��7�>�)�?>�$�%6�,��7 4�#&��<@"?8';�,$%.! 4�)����(� !# �$�7�$$��� �� !���%77�$�& ���$ %6#��$�7�$�&6��(+$7#6�(�# �#&�#$�% $#$�� %)��%&( #& 93E�"#$�123Q�3E922�m;J/�;!��$����#�+�(�$�7�$� �� !��ijkilnjo�&�#$���;P�( # %�&(0�5!�$�#(� !����#6G��#�+�(�#$�� !��6�$$�(��&�%&.�ijjo�$�7�$$��� �� !��8ZK'���$ %6#���# +)/�

pq�rstsuvswx�yz�s{q����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



�����������	
�����
����
���������������

�

������������� ��!�"#$%�������$&�'&�'()$"('(*�"$���$&%"'&"��+�(�"#��%",�*�'(�'-�.#��/01234.�������$%�5,((�&"�*�,%���!�(���%"�*��6�('"$�&'��%�'���+���!�(�5'%"�$&�3%"�&$'&��'($&��7'"�(�'&��6�'*%�'�5(,5$'��(����$&�"#��%#�("2"�(��6(��$5"$�&��!�"#��%�'���+���$&��'(8$&'��%�'%�'&��5�'%"'��'(�'%-�.#��5�(���!�"#��������%*%"���$%�'�92�$��&%$�&'��)'(�5�$&$5����*2�(�%��+$&8�5$(5,�'"$�&������-�.#$%�������6(�+$��%�#�($:�&"'��(�%��,"$�&��!�;-<�&',"$5'���$��%-�.#$%�������$%��$+$����$&"��<;�+�("$5'���'*�(%=�7$"#�"#��"#$5>&�%%��!��'5#��'*�(�?���$&�"#��,66�(�@;��=�'&��%��7�*�$&5(�'%$&8�"�7'(�%�"#��8(�'"�(���6"#%-�.#��"��6�('��(�%��,"$�&��!�"#��������$%�A�#-�.#��/01234.�'"��%6#�($5�!�(5$&8%�'(��%�,(5���)*�"#��#$8#2(�%��,"$�&��$�$"���'(�'�������B/CDEF1G�7$"#�#�,(�*�"$���%"�6�'&��#�($:�&"'��(�%��,"$�&��!�HH�>�-�.#���6�&�)�,&�'(*��!�"#��/01234.�������$%���5'"���'"�"#��I'&$%#�4"('$"%=�$-�-�"#��7�%"�(&���8���!�"#��0'�"$5�4�'-�.#���'$�*��'"'�!(���"#��($+�(�(,&�!!�������/0J�B/*�(���8$%>'�0*(K&%�J'"2"�&)'�'&%'+���&$&8G�$%�,%���!�(�!(�%#7'"�(�$&L�7�BM,&>N,$%"�'&��O��$&�=�APPPQ�E'8��''��"�'�-=�H;AAG-�M$8-�?�B($8#"G�%#�7%�"#��%$�,�'"������� ��!�/01234.�'"�'&�'()$"('(*�"$���$&%"'&"��+�(�"#��%",�*�'(�'-�RSTS�UVWXYZV[U\�]U[̂�[__̀Z[ab�C&��(��(�"����"�(�$&��"#���$!!�(�&5�%�)�"7��&�"#������ �'&�����c=�"#��������8($��6�$&"���5'"���5��%�%"�"��"#��.d�%"'"$�&%�'(��%���5"���'&���e"('5"���"��6(��,5��"#������ f�c�"$��2%�($�%-�.#$%�7'%�6�(!�(����!�(�'���A@�,%���.d�%"'"$�&%-�F&��e'�6����!�"$��2%�($�%�'&��"#���$!!�(�&5��)�"7��&�"#���B$&%"'&"'&��,%���gU[̂�'55�(�$&8�"��3N-�B9GG�'(��%#�7&�$&�M$8-�<�'"�"#���'%"�(&��%"�h'(+'2ij��%,,�%"'"$�&-�k)%�(+��"#'"�"#$%�)$'%�$%�'5",'��*�&�"�5�&%"'&"=�$"�+'($�%�!(���;�"��A;;�5��'&��2@;l9;�5��$&�h���2�h�(�$5�'&��/01234.��������+�(�"#��*�'(%�H;A?mH;A<=�(�%6�5"$+��*-�h�"$5��'�%��%,���&�6�'>%��!�"#����gU[̂��%"$�'"�%=�7#�(�'%�"#��%�'%�&2'�$"*��!�"#��)$'%�$%��)+$�,%�7$"#�6�'>%�$&�"#��7$&"�(�'&��%6($&8�%�'%�&%-�.#$%��'*�(�L�5"�6(�)���%�7$"#�%�'2$5��������$&8��(�'"��%6#�($5�!�(52$&8%�$&�"#��h���2h�(�$5�'&��'�%��"#��!'5"�"#'"�"#��/01234.�$%�$&��6�('"$�&'��������7$"#�%����N,'�$"*�5�&"(��%�)�$&8�6�(!�(����,%$&8�5�("'$&�$&2%$",�.d�%"'"$�&%-�F%�5'&�)��%��&�$&�M$8-�<=�"#��$&%"'&"'&��,%���gU[̂no;��!�"#�������%�#'%�)�"#�'�#$8#2�'&����72!(�N,�&5*�5��6�&�&"%-�p(�+$�,%�%",�$�%�#'+��'�%���)%�(+���"#��)$'%�$&������%�"���e$%"�'&��#'+��,%,'��*�%��+���"#��6(�)����)*�!�5,%$&8��&�"#����72!(�N,�&5*�6'("��!�"#����gU[̂�)*�,"$�$:$&8�"#����+$&8�'+�('8����"#���'%�'���726'%%�q�"�(�"#'"�,%�%�'�6'("$5,�'(�"$���6�($���BE'8��''��"�'�-=�H;AAQ�J'()�'��"�'�-=�H;H;'G-�r���e'�$&��"#$%�6�($���!,("#�(�)*���6��*$&8�'&�',"�5�((��'"$�&�
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Appendix 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication II 
Jahanmard, V., Delpeche-Ellmann, N., Ellmann, A. (2022). Towards Realistic Dynamic 
Topography from Coast to Offshore by Incorporating Hydrodynamic and Geoid Models. 
Ocean Modelling, 180. doi:10.1016/j.ocemod.2022.102124. 
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Appendix 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication III 
