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Introduction 
The Earth’s oceans and regional water bodies, such as the Baltic Sea, have an important 
role in forming the weather systems and coastal environments. Surface gravity waves are 
an obvious feature of the ocean which upon surface winds impact many oceanographic 
processes. Due to the sparse amount of in situ measurements of wave parameters in the 
open ocean, as well as in the Baltic Sea, remote sensing techniques could be utilised to 
obtain additional information about wind and wave field parameters.  

Synthetic Aperture Radar (SAR) is a space-borne remote sensing instrument providing 
two-dimensional (2D) sea surface wave information on a global and continuous scale. 
Because of the independence of daylight and weather conditions SAR data with global 
coverage are a unique source of information for the open sea and coastal applications 
(Lehner et al. 2008; Li, Lehner, and Rosenthal 2010; Pleskachevsky, Rosenthal, and 
Lehner 2016; Ressel et al. 2016; Singha, Velotto, and Lehner 2015; Velotto et al. 2016). 
The current thesis contributes to the exploitation of remote sensing data from different 
radar sensors (TerraSAR-X/TanDEM-X, Sentinel-1A/B and marine radar) over the Baltic 
Sea by further improving the methods for estimating significant wave height of the 
windsea conditions.  

The main characteristic of the Baltic Sea wave field is the general lack of swell 
contribution in total wave height. The significant wave height of short-crested and steep 
windsea waves remains mostly in the range of 0–2 m (rarely exceeding 5 m) (Leppäranta 
and Myrberg 2009; Raudsepp et al. 2011; Tuomi, Kahma, and Pettersson 2011; Björkqvist 
et al. 2018). The wave field is also characterized by short wave “memory” (Soomere and 
Räämet 2011), which is also disturbed by shallow areas with thousands of islands.  
All these aspects contribute to complications in SAR imaging, data processing and 
interpretation.  

Previous studies have shown that swell waves with wavelengths over about 100 m 
and with long wave crests are well imaged by SAR (Lehner et al. 2013; Bruck 2015; 
Pleskachevsky, Rosenthal, and Lehner 2016). They result in well pronounced peak in the 
image spectrum and their contribution to total wave height amplitude can be accurately 
estimated. Windsea wave crests on the other hand are short and presented as small, 
nonstable, fast and erratically moving targets for a SAR sensor. Those waves (dominant 
in the Baltic Sea) have a hardly recognizable wave pattern for SAR and typically produce 
image clutter (Pleskachevsky, Rosenthal, and Lehner 2016). A strong windsea 
contribution to the total wave height results in more substantial uncertainties in the SAR 
image, which requires additional effort in method development to achieve sufficient 
reliability in meteo-marine parameter (wind and wave) retrieval.  

The main outcome of the Ph.D. work were the improvements and developments of 
radar data (SAR and marine radar) processing algorithms for monitoring windsea waves. 
The results show that the developed empirical data processing methods provide accurate 
significant wave height estimations in the Baltic Sea. The SAR data also show spatially 
more variable significant wave height fields which provide more detailed information 
compared to the wave model or other EO sensors (e.g. altimetry). The state-of-the-art 
near-real time (NRT) SAR processing methods used in the study demonstrate their value 
for operational and statistical monitoring of the coastal regions of the Baltic Sea. 
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1 BACKGROUND 

1.1 Wind and wave field conditions in the Baltic Sea 
The Baltic Sea lies in temperate latitudes between 53 °N to 66 °N and from 9 °E to 30 °E 
and is therefore primarily affected by westerly airflow. Consequently, about half of the 
time the wind blows from West, South-West or South at the coastal stations of Western 
Estonia (Jaagus and Kull 2011). The dominant wind direction in different sub-basins of 
the Baltic Sea has a quite uniform distribution since the scale of the weather patterns are 
much larger than the dimensions of the sub-basin (Launiainen and Laurila 1984; Tuomi, 
Kahma, and Pettersson 2011; Karagali et al. 2012).  

The annual average wind speeds in the Baltic Sea and its’ various sub-basins are  
6–8 m s-1 (Niros, Vihma, and Launiainen 2002; Suursaar, Jaagus, and Kullas 2006; 
Publication II). The wind speed has a clear annual cycle with monthly average wind 
speeds above the yearly average in the autumn-winter and vice-a-versa during the 
spring-summer period (Niros, Vihma, and Launiainen 2002; Björkqvist et al. 2018). The 
overall maximum sustained wind speed in the Baltic Sea region has been reported to be 
around 30 m s-1 (Suursaar et al. 2006; Lehmann, Getzlaff, and Harlaß 2011; BACC 2015).  

The Baltic Sea is disconnected from the open ocean waves; therefore, the wave field 
is mainly influenced by local winds. As a result, the wave field has a short wave “memory” 
(Soomere and Räämet 2011) without prominent long swell waves. Typical wave field 
parameters can differ significantly, depending on the sub-basin of the Baltic Sea. Wave 
periods remain relatively short, usually not exceeding 7–8 s (Leppäranta and Myrberg 
2009; Raudsepp et al. 2011). The dominant wavelengths are between 20 and 70 m. 
However, wavelengths can grow up to 130 m in case of favourable conditions: wind 
speed, duration, direction stability, and fetch (Hydrometeorological State of the Marine 
Shelf Zone in the USSR 1983; Kriaučiūnienė, Gailiušis, and Kovalenkovienė 2006; 
Publication IV). The dominant significant wave height in the Baltic Sea remains in the 
domain of 0–2 m and prominent swell waves with distinct amplitude (wave height over 
5 m) are rarely registered in the Baltic Sea (Leppäranta and Myrberg 2009; Raudsepp  
et al. 2011; Tuomi, Kahma, and Pettersson 2011; Björkqvist et al. 2018).  

The wave field in the Baltic Sea is influenced by the complex coastline and the 
Archipelago Sea with thousands of islands as well as by shallow areas (mean depth of the 
Baltic Sea is 50 m (Leppäranta and Myrberg 2009)). Moreover, the presence of numerous 
rocks and underwater banks is influencing the local sea state1 via wave breaking, 
shadowing effects and the generation of cross-sea. In addition, the Baltic Sea is 
seasonally ice-covered which furthermore complicates instrumental (and visual) 
measurements, mathematical modelling and interpretation of satellite imagery.  

1.2 Ocean wave basics 
The moving sea surface elevation 𝜂𝜂(𝑡𝑡) at a location as a function of time, with duration 
D, appears to be a composition of random waves propagating with various frequencies 
(or wavelengths in spatial domain) and wave directions. The model to describe such 
situation is the random-phase/amplitude model (Holthuijsen 2010), in which the sea 

                                                                 
1 The general condition of the free surface on a body of water at a certain location and moment; 
expressed for example in significant wave height (“WMO-No. 8” 2008). 
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surface elevation is a sum of many harmonic waves, each with a different amplitude and 
phase: 

𝜂𝜂(𝑡𝑡) =  �𝑎𝑎𝑖𝑖 cos(2𝜋𝜋𝑓𝑓𝑖𝑖𝑡𝑡 + 𝜓𝜓𝑖𝑖) ,
𝑁𝑁

𝑖𝑖=1

(1.1) 

where N is a large number, 𝑎𝑎𝑖𝑖 and 𝜓𝜓𝑖𝑖 are the amplitude and phase, respectively, of each 
frequency 𝑓𝑓𝑖𝑖 = 𝑖𝑖/𝐷𝐷 (i = 1, 2, 3,…; therefore frequency interval is Δ𝑓𝑓 = 1/𝐷𝐷) .  

The harmonic wave is described as a one-dimensional process without considering the 
directions. For the real sea surface though, the horizontal dimension, i.e. wave 
propagation direction, must be added: 

𝜂𝜂(𝑥𝑥,𝑦𝑦, 𝑡𝑡) = 𝑎𝑎 sin�2𝜋𝜋𝑓𝑓𝑡𝑡 − 𝑘𝑘𝑥𝑥𝑥𝑥 − 𝑘𝑘𝑦𝑦𝑦𝑦 + 𝜓𝜓�, (1.2) 
where wavenumber components are 𝑘𝑘𝑥𝑥 = 𝑘𝑘 cos𝜑𝜑 and 𝑘𝑘𝑦𝑦 = 𝑘𝑘 sin𝜑𝜑, where 
𝑘𝑘 =  �𝑘𝑘𝑥𝑥2 + 𝑘𝑘𝑦𝑦2 and wave propagation angle 𝜑𝜑 = arctan �𝑘𝑘𝑦𝑦 𝑘𝑘𝑥𝑥⁄ �. The corresponding 
three-dimensional random sea surface elevation can then be characterised by linearly 
adding many propagating harmonic waves having different amplitudes, frequencies, and 
phases:  

𝜂𝜂(𝑥𝑥,𝑦𝑦, 𝑡𝑡) = ��𝑎𝑎𝑖𝑖,𝑗𝑗

𝑚𝑚

𝑗𝑗=1

sin�2𝜋𝜋𝑓𝑓𝑖𝑖𝑡𝑡 − 𝑘𝑘𝑖𝑖𝑥𝑥 cos𝜑𝜑𝑗𝑗 − 𝑘𝑘𝑖𝑖𝑦𝑦 sin𝜑𝜑𝑗𝑗 + 𝜓𝜓𝑖𝑖,𝑗𝑗�
𝑛𝑛

𝑖𝑖=1

, (1.3) 

where each wave component is indicated with two indices: i for the frequency (or wave 
number) and j for the direction (Holthuijsen 2010).  

To describe ocean waves as a stochastic process, i.e. to characterise all possible 
realisations that could appear under the conditions of the actual observation, a wave 
spectrum can be used. Since sea surface can be expressed as substantial number of 
component sine waves at fixed point, using a discrete Fourier analysis, amplitude and 
phase spectrum can be retrieved. However, both spectrums are based on discrete values, 
whereas in nature all frequencies are present at sea. The random-phase/amplitude 
model is therefore modified by distributing the variance 1

2
𝑎𝑎𝑖𝑖2 over the frequency interval 

Δ𝑓𝑓𝑖𝑖 which width approaches zero. The continuous two-dimensional variance density 
spectrum for three-dimensional sea surface elevation in time domain is then given by: 

𝐸𝐸(𝑓𝑓,𝜑𝜑) = lim
∆𝑓𝑓→0

lim
∆𝜑𝜑→0

1
Δ𝑓𝑓Δφ

𝐸𝐸 �
1
2
𝑎𝑎𝑖𝑖2� , (1.4) 

or in spatial domain as: 

𝐸𝐸(𝑘𝑘,𝜑𝜑) = lim
∆𝑘𝑘→0

lim
∆𝜑𝜑→0

1
Δ𝑘𝑘Δφ

𝐸𝐸 �
1
2
𝑎𝑎𝑖𝑖2� , (1.5) 

where 𝐸𝐸(∙) means variance density while 𝐸𝐸{∙} stands for expected value.  
The variance density spectrum gives a complete overview of the surface  

elevation of ocean waves, given that it can be seen as a stationary (Gaussian) process. 
The two-dimensional spectrum 𝐸𝐸(𝑓𝑓,𝜑𝜑) shows how the variance of sea surface elevation 
is distributed over the frequencies and directions. By integrating the variances in all 
directions, one-dimensional frequency spectrum is retrieved: 

𝐸𝐸(𝑓𝑓) = � 𝐸𝐸(𝑓𝑓,𝜑𝜑)𝑑𝑑𝜑𝜑
2𝜋𝜋

0
(1.6) 

and similarly for wavenumber:  

𝐸𝐸(𝑘𝑘) = � 𝐸𝐸(𝑘𝑘,𝜑𝜑)𝑑𝑑𝜑𝜑.
2𝜋𝜋

0
(1.7) 
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Usually the information contained in the directional spectra 𝐸𝐸(𝑓𝑓,𝜑𝜑) or frequency 
spectra 𝐸𝐸(𝑓𝑓) is summarized into parameters describing the sea state. One of the most 
used parameters, significant wave height HS, defined as the average of the third of the 
highest waves during the observation period, can be expressed as: 

𝐻𝐻S = 4��𝐸𝐸(𝑓𝑓,𝜑𝜑)𝑑𝑑𝑓𝑓𝑑𝑑𝜑𝜑 . (1.8) 

The propagating ocean surface waves are generated by the wind field which is a 
complex mechanism. The shape of windsea spectrum depends on the fetch F (effective 
distance over which the wind blows with constant velocity) as well as duration and 
stability of the wind impact. An empirical model for the windsea spectrum was developed 
with the data acquired during the JONSWAP (JOint North Sea WAve observation Project) 
experiment (Hasselmann et al. 1973; Hasselmann, Dunckel, and Ewing 1980). In the 
frequency domain, the distribution of wave energy among different wave frequencies 
𝐸𝐸JONSWAP(𝑓𝑓) can be can be expressed as: 

𝐸𝐸JONSWAP(𝑓𝑓) = 𝛼𝛼𝛼𝛼2(2π)−4𝑓𝑓−5exp�−
5
4
�
𝑓𝑓
𝑓𝑓m
�
−4

� 𝛾𝛾
exp−(𝑓𝑓−𝑓𝑓m)2

2𝜎𝜎2𝑓𝑓m2 ,

𝜎𝜎 = �0.07 for 𝑓𝑓 ≤ 𝑓𝑓m
0.09 for 𝑓𝑓 > 𝑓𝑓m

. (1.9)
 

Here g is gravitational constant, fm represents the frequency at the maximum of the 
spectrum and the parameter α is Phillips curve: 

𝛼𝛼 = 0.076�
𝑈𝑈102

𝐹𝐹𝛼𝛼
�
0.22

, (1.10) 

where U10 is wind speed at the height of 10 m. 
For the random cases the averaged parameters can be applied with peak enhancement 
factor γ = 3.3 and the frequency at the maximum of the spectrum 𝑓𝑓m: 

𝑓𝑓m = 22�
𝛼𝛼2

𝑈𝑈10𝐹𝐹
�

1
3

. (1.11) 

For calculation of the integrated wave energy 𝐸𝐸JONSWAP = ∫𝐸𝐸JONSWAP(𝑓𝑓)d𝑓𝑓 the input 
of wind speed U10 and fetch F are required. 

1.3 Radar signal interactions with the ocean surface 
Over the ocean, a SAR image consists of information of the roughness of the surface, 
which depends on radar signal wavelength, polarization, viewing geometry, and the 
roughness of the ocean surface itself. The returned energy, i.e. backscatter, over the sea 
surface is primarily scattered by the wind induced surface waves. For moderate radar 
beam incidence angles between 20° and 60°, the Bragg scattering is the dominant 
mechanism for SAR ocean surface imaging (Hasselmann et al. 1985; Plant 1990). 
Constructive interference in the direction of the sensor occurs when short capillary wave 
components on the ocean surface with wavelength 𝜆𝜆𝐵𝐵 are related to radar wave 
frequency or wavelength 𝜆𝜆𝑅𝑅 at an incidence angle 𝜃𝜃 by 

𝜆𝜆𝐵𝐵 = 𝜆𝜆𝑅𝑅/2sin𝜃𝜃. (1.12) 
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For X-band SAR, e.g. TerraSAR-X and TanDEM-X (TS-X and TD-X), with the wavelength 
𝜆𝜆𝑅𝑅 of 3.1 cm, the resonant Bragg wavelength is 3.9 cm (at 𝜃𝜃 =  23°), whereas for C-band 
SAR, e.g. Sentinel-1, the 𝜆𝜆𝑅𝑅 is 5.6 cm and therefore 𝜆𝜆𝐵𝐵 equals 7.1 cm.  

The two-scale approximation is used to describe the imaging process of long ocean 
waves by SAR as short Bragg waves are modulated by the long ocean gravity waves.  
There are three possible mechanisms in which long waves modify Bragg waves, hence 
affecting SAR imaging: tilt and hydrodynamic modulations, and wave orbital motion 
effects also known as velocity bunching (Hasselmann et al. 1985; Jackson and Apel 2004).  

Since individual water particles have a periodic orbital motion, an apparent increase 
(bunching) and decrease in the density of scatters occur. The velocity bunching effect is 
a governing factor for SAR imaging of azimuth travelling waves and is in general strongly 
non-linear (Alpers and Bruening 1986). A target moving with a radial velocity 
corresponding to a projected line-of-sight velocity of 𝑢𝑢𝑟𝑟 towards the sensor results in a 
Doppler shift (i.e. the shift from the real position) of the corresponding SAR image point 
by a distance 𝐷𝐷𝑦𝑦 (Lyzenga et al. 1985):  

𝐷𝐷𝑦𝑦 =
𝑅𝑅0
𝑉𝑉SAR

𝑢𝑢𝑟𝑟 , (1.13) 

where the 𝑉𝑉𝑆𝑆𝑆𝑆𝑅𝑅 is platform velocity and the location of a point scatterer on the surface is 
given by its distance to the radar 𝑅𝑅0 at the time 𝑡𝑡0 of the closest approach (Doppler zero).  

Assuming the wave height consisting of different components, e.g. swell being HS,1 
and windsea HS,2, the total significant wave height can be defined as: 

𝐻𝐻S = ��𝐻𝐻S,𝑖𝑖
2

𝑖𝑖

. (1.14) 

For large swell waves, a linear wave theory can be applied to estimate surface motion 
(Alpers and Rufenach 1979) whereas even 10 Fourier components hardly describe 
non-linear wind waves. This means that for different sea state components with the 
same total significant wave height, the Doppler shift can differ strongly. In Figure 1 the 
Doppler shift for TS-X and Sentinel-1 satellites in different sea state conditions is 
presented (Publication I). Large contrasts in maximal velocity bunching can be observed 
in case of varying swell and windsea components and corresponding maximal possible 
orbital speeds (Figure 1) (Holthuijsen 2010; Publication I).  

The orbital motion of waves during SAR acquisition leads to distortions in the image 
spectrum, as well as to the cut-off effect in the azimuth (flight) direction (Alpers and 
Bruening 1986). SAR does not image waves shorter than a certain threshold value due to 
the cut-off effect. A relatively simple relationship for cut-off wavelength 𝜆𝜆min is proposed 
by Beal, Tilley, and Monaldo (1983):  

𝜆𝜆min = 𝐾𝐾
𝑅𝑅0
𝑉𝑉SAR

�𝐻𝐻S, (1.15) 

where K = 1 m1/2 s-1.  
However, it is reported by other authors that cut-off wavelength is dependent on 

more geophysical parameters, such as mean wave period or wind speed (Milman, 
Scheffler, and Bennett 1993; Vachon, Krogstad, and Paterson 1994) as well as incidence 
angle and scene coherence time (Milman, Scheffler, and Bennett 1993). An example of a 
cut-off effect can be observed in Figure 2 where different sea state conditions with 
different total significant wave height produce diverse image spectrum signatures 
(Publication I; Publication II). Figure 2 (f) and (g) show that from a certain point forward, 
little information is present on the azimuth (flight) direction illustrating the cut-off effect.  
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Figure 1. Doppler shift for TS-X and Sentinel-1 satellites for varying sea states using equation 1.13 
with the incidence angle of 35°. 

 
Figure 2. An example of the synthetic aperture radar (SAR) subscenes (a–c) and corresponding 
image spectrums (e–g) for different sea state conditions in the Gulf of Finland (three typical 
situations for an approximate wave height of 0.5 m (a), 1.5 m (b) and 3 m (c)). Short wave crests, 
which are fast and chaotically moving targets, are not imaged individually by SAR in original shape, 
but jointly produce a clutter in the SAR image and smoothed structures in sensor flight direction. 
For comparison, a typical acquisition in German Bight of the North Sea is given in (d). A stronger 
swell component is clearly visible in (h) as well as a reduced cut-off wavelength compared to Baltic 
Sea cases. 

In addition to already mentioned space-borne SAR modulations of sea surface – 
hydrodynamic and tilt modulation – marine X-band radars imaging mechanisms 
introduce additional effects. The sea surface signatures are visible to X-band marine 
radar in HH or VV polarizations known as sea clutter (Wetzel 1990). Since marine radars 
“look” at high incidence angles above 85°, additional scattering mechanisms,  
e.g. shadowing (Plant and Keller 1990; Wetzel 1990; Lee et al. 1995), wedge scattering 
(Lyzenga, Maffett, and Shuchman 1983) and scattering from micro breakers (Wetzel 
1990) must be considered. Other effects such as range dependence (Croney 1970), 
azimuthal dependence on the wind direction and speed (Hatten et al. 1998) as well as 
wave propagation direction (Reichert 1994) are reported to affect marine radar images. 
However, at grazing incidence, shadowing modulation which is caused by the very low 
radar backscatter coming from diffraction in the geometrically shadowed areas of the 
waves has major importance (Barrick 1995; Plant and Farquharson 2012).  
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1.4 Overview of wind-wave field estimation methods from radar 
The investigation of SAR ocean surface imaging mechanisms and the extraction of wave 
and wind field parameters started with the data from L-band SAR on-board SEASAT 
satellite launched in 1978 (Beal, Tilley, and Monaldo 1983; Masuko et al. 1986). Since 
then, different algorithms have been developed to estimate geophysical parameters, 
such as ocean wave spectra from SAR imagery (Hasselmann and Hasselmann 1991; 
Hasselmann et al. 1996; Schulz-Stellenfleth, Lehner, and Hoja 2005).  

Wind field retrieval approaches from SAR data have also been an important issue.  
The first algorithm was developed for C-band SAR provided by, for example, ERS-2 
(European Remote Sensing Satellite) and Envisat ASAR (Advanced Synthetic Aperture 
Radar). The empirically derived geophysical model functions (GMF) relate the local wind 
conditions and sensors viewing geometry to radar cross section values (e.g. CMOD4 or 
CMOD5) (Stoffelen and Anderson 1997; Hersbach, Stoffelen, and de Haan 2007).  
The non-linear wind speed estimation algorithm XMOD-2 has also been adopted for  
X-band SAR data (Ren et al. 2012; Li and Lehner 2014). In the common procedure, GMFs 
in general are inversion methods and require the local wind direction to reduce the 
number of free parameters in the forward calculation. A priori wind direction is usually 
derived from other sources, e.g. atmospheric models or scatterometers.  