Jahanmard, V., Varbla, S., Delpeche-Ellmann, N., Ellmann, A. (2022). Retrieval of 
directional power spectral density and wave parameters from airborne LiDAR point 
cloud. Ocean Engineering, 266. doi:10.1016/j.oceaneng.2022.112694. 
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Jahanmard, V., Hordoir, R., Delpeche-Ellmann, N., Ellmann, A. (2023). Quantification of 
Hydrodynamic Model Sea Level Bias Utilizing Deep Learning and Synergistic Integration 
of Data Sources. Ocean Modelling. doi:10.1016/j.ocemod.2023.102286. 
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G~}sAGus..s0*7.7)&21.254-(7)3')57.)05.&75.-/.4',0*(5.65'3(*(;.7)3')5;*57.)-.5�'4*(5.'(2.�&'()*/1.)05.9*'7.)0').-/)5(.5�*7)7.*(.75'.65856.2')'./3-4.0123-21('4*,.4-2567�.s05.75'.65856.9*'7.*7.,-(7*25352.)-.,-(7*7).-/.){-.,-4<-(5()7�.�*�.0123-21('4*,.4-2566*(;.533-37.2&5.)-.(&453*,'6.4-2566*(;.6*4*)')*-(7?.'(2.�**�.'.9*'7.356')52.)-.)05.2*//535(,5.95){55(.853)*,'6.2')&47�.s05.;-'6.*7.)-.',,&3')561.�&'()*/1.)0575.,-4<-(5()7?.5('96*(;.)05.25)534*(')*-(.-/.'97-6&)5.21('4*,.)-<-;3'<01./3-4.,-'7)'6.)-.-//70-35.'35'7�.s05.45)0-2.*7.)57)52.*(.)05.~'6)*,.}5'.54<6-1*(;.'.71(53;1.-/.0123-21('4*,.4-2567?.)*25.;'&;57?.'(2.7')566*)5.'6)*45)31�.w*37)61?.'.4&6)*8'3*')5.255<.(5&3'6.(5){-3|.'<<3-',0.*(7<*352.91.�'85C5).*7.&752.)-.*25()*/1.'(2.�&'()*/1.0123-21('4*,.4-2566*(;.533-37�.G.{3'<<53E)1<5.75�&5()*'6./5')&35.56*4*(')*-(.'6;-3*)04.*25()*+57.7585(.3565E8'().8'3*'9657.-&).-/.)05.*(*)*'661.,-(7*25352.7*�)55(./-3.)3'*(*(;.)05.255<.65'(*(;.4-256.*(.)05.~'6)*,.}5'.35;*-(�.s05.4-256.*7.)3'*(52.&7*(;.7*�)55(.)*25.;'&;5.35,-327�.G7.'.357&6)?.)05.4-256.<352*,)7.0123-21('4*,.4-2566*(;.533-37.{*)0.'.3--).45'(.7�&'352.533-3.-/.���.,4.'(2.���.,4?.'(2.'(.AE}�&'352.8'6&5.-/.����.'(2.����./-3.)05.)3'*(*(;.'(2.)57).75)7?.357<5,)*8561�.u-4<'3*(;.)05.<352*,)52.'(2.-9753852.533-37.3585'67.6-,'6*:52.'35'7.{0535.-)053.75'.65856.21('4*,7?.7&,0.'7.75*,057.*(.)05.�&6/.-/.A*;'?.4'1.95.-/.*()5357).9&).{535.(-).*(,-3<-3')52.*()-.)05.255<.65'3(*(;.4-256�.}5,-(261?.-(,5.)05.0123-21('4*,.4-2566*(;.533-37.'35.�&'()*+52?.)05.45)0-2.'66-{7./-3.)05.25)534*(')*-(.-/.)05.853)*,'6.35/535(,5.9*'7.91.,-4<'3*(;.|(-{(.'(2.356*'965.-97538')*-(7?.7&,0.'7.)*25.;'&;5.'(2.7')566*)5.'6)*45)31.2')'�.s05.853)*,'6.35/535(,5.9*'7.*7.,'6,&6')52.)-.95.����.����.,4�.s05.45)0-2.7*;(*+,'()61.*4<3-857.)05.',,&3',1.-/.21('4*,.)-<-;3'<01?.357&6)*(;.*(.'(.'853';5.3--).45'(.7�&'352.533-3.-/.���.,4.,-4<'352.{*)0.7')566*)5.'6)*45)31.'(2.'.,-3356')*-(.-/.����.,-4<'352.{*)0.)*25.;'&;57�.s0*7.'<<3-',0.<3575()7.'.(-856.{'1.)-.*()5;3')5.4-256652.'(2.-9753852.21('4*,.)-<-;3'<01.&7*(;.4',0*(5.65'3(*(;.)5,0(*�&57./-3.5(0'(,*(;.-&3.&(2537)'(2*(;.'(2.*)7.'<<6*,')*-(7�...��������������.s05.71(53;1.-/.8'3*-&7.7-&3,57.-/.75'.65856.2')'?.7&,0.'7.)*25.;'&;57.�s��?.7')566*)5.'6)*45)31.�}G�?.0123-21('4*,.4-2567.�BD��?.�6-9'6.C'8*;')*-(.}')566*)5.}17)547.)*25.9&-17?.'(2.'*39-3(5.6'753.7,'((*(;?.*7.8*)'6.)-.&(2537)'(2.)05.4'3*(5.5(8*3-(45().*(.)05.5�<'(2*(;.96&5.;3-{)0.5,-(-41�.s0*7.71(53;*7)*,.,-49*(')*-(.-/.2*85375.2')'.7-&3,57.'66-{7.25)534*(')*-(.-/.',,&3')5.'(2.<35,*75.75'.65856./3-4.,-'7).)-.-//70-35�.s0*7.',,&3',1.'(2.,-(7*7)5(,1.'35.-/.&)4-7).*4<-3)'(,5./-3.'.{*25.3'(;5.-/.'<<6*,')*-(7?.*(,6&2*(;.('8*;')*-(.�x375'&.5).'6�?.�����?.,6*4')5.,0'(;5.��';('(.5).'6�?.�����.~*'(.5).'6�?.�����?.5(;*(553*(;.�~*)(53E�35;5375(.5).'6�?.�����?.,-'7)'6.4'(';545().�s59'62*.5).'6�?.