The methods for sea state estimation are largely divided into two main groups; the 
first one being the function where image spectrum is transferred into wave spectrum 
using transfer functions (e.g. Alpers, Ross, and Rufenach 1981; Hasselmann and 
Hasselmann 1991; Hasselmann et al. 1996; Lyzenga 2002). These methods are suitable 
for estimation of swell’s spectrum, and its output could be assimilated into spectral wave 
models. The key to success is to understand the non-linear SAR imaging of the moving 
sea surface waves that can be incorporated in transfer functions (Alpers, Ross, and 
Rufenach 1981). This approach requires SAR acquisitions with clearly visible wave-looking 
patterns (e.g. data from Sentinel-1 Wave Mode (WM) data, high resolution Stripmap 
Mode TerraSAR-X data). Otherwise, the waves are substantially distorted and are not 
visible/detectable in the SAR images and thus are not represented in the image spectra. 

The second group of sea state estimation algorithms use the direct  
estimation of the wave parameters from the image spectrum with empirical functions 
(e.g. Schulz-Stellenfleth, König, and Lehner 2007; Li, Lehner, and Bruns 2011; Bruck 2015; 
Pleskachevsky, Rosenthal, and Lehner 2016; Publication III). Windsea wave crests are 
short and present a considerable number of small, nonstable, fast and erratically moving 
targets for a SAR sensor. Such a sea state is typically imaged as noise and has hardly 
recognizable wave pattern. A strong windsea contribution to the total wave height is 
therefore equivalent to more substantial uncertainties in SAR imaging which is rarely 
transferrable to the wave spectrum. Empirical functions, deduced from large sets of 
representative data, are shown to provide sufficiently accurate results in these 
conditions (Li, Lehner, and Rosenthal 2010; Lehner et al. 2013; Bruck 2015; 
Pleskachevsky, Rosenthal, and Lehner 2016). Moreover, direct estimation of wave 
parameters from subscene spectra allows fast, straightforward and trustworthy NRT 
processing of satellite scenes while excluding only a fragment of the data (Schwarz et al. 
2015; Pleskachevsky, Rosenthal, and Lehner 2016).  

 Sequential marine radar images with high spatio-temporal resolution have also been 
used in a variety of applications, such as measuring spectral wave parameters (Nieto 
Borge, Reichert, and Dittmer 1999), wave groups (Dankert et al. 2003) or individual waves 
(Dankert and Rosenthal 2004; Nieto Borge et al. 2004). Other related measurements 
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include near-surface currents (Senet, Seemann, and Ziemer 2001; Huang et al. 2016) and 
bathymetry (Senet et al. 2008; Bell and Osler 2011) as well as surface winds (Dankert, 
Horstmann, and Rosenthal 2004; Dankert and Horstmann 2007; Vicen-Bueno et al. 
2013).  

Various methods to estimate significant wave height have also been developed for 
marine radar data. Similarly to SAR data processing, one could transfer radar image 
spectrum to a wave amplitude spectrum using a modulation transfer function (Nieto 
Borge, Reichert, and Dittmer 1999; Nieto Borge et al. 2004; “WaMoS II: Version 4.0” 
2012). A major disadvantage of this method is the need for calibration of each single 
radar installation site using in situ wave-measuring sensors (Vicen-Bueno, Lido-Muela, 
and Nieto-Borge 2012; Carrasco, Streßer, and Horstmann 2017). Alternative methods 
evaluate shadowing in the X-band marine radar to estimate HS without external 
reference for calibration (Gangeskar 2014; Liu, Huang, and Gill 2016; Wei et al. 2017).  
As the sea surface is seen as clutter in marine radar images (similar to low sea state cases 
for SAR sensor), the empirical method has also been used to retrieve the significant wave 
height from marine radar data (Publication III). 
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2 MOTIVATION AND OBJECTIVES 
The main motivation behind the thesis is to contribute to the uptake of radar data over 
the Baltic Sea to advance maritime situational awareness. The research on method 
development for retrieving significant wave height from SAR and marine radar data over 
the Baltic Sea has been limited so far. However, applications based on the radar data 
could be beneficial for many potential remote sensing data users such as meteorological 
service organizations. The present study investigates one of the applications for using 
satellite-based and land-based radar-techniques to estimate wave and wind field 
parameters in the Baltic Sea.  

Short and steep wind waves dominating in the Baltic Sea generally produce radar 
image clutter with a hardly recognizable wave pattern (Pleskachevsky, Rosenthal, and 
Lehner 2016; Publication I; Publication II). This will often lead to inaccuracies in wave 
height estimation with traditional methods that are suitable for estimating long swell 
wave spectra. On the other hand, empirical methods deduced from a large amount of 
representative data could be used to overcome the complications of radar imaging of 
windsea waves (e.g. Schulz-Stellenfleth, König, and Lehner 2007; Li, Lehner, and Bruns 
2011; Bruck 2015; Pleskachevsky, Rosenthal, and Lehner 2016). Therefore, the objective 
of the thesis is to determine the precision of fully empirical algorithms for deriving total 
significant wave height in the Baltic Sea.  

The sea state parameters retrieved from radar data using the empirical methods have 
not been extensively validated over the Baltic Sea using in situ measurements. Moreover, 
the spatial representation of HS fields derived from SAR data have not been thoroughly 
compared with corresponding wave model results in the Baltic Sea. The current thesis 
attempts to resolve the mentioned issues.  

Empirical algorithms enable to use the radar data for process studies related to  
wind-wave interactions over the Baltic Sea. Moreover, validated wave and wind products 
would be a basis for NRT services, which allow retrieval of maritime information in about 
20 minutes after satellite data downlink (Schwarz et al. 2015; Pleskachevsky, Rosenthal, 
and Lehner 2016). Operational services complemented with other maritime situational 
awareness elements such as ice coverage classification (e.g. Ressel et al. 2016), oil 
pollution detection (e.g. Singha, Velotto, and Lehner 2015), ship detection and 
classification (e.g. Velotto et al. 2016) have large potential over the Baltic Sea region for 
a comprehensive interdisciplinary maritime analysis. The SAR data processing for the 
thesis were done using the same methods that are implemented in DLR’s (German 
Aerospace Center) ground station Neustrelitz which allow to evaluate the benefits of NRT 
services over the Baltic Sea (Publication II).  

 
The specific objectives of the study are:  
• to improve the empirical XWAVE_C algorithm by introducing JONSWAP 

parametrization function and to validate the corresponding wave height 
retrievals for TS-X/TD-X imagery over the Eastern Baltic Sea (Publication I);  

• to validate CWAVE_S1-IW algorithm wave retrievals from medium resolution 
Sentinel-1A/B space-borne SAR data over the Baltic Sea (Publication II);  

• to validate XMOD-2 and CMOD wind speed retrievals in the coastal zone of the 
Baltic Sea from TS-X/TD-X and Sentinel-1A/B data correspondingly 
(Publication I; Publication II);  
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• to compare SAR (TS-X/TD-X and Sentinel-1A/B) wave retrievals with other data 
sources such as (operational) wave model results and altimetry wave products 
(Publication I; Publication II; Publication IV; Publication V);  

• to develop and validate an empirical method for estimating the total significant 
wave height from marine radar images (Publication III);  

• to determine the benefits of texture analysis of marine radar data by using Grey 
Level Co-occurrence Matrix (GLCM) image statistics for empirical wave retrieval 
algorithms (Publication III).  

• to characterize the spatial variability of wave field derived from Sentinel-1 A/B 
SAR data with CWAVE_S1-IW algorithm and therefore demonstrate the 
potential for monitoring services in the coastal area (Publication II);  

• to study the benefits of radar data to maritime situation awareness, spatial 
planning and for environmental monitoring in the Baltic Sea.  
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3 MATERIALS AND METHODS 

3.1 In situ measurements and radar data 
In situ wave measurements were either retrieved from open databases or from specific 
experiments carried out for the published papers (Publication I; Publication II; Publication 
III; Publication IV; Publication V). Three different types of equipment for wave 
measurements were available: Acoustic Doppler Current Profiler (ADCP), Waverider and 
pressure sensors. In total, wave height measurements from 18 stations (Table I) were 
compared with radar-derived wave height values. In addition, two virtual buoys are used 
for comparison of remote sensing and model data. Wind measurements from 47 stations 
around the Baltic Sea were used for statistical validation of SAR wind retrievals.  
The Finnish Metrological Institute (FMI), Swedish Meteorological and Hydrological 
Institute (SMHI), Estonian Environmental Agency (KAUR) and Latvian Environment, 
Geology and Meteorology Centre provided the wind measurement data. The overview 
of all wave and wind speed measurement locations used for the thesis can be seen in 
Figure 3 and the corresponding SAR collocations are given in Table II. 

Three sources of radar data have been used: X-band SAR data from TS-X and TD-X,  
C-band SAR data from Sentinel-1A/B, and circularly polarized X-band coastal marine 
radar data.  

The TS-X and TD-X are twin satellites operating in a sun-synchronous orbit from a 
height of 514 km with a wavelength of 31 mm and a frequency of 9.6 GHz (Breit et al. 
2010). The revisit cycle of the satellites is 11 days. However, the same region can be 
imaged more frequently at different incidence angles 𝜃𝜃, which vary between 20° and 55°. 
The TS-X sensor has several imaging modes with different swath widths, scene lengths, 
and resolutions (Eineder et al. 2008). For sea state analysis in the Baltic Sea, the StripMap 
mode with 3 m resolution is most suitable as it provides a reasonable balance between 
spatial resolution and coverage. An individual StripMap image with the pixel spacing of 
1.25 m covers approximately 30 km × 50 km, yet the length of the covered area can be 
extended by acquiring sequential images. The TS-X/TD-X data for the current study were 
acquired between 2012 and 2017 and the data was used for method development and 
validation as well as for sea state analysis (Table II). On five occasions the data were used 
for spatial studies with wave model results.  

C-band SAR satellite Sentinel-1A/B, operating also in a sun-synchronous orbit at the 
height of 693 km, allows combining a large swath width of 250 km in range direction 
(200 km in azimuth direction) with moderate geometric (5 × 20 m) and pixel (10 × 10 m) 
resolution in Interferometric Wide (IW) swath mode. Sentinel-1A/B products are 
available in different modes and polarizations: single (HH or VV) or dual polarizations 
(HH/HV, VV/VH) (Torres et al. 2012). For the meteo-marine parameter estimation, either 
one of the single polarisation data is used. Almost all the Sentinel-1 A/B single 
polarization data from 2015-2016 (460 overpasses in total) were used for the thesis 
(Table II). The data were used for method validation, comparison with in situ 
measurements and wave model (three spatial studies). Sentinel-1 IW data were also used 
to analyse regional wave statistics over the study period (Publication II).  

Finally, incoherent non-Dopplerized circularly polarized X-band (9374 ± 30 MHz) 
marine radar data over the Tallinn Bay area were acquired and analysed. The radar is 
located on the Paljassaare peninsula (24.70753 °E, 59.48558 °N) with the tower high of 
26 meters (27 m from sea level). The radar images are rasterized to 5 by 5 m pixel 
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resolution with the dimensions of 4096 by 4096 pixels with the range of about 10 km 
from radar tower. Radar data from 18.10.2016 to 14.11.2016 were used for the method 
development (1678 match-up with in situ data) and data from January and June 2017 
were selected for the method validation (1464 match-ups) (Table II) (Publication III).  

Table I. Overview of wave measurement stations used in the study.  

No. (Origin) Station Lat (°N) Lon (°E) Sensor type 
1 (FIN) Selkämeri 61.8001 20.2327 Waverider 

2 (SWE) Finngrundet 61.0000 18.6667 Waverider 
3 (FIN) Norther Baltic 

Proper (NBP) 
59.2500 20.9968 Waverider 

4 (EST) Vilsandi 58.4889 21.6333 Waverider 
5 (SWE) Knolls grund 57.5167 17.6167 Waverider 

6 NBP Extra 58.7500 20.8271 Virtual buoy 
7 Södra Östersjön 55.9167 18.7833 Virtual buoy 

8 (EST) Liivi LM-2 58.0860 24.1255 Pressure 
9 (EST) Liivi Anderaa 58.1065 24.1844 Pressure 
10 (FIN) Hanko 59.9650 23.1010 ADCP 
11 (EST) Neugrundi 59.3451 23.5191 Pressure 
12 (FIN) Hästgrund 59.9128 24.2085 Pressure 
13 (FIN) Länsi-tonttu 60.0817 25.1288 Pressure 
14 (FIN) GoF 59.9650 25.2350 Waverider 
15 (EST) Tallinna madal-1 59.7120 24.7320 Pressure 
15 (EST) Tallinna madal-2 59.7028 24.7250 Waverider 
16 (EST) Hülkari 59.5394 24.6116 Pressure 
17 (EST) Vahemadal 59.5102 24.6662 Pressure 
18 (EST) Paljassaare 59.4982 24.7033 Pressure 

 

Table II. Overview of the number of SAR and marine radar (TerraSAR-X/TanDEM-X (TS-X/TD-X), 
Sentinel-1, marine radar) images and observation periods as well as a number of collocations with 
in situ measurements or wave model. HS corresponds to total significant wave height and U10 to 
wind speed; LP and γP are peak wavelength and peak wave propagation direction respectively where 
P denotes to peak.  

Sensor  Period No. of 
images  Purpose In situ 

collocations 
Wave model  
collocations 

TS-X 
TD-X 2012–2017 92 

Development 117 HS 
102 U10 
44 LP, γP 

55 LP, γP Validation 
Comparison 

Sentinel-1  2015–2016 
15 Validation 52 HS 

357 U10 49314 HS 

460 
Comparison 

101 HS 201 HS 
Statistics 

Marine 
radar 

18.10.–
14.11.2016 559 Development 1678 HS - 

Jan. & Jun. 
2017 1464 Validation 1464 HS - 
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Figure 3. The map of the Baltic Sea and locations of measurement stations used in the thesis. 
Specific information can be found in Publication I–IV. The location of wave measurements – 
significant wave height, wave propagation direction, wave period (red) – and coastal wind 
measurements – speed, gusts, and direction (blue) – are indicated on the map. Virtual buoys mark 
additional stations used for comparison of remote sensing and model data (green). The zoom over 
Tallinn Bay shows the location of stations used for marine radar method development and 
validation. 

3.2 Wave model 
To evaluate the spatial characteristics of a SAR-derived wave field and its added benefit, 
wave height results from third-generation wave models SWAN (Simulating WAves 
Nearshore) (Booij, Ris, and Holthuijsen 1999) and WAM (The WAMDI Group 1988) were 
used. Both models solve the action balance equation without any a priori restriction to 
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the evolution of spectrum. Significant wave height, peak wavelength and peak 
propagation direction were used for the comparison in the thesis.  

The results of the SWAN wave model which was running in operational mode during 
2012–2014 over the Baltic Sea were used (Publication I; Publication IV; Publication V). 
The model covered the Baltic Sea with one nautical mile grid and with the data output of 
1 hour. European Centre for Medium Range Weather Forecast (ECMWF) wind fields with 
a spatial resolution of 9 km and temporal resolution of 3 hours were used for wave model 
forcing.  

Secondly, data from pre-operational version of the WAM model (2015–2016) which is 
used for the production of Copernicus Marine Environment Monitoring Service (CMEMS) 
wave forecast since April 2017 over the Baltic Sea was also used (Tuomi, Vähä-Piikkiö, 
and Alari 2017; Publication II). The model domain covers the Baltic Sea with a grid 
resolution of one nautical mile. The model was forced with High Resolution Limited Area 
Model (HIRLAM) winds with a spatial resolution of 11 km and temporal resolution of one 
hour.  

3.3 Image processing methods 
As an active remote sensing device, radar provides two-dimensional information of the 
normalized radar cross section 𝜎𝜎0 (NRCS). The NRCS represents the surface reflectance 
of the radar signal and is defined as the normalized energy flux scattered by a unit area 
of the surface into a given direction. The backscatter is governed by the surface 
roughness on the scale of the radar wavelength. If the roughness of the imaged surface 
approximately satisfies the Bragg condition, constructive interference of the reflected 
radar signal in the direction of the sensor occurs.  

The 𝜎𝜎0 used is obtained from pixel digital number DN: 
𝜎𝜎0(𝑥𝑥,𝑦𝑦) = (𝐷𝐷𝐷𝐷)2𝑘𝑘s sin(𝜃𝜃) , (3.1) 

𝜎𝜎0(𝑥𝑥,𝑦𝑦) =
𝐷𝐷𝐷𝐷2

𝑘𝑘𝑠𝑠2
, (3.2) 

where ks is the calibration factor given in SAR product file, 𝜃𝜃 is the local incidence angle 
of the radar signal, x and y are image coordinates in range and azimuth correspondingly. 
Equation 3.1 is given for TS-X and TD-X data while 3.2 is used for Sentinel-1A/B data. For 
coastal radar data, similar incidence angle dependent scheme as for TS-X data is used 
without using calibration factor.  

Radar image analysis for sea state estimation is based on two-dimensional Fast Fourier 
Transform (FFT) of subscene which results in image spectra. A FFT window of 2𝑛𝑛 × 2𝑛𝑛 
where n is a positive integer (e.g. 1024 × 1024 pixels) is used. The value of each pixel 
𝜎𝜎0(𝑥𝑥,𝑦𝑦) in the subscene is normalized according to:  

𝜎𝜎𝑛𝑛(𝑥𝑥,𝑦𝑦) =
𝜎𝜎0(𝑥𝑥,𝑦𝑦) − 〈𝜎𝜎0〉

〈𝜎𝜎0〉
, (3.3) 

where 〈𝜎𝜎0〉 is the mean value of the 𝜎𝜎0 for the subscene and the 𝜎𝜎𝑛𝑛(𝑥𝑥,𝑦𝑦) are the 
normalized values of the subscene. The idea behind normalization is to separate sea state 
(modulation) signal from the mean NRCS value (due to local wind speed) in the SAR image 
(Schulz-Stellenfleth 2004).  

An important part of sea state estimation is pre-filtering of any natural or man-made 
objects from a subscene which yields to inaccuracies in wave height estimation. Such 
spectral perturbations result in an integrated value which leads to the total image energy 
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not related to the sea state. The radar signal disturbances can be divided into two main 
groups: 

• radar signal much stronger than background backscatter from the sea state 
produced mainly by ships or offshore constructions. In these cases, the 
subscene is additionally analysed with a sliding window. The statistics of each 
window 〈𝜎𝜎0𝑤𝑤𝑖𝑖𝑛𝑛〉 is compared with 〈𝜎𝜎0〉 of the subscene. In a case of 〈𝜎𝜎0𝑤𝑤𝑖𝑖𝑛𝑛〉 is 
larger than a threshold 𝑞𝑞𝑠𝑠ℎ𝑖𝑖𝑖𝑖〈𝜎𝜎0〉, the outliers in the current window are 
replaced with the mean value of the subscene 〈𝜎𝜎0〉; 

• radar signal much weaker than background backscatter from the sea state 
produced, for example, by oil spills, or commonly occurring algae blooms in 
the Baltic Sea. The filtering applies in cases, when 〈𝜎𝜎0𝑤𝑤𝑖𝑖𝑛𝑛〉 is larger than tuned 
threshold 𝑞𝑞𝑠𝑠𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠〈𝜎𝜎0〉.  

The FFT operation is applied to the calibrated and normalised subscenes to obtain 
integrated wave parameters. The integrated image energy spectrum 𝐼𝐼𝐼𝐼�𝑘𝑘𝑥𝑥, 𝑘𝑘𝑦𝑦� is the 
basis for sea state parameters estimation. It is defined by the following formula 
describing a 2D integration in the wavenumber domain: 

𝐸𝐸𝐼𝐼𝑆𝑆 = � � 𝐼𝐼𝐼𝐼�𝑘𝑘𝑥𝑥, 𝑘𝑘𝑦𝑦�𝑑𝑑𝑘𝑘𝑥𝑥𝑑𝑑𝑘𝑘𝑦𝑦
𝑘𝑘𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚

𝑘𝑘𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚

𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
. (3.4) 

The integration over the wavenumber domain is limited depending on the sensor by 
kmax and kmin (Publication I; Publication II; Publication III), where wavenumber  
𝑘𝑘 = �𝑘𝑘𝑥𝑥2 + 𝑘𝑘𝑦𝑦2.  

In addition to traditional image spectrum parameters (e.g. image spectrum energy in 
different wavelength domains, image spectrum noise statistics, etc.) the Grey Level  
Co-occurrence Matrix (GLCM) (Haralick and Shanmugam 1973) statistics of the input 
subscene were also calculated. GLCM is a tabulation of the frequency of different 
combinations of pixel brightness values occurring with certain distances in certain 
directions to each other on an image. In other words, GLCM describes image texture.  
The idea of using GLCM image analysis for oceanography applications is not new and is 
widely used for ice coverage classification (e.g. Ressel, Frost, and Lehner 2015) and oil 
detection (e.g. Singha, Vespe, and Trieschmann 2013). However, it is not widely used for 
wave field analysis from radar data. 

The sensitivity of well-known GLCM parameters (such as entropy, energy, 
dissimilarity, homogeneity, contrast, correlation, variance and mean) to wave signal on 
radar image was analysed within the study. The GLCM matrix is computed for the original 
radar subscene with a corresponding number of grey levels, directions and distances 
(Pleskachevsky et al. 2019; Publication II; Publication III).  

3.4 Surface wind estimation from TS-X/TD-X and Sentinel-1 
Sea state is strongly dependent on local wind characteristics which SAR data can provide. 
Therefore, wind speed is also an additional parameter for sea state estimation (Schwarz 
et al. 2015; Pleskachevsky, Rosenthal, and Lehner 2016; Pleskachevsky et al. 2019).  