�����.�'3|53.5).'6�?.������.s05./&7*-(.-/.)0575.75'.65856.7-&3,57.*7.(-).)0').7)3'*;0)/-3{'32?./-3.75853'6.6*4*)')*-(7.5�*7).7&,0.'7�.�*�.2*//535().7<')*'6.'(2.)54<-3'6.357-6&)*-(7�.�**�.2*//535().853)*,'6.35/535(,5.2')&47.'35.&)*6*:52?.'(2.�***�.2*//535().533-37.'35.<3575().9'752.-(.)05.45)0-2.-/.2')'.,-665,)*-(.�>'0'(4'32.5).'6�?.������.B123-21('4*,.4-2567.)5(2.)-.*25'661.95.-(5.-/.)05.957).7-&3,57?.57<5,*'661.*(.)05*3.5�)5(7*85.7<')*'6.'(2.)54<-3'6.2')'.,-853';5�.B-{E5853?.)051.'35.(-).<53/5,)?.'(2.)05*3.4'�-3.70-3)/'667.,'(.95.;3-&<52.*()-.){-.4'*(.,')5;-3*57�.w*37)61?.BD�7.-/)5(.&75.'(.&(|(-{(�&(7<5,*+52.853)*,'6.2')&4?.{0*,0.65'27.)-.'.853)*,'6.35/535(,5.9*'7.{05(.,-4<'352.)-.-)053.7-&3,57?.7&,0.'7.s�.'(2.}G.2')'.�}6-995.5).'6�?.�����.>'0'(E4'32.5).'6�?.������.}5,-(261?.BD�7.'35.9'752.-(.4')054')*,'6.@u-3357<-(2*(;.'&)0-3�.V NKSU.KXXLÌ̀z.8'0*235:'��'0'(4'32¡)'6)5,0�55.�=�.>'0'(4'32��..
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