The conversion between the roughness of the sea surface reflected in the NRCS and 
local wind conditions is described by Geophysical Model Function (GMF) and is given for 
CMOD and XMOD algorithms as: 

 
𝜎𝜎0(𝑈𝑈,𝜃𝜃,𝜙𝜙) = 𝐵𝐵0

𝑖𝑖(𝑈𝑈10,𝜃𝜃)(1 + 𝐵𝐵1(𝑈𝑈10,𝜃𝜃) cos(𝜙𝜙) + 𝐵𝐵2(𝑈𝑈10,𝜃𝜃) cos(2𝜙𝜙)), (3.5) 
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where 𝜎𝜎0 is NRCS, and 𝜙𝜙 is the relative angle between wind direction and radar look 
direction. B0, B1, and B2 are functions of incidence angle θ and sea surface wind speed 
U10 at 10 m height. The parameter p has a constant value of 0.625. In CMOD5, the 
isotropic term B0, the upwind/downwind amplitude B1, and the upwind/crosswind 
amplitude B2 are all functions of wind speed and incidence angle. In the XMOD-2 on the 
other hand, a second-order polynomial function is used to describe the dependence of 
B1 on the sea surface wind speed and incidence angle. The transfer functions inside B0, 
B1 and B2 include several conditions and coefficients which differ for various GMFs (e.g. 
Stoffelen and Anderson 1997; Hersbach, Stoffelen, and de Haan 2007; Ren et al. 2012;  
Li and Lehner 2014).  

Separate GMFs are used for Sentinel-1 IW HH and VV polarizations data. For HH 
polarization, the CMOD4 function was used while for VV polarization the CMOD5.N 
algorithms have shown the best performance (Monaldo et al. 2016). The selection of the 
respective GMF is based on extensive comparison of GMF performance in comparison 
with ASCAT, scatterometer, METOP-A and METOP-B satellite data performed by 
(Monaldo et al. 2016).  

3.5 Methods to estimate sea state from radar data 
An empirical function XWAVE_C uses the approach of direct estimation of significant 
wave height from TS-X and TD-X image spectra without transformation into wave 
spectra. This method was chosen because of the need for robust and rapid data 
processing which does not involve long and resource demanding mathematical iterations 
for the spectral transformation. Empirical algorithm XWAVE_C, developed for coastal 
areas, is based on analysis of image spectra and was tuned according to collocated buoy 
data and coastal wave model results (Pleskachevsky, Rosenthal, and Lehner 2016).  

In comparison to TS-X/TD-X StripMap scenes with about 3 m resolution,  
the Sentinel-1A/B IW mode resolution is roughly an order of magnitude larger. In case of 
such Sentinel-1 SAR imaging setting, the wave structures, if visible, are disturbed by a 
large amount of noise. In addition, complex wave fields of the Baltic Sea pose an 
additional challenge. In the case of Sentinel-1A/B IW data, an empirical algorithm 
CWAVE_S1-IW, developed by Pleskachevsky et al. (2019), is used to estimate integrated 
sea state parameters straight from SAR image spectra. Furthermore, GLCM image 
statistics are used for sea state analysis.  

In general, empirical algorithms for different radar sensors covering the low sea state 
conditions of the Baltic Sea can be expressed as:  

𝐻𝐻S = 𝑎𝑎0�𝐵𝐵0𝐸𝐸IS tan(𝜃𝜃) + �𝑎𝑎𝑖𝑖𝐵𝐵𝑖𝑖

𝑛𝑛

𝑖𝑖=1

, (3.6) 

where θ is local incidence angle, ai are calibration coefficients, and Bi are correction 
functions of spectral parameters. The coefficients and functions account for local surface 
wind estimated by respective GMFs and GLCM results. Different function parameters are 
designed to remove the influence of non-sea state produced signals, such as dry sandbars 
as well as non-linear SAR image distortions produced by e.g. short wind waves and 
breaking waves. For example, 𝐵𝐵0 represents noise scaling of the total energy 𝐸𝐸IS (short 
wind waves and their breakings produce an additional noise that influences resulting 
energy) where 𝐵𝐵0 = 𝑥𝑥0𝑅𝑅in/out with 𝑥𝑥0 tuned using collocated buoy data for TS-X/TD-X 
and Sentinel-1 data. 𝑅𝑅in/out represents the character of non-linearity of the imaging 
mechanism with spectrum noise in the domain of inside the azimuthal cut-off wave number 
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and spectrum noise outside of the azimuthal cut-off (Pleskachevsky, Rosenthal, and Lehner 
2016; Pleskachevsky et al. 2019).  

3.6 Comparison methods 
The total significant wave height HS and wind speed U10 derived from radar data are used 
for comparisons with in situ measurements. The collocations were done with a minimum 
possible time window (usually less than 20 minutes) for comparison with measurements 
and wave model data (Publication I; Publication II; Publication III; Publication IV; 
Publication V). The same applies to spatial collocation where the closest subscene to 
measurement station or wave model grid point is used. However, data up to 10 km are 
incorporated in case the measurement station is outside of the image.  

The Pearson correlation coefficient r, root mean square error (RMSE) and Scatter 
Index (SI, where SI = RMSE/average of the sample) are calculated for each dataset for the 
comparisons and algorithm tuning. Standard deviation (STD) is used to measure the 
spatial variability of datasets.  
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4 RESULTS AND DISCUSSION 

4.1 Improvements on XWAVE_C function 
During the thesis, the XWAVE_C algorithm for retrieving meteo-marine parameters from 
X-band high-resolution SAR data was improved by considering the wave conditions over 
the Baltic Sea. Due to complications of windsea wave (typical in the Baltic Sea) SAR 
imaging, the wave height is mostly estimated from noisy subscenes. To overcome the 
complications in cases when waves are not visible on the image, a minimum wave height 
estimated from JONSWAP (Hasselmann, Dunckel, and Ewing 1980; Hasselmann et al. 
1973) spectrum based on local wind speed was introduced. The local wind speed 
required for JONSWAP calculations is available from the analysed SAR subscene and the 
corresponding input fetch was set to 10 km. The areas where XWAVE_C underestimates 
wave height and JONSWAP parametrisation is needed are typically located in wind 
shadow areas (0 m s−1 < U10 < ≈ 8 m s−1). For the areas with longer fetch, the sea state is 
more developed which allows correct estimates for the wave height. The second term to 
compensate spectral distortions triggered by windsea waves moving in SAR flight 
direction has also been introduced (Publication I). The JONSWAP parametrization was 
also included into DLR’s near-real time operational service running in ground station 
Neustrelitz.  

Compared to the original XWAVE_C, the improvements increased the accuracy of the 
algorithm: r increased by 5% and RMSE was reduced by 20% between SAR-derived HS 
and measured HS. The modified method had the following statistical characteristics: 
r = 0.88, RMSE = 0.32 m (SI = 0.33, n = 117). The differences are mostly visible in coastal 
areas for the low wind conditions and over the open sea for the strong winds under storm 
conditions (Figure 4).  

 

 
Figure 4. Example for spatial estimation of significant wave height from TS-X StripMap scene 
acquired over the Gulf of Finland on 7 January 2017 at 04:55 UTC under storm conditions.  
The significant wave height estimated by original algorithm (left panel), using corrections (middle 
panel) and difference (right panel). Left panel also show measured HS values in Vahemadal, Tallinna 
madal and at Gulf of Finland stations.  
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4.2 Wave height estimation function for marine radar data 
An empirical method was also developed and implemented on marine radar data in order 
to estimate sea state conditions in the Tallinn Bay. Sea state in the Tallinn Bay is mainly 
low; therefore, traditional methods where backscatter intensity variance spectrum is 
transferred to wave spectrum do not resolve wave height retrievals sufficiently 
accurately. An algorithm was developed for the windsea with short and steep waves 
dominating in the Tallinn Bay using image spectrum parameters as well as GLCM statistics 
of the radar signal intensity.  

The HS retrieval method was tuned using the collocated in situ data from three 
pressure sensors deployed in the Tallinn Bay. The calculated parameters were tested 
against measured in situ values and best-fit trendline techniques together with the 
Pearson correlation coefficient was used to choose image parameters that contain 
valuable information for HS estimation.  

The algorithm is based on image spectra analysis where integrated sea state 
parameters are derived from radar image spectra without transformation into wave 
spectra. 

The specific parameters for estimating total significant wave height from marine radar 
images using equation 3.6 are defined as follows: 

𝐵𝐵0 = 𝑓𝑓(𝑑𝑑,𝜃𝜃) =  
𝜃𝜃
𝑑𝑑4

, (4.1) 

𝐵𝐵1 = 𝑓𝑓(𝑑𝑑,𝜃𝜃, 𝜇𝜇) = 𝜇𝜇�(1 − tan(𝜃𝜃)) + tan(𝑑𝑑)�, (4.2) 
𝐵𝐵2 = 𝑓𝑓(𝑑𝑑,𝜃𝜃,𝜎𝜎2) = 𝜎𝜎2(tan(𝜃𝜃) + tan(𝑑𝑑)), (4.3) 

where the d is distance, 𝜇𝜇 = (𝜇𝜇𝑥𝑥 + 𝜇𝜇𝑦𝑦)/2 and 𝜎𝜎2 = (𝜎𝜎𝑥𝑥2 + 𝜎𝜎𝑦𝑦2)/2 are mean and variance 
values respectively:  

𝜇𝜇𝑥𝑥 = �𝑖𝑖
𝐺𝐺−1

𝑖𝑖=0

𝑃𝑃𝑥𝑥(𝑖𝑖); 𝜇𝜇𝑦𝑦 = �𝑗𝑗𝑃𝑃𝑦𝑦(𝑗𝑗)
𝐺𝐺−1

𝑗𝑗=0

, (4.4) 

𝜎𝜎𝑥𝑥2 = ��𝑃𝑃𝑥𝑥(𝑖𝑖) − 𝜇𝜇𝑥𝑥(𝑖𝑖)�2
𝐺𝐺−1

𝑖𝑖=0

;𝜎𝜎𝑦𝑦2 = ��𝑃𝑃𝑦𝑦(𝑗𝑗) − 𝜇𝜇𝑦𝑦(𝑗𝑗)�
2

𝐺𝐺−1

𝑗𝑗=0

, (4.5) 

where 𝜇𝜇𝑥𝑥, 𝜇𝜇𝑦𝑦, 𝜎𝜎𝑥𝑥 and 𝜎𝜎𝑦𝑦 are the means and variances of 𝑃𝑃𝑥𝑥 and 𝑃𝑃𝑦𝑦. 𝑃𝑃𝑥𝑥(𝑖𝑖) is the ith entry 
in the marginal-probability matrix obtained by summing the rows of 𝑃𝑃(𝑖𝑖, 𝑗𝑗) (analogous 
for 𝑃𝑃𝑦𝑦(𝑗𝑗) for columns of 𝑃𝑃(𝑖𝑖, 𝑗𝑗)). G denotes to number of GLCM levels used.  

4.3 Validation of wave and wind field retrieval algorithms 
The comparison statistics between three radar sensors and corresponding buoy 
measurements or wave model data is given in Table III.  

Figure 5 (a) shows the comparison between in situ buoy measurements and estimated 
significant wave height from TS-X sensor using the XWAVE_C method with the correction 
procedures discussed in Section 4.1. Figure 5 (a) also shows the scatterplot for sea state 
derived with CWAVE_S1-IW algorithm for available collocated data acquired over the 
Baltic Sea including 15 Sentinel-1A/B scenes with 52 buoy collocations. From Table III it 
is seen that both methods provide accurate wave height estimates in the Baltic Sea with 
a Pearson correlation coefficient of 0.88. However, RMSE and consequently scatter index 
are slightly higher for the results derived from Sentinel-1 data (RMSE = 0.32 m and 
SI = 0.33 for TS-X/TD-X; RMSE = 0.40 m and SI = 0.37 for Sentinel-1).  
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For the wind speed derived from high-resolution X-band radar using XMOD-2 
algorithm (Figure 5 (b), Table III), the r shows values of 0.90 with low RMSE of 2.02 m s-1 
and SI of 0.23. Even better results are seen when comparing CMOD algorithm wind speed 
estimations (Section 3.4) from Sentinel-1 data with the corresponding measurements 
(r = 0.91; SI = 0.19). Low RMSE value of 1.43 m s-1 indicates the suitability of Sentinel-1 
wind speed estimates for operational use over the Baltic Sea.  

Figure 5 (c) shows a histogram plot (bin size 0.2 m) for the collocated SAR and WAM 
results. The dominant significant wave height of the Baltic Sea is clearly seen from the 
figure as most of the measurements are in a range of up to 3 m. The statistics between 
the datasets are as follows: r = 0.86, RMSE = 0.47 m, and SI = 0.33.  

Figure 5 (d) represents the scatterplot between the measured significant wave height 
and HS derived from marine radar from January and June 2017. Using the empirical 
method for marine radar data processing introduced in Section 4.2, the accuracy of sea 
state estimates is comparable with the results of SAR data with r of 0.86, RMSE of 0.25 m 
and SI of 0.46.  

Table III. Overview of inter-comparison of significant wave height and wind speed between different 
datasets: correlation coefficient (r), root mean square error (RMSE), scatter index (SI), and number 
of collocations (n).  
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Figure 5 (a) (b) (a) (b) (c)  (d) 

Parameter HS U10 HS U10 HS HS 

r 0.88 0.90 0.88 0.91 0.86 0.86 
RMSE (m; 

m s-1) 
0.32  

2.02 
0.40  

1.43 
0.47 0.25 

SI 0.33 0.24 0.37 0.19 0.33 0.46 
n 117 102 52 357 49314 1464 
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Figure 5. (a) Scatterplots for the sea state from 95 individual TS-X/TD-X StripMap images and 117 
buoy collocations. The plot also shows the sea state for available collocated data acquired over the 
Baltic Sea including 15 Sentinel-1A/B scenes (overflights/events/days) with 116 individual  
Sentinel-1 IW mode images and 52 buoy collocations. (b) Scatterplot of surface wind speed for all 
available collocated TS-X/TD-X data acquired over the Eastern Baltic Sea (102 collocations).  
The plot also includes the wind speed retrieved from the Sentinel-1A/B dataset over the Baltic Sea. 
(c) Histogram plot for the validation dataset between Sentinel-1 and WAM results. The bin size for 
histogram calculations is 0.2 m. (d) Scatterplot for measured significant wave height against HS 
derived from marine radar data using the developed empirical method. 1:1 lines are marked as 
black dotted lines; coloured and dotted lines show regression lines for corresponding datasets. 

4.4 Local variability of sea state conditions in the Baltic Sea 
The Baltic Sea is a very complex region for retrieving wave height from SAR data. It is 
seen from previous studies, that SAR methods work accurately in open ocean regions 
where swell waves are the major contributor to the total wave field (Li, Lehner, and He 
2008; Lehner et al. 2013; Bruck 2015; Pleskachevsky, Rosenthal, and Lehner 2016).  

In the Baltic Sea, the wave field is mostly influenced by local wind fields and it is 
disturbed by numerous shallow areas, islands and rugged coastline, which oblige to 
estimate wave height from noisy SAR information. However, similarly to the ocean,  
swell-like waves can be observed in coastal areas sheltered from the wind. For example, 
a unique situation was observed by TS-X/TS-X in the Baltic Sea on 20th February 2017 
(Figure 6) when refracted waves produce cross seas behind the island of Naissaar.  
This demonstrates that SAR data/methods can be valuable for case studies in complex 
sea areas.  
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Figure 6. An example of wave refraction and cross sea near Naissaar Island in the Tallinn Bay 
acquired by TS-X on 20 February 2017 at 04:58 UTC. The average wavelengths of the swell-like 
waves are about 80 m. 

4.4.1 Wave field parameters from high resolution SAR imagery 
To evaluate the spatial distribution of wave characteristics retrieved from SAR, wave 
model results (e.g. SWAN or WAM) were used. It was observed that the TS-X wave 
retrievals follow the spatial pattern that is caused by wind dependent growth of the sea 
state (fetch dependence), shadowing effects by islands, etc. as in the wave model. 
However, wind gusts and local variations of HS that are connected to local wind effects 
are not present in the model results (Publication I; Publication II; Publication IV).  
In numerical wave modelling, the wind gustiness is hidden in the parameterisations of 
the wind input function, which is usually tuned to the mean value of U10. Thus, the 
standard input for the wave modelling is a smoothed wind field where the spatial and 
temporal variability on local scale wind variability is routinely not included.  

The storm on 29 October 2013 developed wind speeds reaching up to 21.6 m s-1 with 
a south-western direction. SWAN wave field from 29 October 2013 at 16:00 UTC was 
selected for the comparison with TS-X scene acquired at 15:45 UTC (Figure 7 (a–b)).  
The difference between the two fields can be observed in the middle of the Gulf of 
Finland, where SAR-derived wave height reflects the local wind effects and is more 
variable due to wind gusts. In general, wind gusts and local variations of HS are not 
present in the model results. This is also expressed in numbers where SAR derived values 
present about a 40% higher maximal wave height (3.86 m from SAR vs. 2.80 m from 
SWAN) and double the standard deviation (1.19 m vs. 0.61 m for SAR and SWAN 
correspondingly).  

Higher variability can also be observed in wave propagation direction and wavelength 
retrievals from SAR for the same example (Figure 7 (c–d)). The standard deviation of 
wave propagation direction is 21.90° for SWAN and 26.80° for SAR while the 
corresponding standard deviation of wavelengths are 8.40 m and 9.60 m. In general 
wave propagation directions are similar. However, the wave propagation direction and 
wavelength values from SWAN data (Figure 7 (d)) are more homogeneous with 
deterministic changes whereas from SAR image (Figure 7 (c)) the values change on a 
much smaller scale. The greatest difference is seen in the central part of the Gulf of 
Finland where wavelength values from SAR imagery vary from 60 m to 90 m whereas 
from SWAN results the values remain all over 80 m. 
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The sea state fields derived from TS-X/TD-X imagery show the strongest 
inhomogeneities in areas which are related to local wind speed variations. The local 
impact of wind gusts on waves can increase significantly if the gust speed is similar to the 
speed of the wave groups. Wind energy feeding the same wave group for a longer period 
causes the growth of individual waves and results in resonance. Earlier studies using SAR 
data have shown that wave groups with an abnormal height in the North Sea are 
connected to atmospheric effects (Pleskachevsky, Lehner, and Rosenthal 2012).  
This effect is caused by mesoscale wind gusts that are moving as an organized system 
across the sea and “drag” the continuously growing waves.  

Similarly, this effect was observed in the Gulf of Finland on a smaller scale using 
techniques based on satellite-borne high-resolution SAR. Accompanied by wind gusts, 
the wave height was increased in kilometre-size clusters (Publication I). 

 
Figure 7. A comparison of spatial variability of significant wave height (a–b) and wave propagation 
direction (c–d) between TS-X and SWAN wave model results for storm conditions. The SAR scene 
acquired on 29 October 2013 at 15:45 depicts a more inhomogeneous sea state than the model.  
In both cases, SAR-derived values show a higher standard deviation compared to SWAN model 
results: 1.19 m vs. 0.61 m for HS, 26.80° vs. 21.90° for wave propagation direction and 9.60 m vs 
8.40 m for wavelength, correspondingly.  
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4.4.2 Wave field studies from medium resolution SAR imagery 
For the second example, the variability of meteo-marine conditions is explored using 
medium resolution Sentinel-1A/B IW data and WAM wave model results.  

Comparing the SAR wave field (Figure 8 (b)) with WAM wave field (Figure 8 (c)), one 
can observe a good general agreement in the wave height values and location of 
maximum (r = 0.91). However, the area of the storm on the SAR image is smaller and 
does not spread as much to the north as in the WAM results. The maximum significant 
wave height from SAR is about 0.5 m higher. Another region with some differences 
between the wave fields retrieved with the two different methods is seen in the Bothnia 
Sea area, where SAR-derived wave height along the Swedish coast is about two meters 
lower compared to the model data. The standard deviation in this case is very similar for 
both dataset, 1.51 m for SAR and 1.48 m for WAM, since both the high significant wave 
height values (up to 7.5 m) in the Southern Baltic, as well as the low wave height values 
in the Bothnia Sea are present.  

In contrast, large differences in standard deviation values are observed in the low sea 
state example on 5 July 2015 (Figure 8 (g–i)). Although WAM wave model results are 
smoother and lower than SAR-derived values, they represent a very similar large-scale 
general pattern. One can notice the increased wave height values to the north and to the 
south of Gotland Island. A similar pattern from both datasets is also observed in the 
Bothnia Sea region. Operational monitoring of low sea state conditions is relevant for 
routine environmental observations and it is noteworthy that most of the wave field 
variability is lost in the model outcome (STD = 0.17 m) compared to SAR-derived values 
(STD = 1.14 m).  

The examples in Figure 8 showed a good general agreement between the SAR-derived 
and WAM model wave fields. However, there are some differences between the results 
obtained with the two methods: (i) the area and the location of the storm might be 
different; (ii) the wave height variability of WAM model fields is lower compared to the 
SAR-derived fields. Both cases are again connected to how the wave model resolves wind 
forcing information. In most practical cases, wave model forcing fields have much coarser 
spatial resolution and do not include as much local variability as SAR data are able to 
provide.  
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Figure 8. Examples of spatially collocated SAR wind (a, d, g) fields, SAR wave fields (b, e, h) and 
WAM wave model fields (c, f, i) during three characteristic situations over the Baltic Sea: high sea 
state on 11 January 2015 at 16:19 (a–c), medium sea state on 2 October 2015 at 04:56 (d–f) and 
low sea state on 5 July 2015 at 04:56 (g–i).  
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4.5 SAR and marine radar data for operational use in the Baltic Sea 
4.5.1 Sentinel-1 imagery for practical applications 
The Baltic Sea is one of the most frequently imaged locations by the Sentinel-1A/B 
satellites because of the location in the temperate latitudes. Various parts of the Baltic 
Sea are imaged by Sentinel-1A/B daily and often even twice a day by ascending and 
descending orbits in the morning and in the evening correspondingly  

To demonstrate the advantages of Sentinel-1 A/B IW data for the operational sea state 
monitoring purposes, an independent time series from 1 August 2016 until the end of 
2016 was analysed (Figure 9). Almost 800 single acquisitions from the selected period 
covering various parts of the Baltic Sea were processed. Time series of SAR-derived 
significant wave height was retrieved from four locations and compared with 
corresponding in situ measurements or wave model results.  

In Figure 9 (b, c) three cases highlighted in green are brought out to explain the 
benefits of using SAR-derived wave fields. In “case 1” of Figure 9 (b), one can observe 
that both WAM wave model results and SAR-derived results match closely with the  
in situ measurements of the Northern Baltic Proper (NBP) station. However, in Figure 9 
(c) which represents a location 60 km away from NBP, a mismatch between SAR and 
WAM results can be seen in the “case 1” region. The reason could be that since SAR 
represents better detailed spatial variability/pattern, the actual significant wave height 
was lower than WAM had predicted at the specific time and location.  

In contrast, the “Case 3” in Figure 9 (b, c) shows good general match between in situ 
measurements, SAR-derived wave height, and WAM output in the two different 
locations, suggesting that the wave field was spatially more uniform. In general,  
SAR-derived results would be beneficial for wave model validation.  

Since the Baltic Sea is seasonally ice-covered, in situ measurement devices are 
removed for the winter period. Similarly, when the buoys have technical problems  
(e.g., no data connection) or during their maintenance, valuable wave information is lost. 
Moreover, wave models may also have short periods with technical problems when no 
wave forecast is provided. These situations can be observed in “case 2” in Figure 9 (c), 
where SAR-derived results become the only source of wave information.  

This is further amplified in Figure 9 (d) which demonstrates the added benefit of using 
SAR data to retrieve wave information over the poorly sampled area. Although Södra 
Östersjön station (55.9167 °N, 18.7833 °E) is included into Baltic Operational 
Oceanography System (BOOS) measurement stations, the last unrestricted access 
measurement data was received in 2011. The Southern Baltic Sea is a region where the 
highest waves frequently occur (Tuomi, Kahma, and Pettersson 2011; Björkqvist et al. 
2018). As no in situ measurements are carried out in the region, the SAR-derived results 
would be highly valuable for model validation and/or assimilation into the wave model.  
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Figure 9. A time series from 1 August 2016 until the end of 2016 from four stations. Two stations—
Selkämeri and Northern Baltic Proper (NBP) (Figure 3, Table I)—include all the data: measurement, 
WAM, and SAR-derived results; other two stations—NBP Extra (58.7500 °N, 20.8271 °E; no. 6 in 
Figure 3) and Södra Östersjön (55.9167 °N, 18.7833 °E; no. 7 in Figure 3) include WAM result and 
SAR-derived significant wave height. Highlighted areas indicate the benefits of using SAR data over 
the Baltic Sea: “case 1” and “case 3” bring out the variability aspect of SAR-derived values whereas 
“case 2” shows missing measurements that can be replaced with SAR data.  

4.5.2 Temporal variability of sea state parameters from marine radar 
In comparison to in situ buoy measurements at a specific location, the marine radar data 
allows to cover larger areas and estimate the spatial and temporal distribution of 
investigated characteristics. Figure 10 (a) shows an example of spatial estimation of 
average HS from marine radar images acquired between 26.03.–28.03.2017 when  
north-western winds were blowing with the average wind speed of about 6.3 m s-1 (gusts 
up to 21.9 m s-1).  

The results in Figure 10 (a) are retrieved by using the developed empirical algorithm 
introduced in Section 4.2 and by interpolation using the Kriging method (Isaaks and 
Srivastava 1989). Although the interpolation has some negative effects on the edges of 
the visualized data, the general HS results show the similar outcome as previous studies 
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(Soomere 2005; Alari and Raudsepp 2010) where a similar north-western storm in the 
Tallinn Bay was analysed.  

It is well seen from the Figure 10 (a), how higher waves propagate into the Tallinn Bay 
between the mainland and Naissaar island having the local maximum around the tip of 
Paljassaare peninsula where the depth of the sea is up to 40 m. As the depth decreases, 
the wave height also decreases while propagating towards the coast.  

The time series of in situ measurements and radar estimates of HS also show good 
agreement during the storm event (Figure 10 (b)) with the correlation of 0.93 
(RMSE = 0.15). Also, the effect of wind speed variations (retrieved from Rohuneeme 
station) on local wave conditions can be observed. 

 
Figure 10. (a) average significant wave height for the North-West storm over the Tallinn Bay area; 
(b) measured HS (blue), radar-derived HS (black) and wind speed at the Rohuneeme station (red) for 
the storm period. 
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4.5.3 Climatological aspect of Sentinel-1 data 
Routine monitoring of meteo-marine parameters forms a basis for long-term studies, e.g. 
regional changes in wave climate. Figure 11 (b, c) represents the average wind speed and 
significant wave height values from Sentinel-1A/B IW data during 2015 and 2016.  
The average significant wave height values over the two-year period (Figure 11 (c)) 
generally represent similar values to previous studies that used either model data 
reanalysis or altimetry products over a longer period (up to 23 years) (e.g. Figure 6 in 
Tuomi, Kahma, and Pettersson 2011; Figure 2 in Kudryavtseva and Soomere 2017).  
There are clearly higher average wave height values in the open parts of the Baltic Sea 
(around 1.8 m) and lower values in the Gulf of Riga (up to 1.0 m in the open part; below 
0.8 m in the coastal areas) or the Bothnian Sea (from 0.7 m to 1.2 m).  

Altimetry products validations have shown reliable performance (RMSE less than 
0.5 m) in the open ocean (Ducet, Le Traon, and Reverdin 2000; Ray and Beckley 2003; 
Pascual et al. 2006; Pujol et al. 2016) and in the coastal sea (RMSE up to 0.37 m) 
(Cazenave et al. 2002; Vignudelli et al. 2005; Madsen, Høyer, and Tscherning 2007; 
Bouffard et al. 2008; Kudryavtseva and Soomere 2016). However, the spatial coverage of 
standard altimetry wave products is limited and restricted to offshore areas (30–70 km 
from coast) (Monaldo 1988; Høyer and Nielsen 2006; Passaro, Fenoglio-Marc, and 
Cipollini 2015; Sepulveda, Queffeulou, and Ardhuin 2015). The low-resolution altimetry 
wave products/algorithms and open ocean SAR wave mode products (not available for 
the coastal areas, including the Baltic Sea) are not sufficient for local and regional 
applications in the complex coastal environment, such as the Baltic Sea. The sea state 
products derived from Sentinel-1 SAR IW data provide information over a large area, 
including the coastal zone with similar product accuracy (r = 0.88, RMSE = 0.40 m) to the 
altimetry products. Thus, the high-resolution SAR wave data would provide added value 
for user communities dealing with coastal processes. Moreover, SAR wave products 
enable to resolve detailed spatial variability while in situ data describes detailed temporal 
variability in a limited number of locations. Considering the long-term objectives of the 
Copernicus program and the revisit cycle of the Sentinel-1 mission, the statistical bases 
for wave field mapping will improve over time. 

 
Figure 11. (a) Number of SAR points; (b) average wind speed; and (c) average significant wave 
height over 2015–2016 interpolated to WAM model grid. 
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CONCLUSION 
The dissertation demonstrates that radar (SAR and marine radar) remote sensing data 
processing methods can be effectively used to retrieve accurate significant wave height 
estimates in the Baltic Sea where short and steep wind waves dominate. The focus was 
on developing/improving and validating empirical methods to estimate significant wave 
height in the coastal regions of the Baltic Sea. The obtained results showed that 
significant wave height fields derived from radar sources are spatially more variable and 
would provide more detailed information compared to the wave model or other EO 
sensors (e.g. altimetry).  

The main results of the present dissertation can be summarized as follows: 
• The empirical algorithm XWAVE_C to estimate total significant wave height 

from TS-X/TD-X SAR data was improved by implementing JONSWAP 
parametrization. The proposed algorithm adjustment increased the accuracy 
of wave retrievals by 5–20% (based on r and RMSE respectively). The method 
validation resulted in the following statistics: r = 0.88, RMSE = 0.32m and 
SI = 0.33. The JONSWAP correction function was also implemented in DLRs 
near-real time SAR data processing chain.  

• The empirical method CWAVE_S1-IW to estimate meteo-marine parameters 
from Sentinel-1 IW images was validated with in situ measurements over the 
Baltic Sea region. The validation showed good agreement between the 
datasets: r of 0.88, RMSE of 0.40 m and SI of 0.37. The comparison between 
significant wave height derived from Sentinel-1 data and from corresponding 
WAM wave model fields showed good agreement: r = 0.86, RMSE = 0.47 and 
SI = 0.33.  

• Wind speed estimation functions, XMOD-2 and CMOD4/CMOD5.N applied on 
TS-X/TD-X and Sentinel-1 IW data respectively were validated with in situ 
wind measurements. Both wind speed retrieval algorithms showed high 
accuracy with correlation coefficient r for XMOD-2 being 0.90 and for CMOD 
r = 0.91. The RMSE shows low deviation from measurements, especially for 
Sentinel-1 data with the value being 1.43 m s-1. Slightly higher RMSE values 
were observed for high-resolution TS-X/TD-X data (RMSE = 2.02 m s-1).  

• An empirical algorithm was developed to estimate significant wave height 
from X-band marine radar data. The method is based on image spectrum 
analysis complemented with GLCM image texture statistics to bypass the 
transformation to wave spectra. The validation results show that wave height 
retrievals of the proposed algorithm are with similar accuracy in space and 
time (r = 0.86; RMSE = 0.25 m) as SAR counterparts. In addition to marine 
radar, the GLCM image statistics proved to be useful for the empirical sea 
state retrievals from Sentinel-1 IW SAR data.  

• Wind speed and significant wave height results derived from SAR were 
compared to other data sources such as wave model and altimetry wave 
products.  

o The results show that wave field data derived from SAR have a 
higher standard deviation meaning that parameters are spatially 
more variable and would provide more detailed wave field 
information compared to model results.  
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o In case of wind speed, SAR data include local fine-scale wind field 
variations (fast moving cyclones, fronts and gusts) that influence 
radar backscatter and the related wave height retrievals. This allows 
obtaining storm peak areas and location more accurately from radar 
data.  

• SAR data enable to observe coastal wave field variations in the Baltic Sea in 
more detail compared to, e.g. altimetry. Based on Sentinel-1A/B data from 
2015 and 2016, the average significant wave height closely resembles values 
found by previous studies in open parts of the Baltic Sea and all its sub-basins. 
However, SAR data enable to provide precise results as close as about 500 m 
from the coastline whereas altimetry products results are accurate an order 
of magnitude farther from the coast.  

 
Using wave fields from radar data over the Baltic Sea has the following general 

benefits: (i) retrieving additional wave information over the poorly sampled area or in 
cases when data is missing (e.g. during ice season); (ii) SAR wave field values could be 
used for wave model validation and to improve model forcing. Additionally, the average 
significant wave height fields from SAR prove that the data enable to perform wave 
climate studies. Wave height and wind speed information could be derived in a seasonal 
and regional scale for a number of applications, e.g. routine environmental monitoring 
(downstream) services, operational sea state monitoring, situational awareness services, 
wave energy assessment, climate studies, wind farming, etc.  

Future outlook: The longevity of Sentinel-1 mission (at least a few decades) makes it 
reasonable to improve/adjust the proposed wave retrieval algorithms so that the 
methods could be implemented on Sentinel-1A/B Extra Wide swath (EW) products.  
This would increase the availability of spatial wave field data and consequently improve 
the knowledge of the Baltic Sea wave conditions.  

Also, a more detailed comparison should be carried out between wave model results 
and SAR-derived wave height during extreme wave events to analyse the unexpectedly 
high local wave maxima in deep waters (reported in previous studies). Future studies on 
image spectra analysis, wave steepness and sampling variability would allow 
understanding the fine scale wave height variability in the Baltic Sea. 

Future studies are also related to wind speed estimation algorithm development and 
implementation for marine radar data over the Tallinn Bay.  
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Abstract 
Radar Remote Sensing of Meteo-Marine Parameters in the 
Baltic Sea 
Radar remote sensing data, which is independent of daylight and weather conditions, 
can provide valuable information on ocean wind and wave conditions. The moving 
targets, such as waves, can be defocused and shifted in radar images. This causes 
difficulties for accurate estimation of the total significant wave height in case of short 
windsea waves with strong local orbital velocities and wave breaking.  

In the current study, data from different radar systems were used to adjust, validate 
and develop the algorithms for estimating wave parameters in the Baltic Sea where short 
and steep wind waves dominate. The developed wave height retrieval algorithms were 
implemented on the data originating from X- and C- band Synthetic Aperture Radar - SAR 
(TerraSAR-X/TanDEM-X and Sentinel-1 A/B), as well as from coastal marine radar.  
The total significant wave height was retrieved with empirical algorithms XWACE_C and 
CWAVE_S1-IW from TerraSAR-X/TanDEM-X and Sentinel-1 SAR data, correspondingly. 
The used methods are based on the spectral analysis of radar subscenes, Grey Level  
Co-occurrence Matrix (GLCM) image statistics, as well as on local wind information.  

An additional term was incorporated into the XWAVE_C model function to improve 
the minimal windsea significant wave height retrieval by applying JONSWAP wave 
spectra. A second term to compensate spectral distortions triggered by windsea waves 
moving in SAR flight direction was also introduced in the algorithm. Compared to the 
original XWAVE_C, the improvements increased the accuracy of the algorithm by 5% in 
terms of correlation coefficient r while root mean square error (RMSE) was reduced by 
20% between SAR-derived and measured wave heights. The JONSWAP parametrization 
was also implemented into German Aerospace Center’s (DLR) near-real time operational 
SAR data processing service running in Neusterlitz ground station.  

Different SAR-based wave height products were compared with collocated in situ data 
from available sea state measurements stations. The comparison showed good 
agreement with the correlation coefficient of 0.88 and RMSE less than 0.4 m. The spatial 
variability of wave heights on SAR-derived fields was compared with WAM and SWAN 
wave model results. The spatial comparison relying on Sentinel-1A/B scenes in varying 
sea state conditions resulted in r of 0.86 and RMSE of 0.33 m. The wind speed estimated 
from SAR images also showed good agreement with in situ data (r over 0.90 and RMSE 
less than 2.1 m s-1).  

 A new empirical wave retrieval algorithm for X-band marine radar data was 
developed for the short steep windsea dominating in the Tallinn Bay. The method is 
based on the image spectrum parameters and GLCM statistics of the radar signal 
intensity. The validation results showed that wave height retrievals of the proposed 
algorithm for marine radar have similar accuracy in space and time (r = 0.86; 
RMSE = 0.25 m) as the SAR counterparts. The significant wave height field over Tallinn 
bay area derived from marine radar data also showed a similar spatial pattern as previous 
modelling studies in comparable storm conditions.  

The thesis also demonstrates that the sea state retrievals from radar data provide 
valuable information for operational and statistical monitoring of wave conditions in the 
Baltic Sea. The radar-derived sea state results provide additional information on spatial 
variability of the wave field in the coastal zone compared to in situ measurements, 
altimetry wave products and model forecast.  
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Lühikokkuvõte 
Laine- ja tuuleväljade määramine Läänemeres 
radarkaugseire andmetest 
Ilmastikutingimustest ja päevavalgusest sõltumatud radarkaugseire andmed võivad anda 
väärtuslikku teavet lainetuse ja meretuule olude kohta. Samas võivad liikuvad  
sihtmärgid, nagu näiteks lained, jääda radari pildile defokusseeritult või olla nihkunud 
oma reaalsest asukohast. See põhjustab raskusi kogu olulise lainekõrguse (tuulelaine ja 
ummiklaine) hindamisel, eriti kui on tegemist lühikese ja järsu tuulelainega, millel on suur 
lokaalne orbitaalkiirus ja esineb laine murdumine.  

Doktoritöö käigus kasutati erinevate radarsüsteemide andmeid selleks, et edasi 
arendada ja valideerida empiirilisi algoritme laineparameetrite hindamiseks Läänemerel, 
kus domineerib lühike ja järsk tuulelainetus. Väljatöötatud lainekõrguse arvutamise 
meetodeid rakendati X- ja C-laineala tehisava radari (SAR) andmetele (vastavalt 
satelliitidel TerraSAR-X/TanDEM-X ja Sentinel-1 A/B), aga ka kaldaradari andmetele. Kogu 
oluline lainekõrgus leiti empiiriliste algoritmidega XWAVE_C ja CWAVE_S1-IW vastavalt 
TerraSAR-X/TanDEM-X ja Sentinel-1 A/B SAR andmetest. Kasutatud meetodid põhinevad 
radari alampildi spektraalanalüüsil, hall-tasemete esinemise maatriksi (GLCM) statistikal 
ning alampildilt arvutatud tuule kiiruse tulemustel.  

Doktoritöö käigus arendati edasi empiirilist algoritmi XWAVE_C. Algoritmi lisati 
täiendav liige tuulelaine minimaalse lainekõrguse täpsemaks hindamiseks kasutades 
JONSWAP eksperimendist määratud küllastunud laine spektrit. Samuti lisati algoritmi 
tingimus, mis kompenseerib spektraalseid moonutusi juhtudel, kui laine levimise suund 
ühtib satelliidi lennusuunaga. Võrreldes algse XWAVE_C algoritmiga paranes lainekõrguse 
hindamise täpsus: mõõdetud ja arvutatud lainekõrguse korrelatsioon paranes 5% ja 
ruutkeskmise vea (RMSE) väärtus vähenes 20%. Töö praktilise väljundina rakendati 
JONSWAP lainespektril tuginev edasiarendus ka Saksamaa kosmosekeskuse (Neustrelitzi 
maajaama) SAR andmetel põhinevasse operatiivsesse lainetuse seire teenusesse.  

SAR andmetest arvutatud olulisi lainekõrgusi võrreldi olemasolevate in situ mõõt-
mistega. Võrdlus näitas head kokkulangevust – korrelatsioonikordaja r = 0.88 ja RMSE oli 
väiksem kui 0.4 m nii satelliidi TerraSAR-X/TanDEM-X, kui ka Sentinel-1 A/B jaoks. 
Laineparameetrite ruumiline võrdlus viidi läbi WAM ja SWAN lainemudeli tulemuste 
põhjal. Näiteks, olulise lainekõrguse võrdlus WAM mudeli ja Sentinel-1 A/B SAR andmete 
vahel erinevates lainetuse tingimustes andis r väärtuseks 0.86 ning RMSE väärtuseks 
0.33 m. SAR piltide põhjal arvutatud tuule kiirus oli samuti heas vastavuses in situ 
mõõdetud andmetega (r > 0.9, RMSE < 2.1 m s-1). 

Tallinna lahte katva kaldaradari andmekogumi jaoks arendati uus empiiriline algoritm, 
mis põhinedes samuti alampildi spektraalanalüüsil ja GLCM statistikal hindab kogu olulist 
lainekõrgust nii ruumis kui ajas. Saadud empiirilise algoritmi valideerimine in situ  
mõõtmistega näitas head kokkulangevust (r = 0.86, RMSE = 0.25 m), mis on võrreldav SAR 
andmetöötluse algoritmide täpsusega. Kaldaradari andmetest saadud lainekõrguse väli 
näitas varasemate uuringutega lähedasi ruumilisi mustreid sarnastes tormitingimustes.  

Doktoritöö tulemused näitasid, et laine- ja tuuleväljade arvutamine radariandmetest 
kasutades empiirilisi meetodeid, võimaldab Läänemere lainetuse ja meretuule opera-
tiivset jälgimist ja ajalise muutlikkuse statistilist analüüsi. Radari andmetest arvutatud 
lainekõrguse ja tuulekiiruse väljad annavad täiendavat informatsiooni mereseisundi 
ruumilise muutlikkuse kohta võrreldes in situ punktmõõtmiste, satelliitaltimeetri 
andmete või lainemudeli prognoosiga.  
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Publication I 
Rikka, S., Pleskachevsky, A., Uiboupin, R. and Jacobsen, S. (2018). Sea state in the Baltic 

Sea from space-borne high-resolution synthetic aperture radar imagery. 
International Journal of Remote Sensing, 39(4), pp. 1256–1284. 
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Publication II 
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parameters from Sentinel-1 SAR imagery: towards near real-time services for 
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The impact of surface currents and sea level on the wave field evolution during 
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}��f}6̂\vXkbb\j̀v~kbp\]j̀\b6X̀]ajf	�̀b\�\� ~̀ab�f�]jYX6~̀f
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]�kn6̀]aj�b\~kǹ~� �\b\� 6̂n]Y6̀\Y�Ol� Xa�g6b]~aj��]̀�� ]j�~]̀k� �6̂\� �\6~kb\��\j̀~� ]j� Y\\g� 6jY� ~�6nna�� �6̀\bt� X6bb]\Y� ak̀� k~]jp� �̀\� Y]b\X̀]aj6n� �6̂\� Okal� 6jY� ����b\~g\X̀]̂\nlt�6jY��]̀��\bb6
�����]�6p\bl�����]jYX6~̀�g\b]aY��ba��c�� à��e��X̀aO\b�cde��]jXnkY\YOà�� 6� g\b]aY� a�� X6n�� à� �aY\b6̀\� �\6̀�\b� XajY]̀]aj~� 6jY� 6� ~\̂\b\� �ab̀��	kbag\6j� �]jY~̀ab�X6nn\Y� 
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