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Abstract

Reflected GNSS signals contain valuable information about their reflecting surface. While re-
flections are typically discarded in geodetic applications, GNSS-R makes use of them, partic-
ularly in environments with large reflective areas such as water. In coastal regions, surface
waves are a dominant environmental feature. A commonly used parameter to describe wave
conditions is the significant wave height (SWH). Its estimation using satellite altimetry can be
challenging in coastal zones due to the mixture of land and water within the sensor footprint. In
such cases, in-situ measurements are often required to bridge these observational limitations.

This study investigates the estimation of SWH from ground-based Global Navigation Satellite
System Interferometric Reflectometry (GNSS-IR) using standard geodetic antennas. Reflected
GNSS signals contain interference signatures visible in the signal-to-noise ratio (SNR), from
which surface roughness can be inferred. Following an modeling approach, a roughness pa-
rameter S of the reflecting surface was estimated for individual reflection arcs across multiple
GNSS frequencies. In a second step, s was related to in-situ SWH from nearby moorings using
a Total Least Squares regression.

Two coastal stations along the German North Sea coast and one station on the U.S. West Coast
were analyzed. Results show that only 10% of the available time series is sufficient to derive
stable parameters, enabling robust SWH predictions over the remaining 90% of the observa-
tion period. The resulting RMSE values range from approximately 18 cm to 34 cm across the
analyzed frequencies. A transferability analysis demonstrates that parameter sets derived at
one site can be applied to others without recalibration. For two of the stations, such transfer
is successful for 6-7 of the 9 available frequencies, highlighting the potential for generalized
parameter models. An azimuth dependent analysis showed that signals arriving from the di-
rection of the incoming waves exhibited smaller RMSE values than those from other directions,
with the opposite direction resulting in the largest errors. Time-series analyses indicate that
GNSS-IR-derived SWH generally follows the temporal evolution of the in-situ observations.
Moreover, periods without mooring measurements can be reconstructed using GNSS-IR.
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Chapter 1

Introduction

1.1 Motivation and Thesis Outline

Coastal regions are among the most dynamic environments on Earth and are of great societal
and economic relevance, as today approximately 40% of the global population resides in coastal
zones (OECD, 2021). Critical infrastructure, ports, industry, and major transportation routes are
concentrated in coastal areas, making them particularly vulnerable to environmental hazards
such as sea-level rise, storms, flooding and erosion (European Environment Agency (EEA),
2010). Accurate and continuous monitoring of sea-state conditions is therefore essential for
coastal protection, maritime safety, offshore operations, and climate research (Ardhuin et al.,
2019), (Pirooznia et al., 2023).

The ocean is a complex system of its own and has long been the subject of scientific investi-
gation. Oceanography, covers interdisciplinary fields, including physical, chemical, biological,
and geological (Powell, 2008). A wide range of parameters is required to describe ocean con-
ditions. These include physical properties such as temperature, density, and salinity, as well as
chemical characteristics like nutrient levels or carbon content, which help describe the biogeo-
chemical state of the water. While the previously mentioned parameters describe the internal
composition and state of the ocean, physical properties of the water surface itself can be esti-
mated with geodetic observation methods. Due to its reflective behavior, the ocean surface acts
as an effective reflector of GNSS signals, allowing reflected signal components to be observed
in addition to the direct signals. GNSS Interferometric Reflectometry (GNSS-IR) makes use of
this property by analyzing the interference between direct and reflected signals, which enables
the estimation of the vertical distance between the antenna and the reflecting surface. Conse-
quently, a single geodetic GNSS antenna can be used not only as a positioning instrument but
also as an environmental sensor, capable of monitoring surface conditions through reflected
signal analysis (Larson and Williams, 2023).

This approach assumes that the reflecting surface can be represented by an effective reflector
height derived from the signal interference pattern. Over the ocean, however, the surface ele-
vation is continuously modified by wave motion, causing variations in the apparent reflector
height. This raises the question of whether GNSS-IR observations can be used not only to de-
termine a mean reflector height but also to describe variations of the ocean surface itself. In
oceanography, such surface variations are commonly quantified by the significant wave height
(Hs or SWH), defined as the mean height of the highest one-third of waves within a given
period (Holthuijsen, 2007). Although the majority of the waves in the measured time period
are smaller than Hs, they have been shown to be an indicator of waves that are noticeable for
maritime operations, ship navigation, and offshore applications.



The aim of this work is to investigate the relationship between the interference pattern con-
tained in the signal-to-noise ratio (SNR) of re ected GNSS signals and the signi cant wave
height. To achieve this, the observable surface-roughness parameter derived from GNSS-IR is
related to in-situ wave measurements, allowing an assessment of how well the characteristics
of the SNR-based interference pattern can be used to estimate H. By analyzing this behavior
at different stations and frequencies, the study evaluates the potential of GNSS-based observa-
tions as a complementary source of information for monitoring sea-state conditions.

1.2 Usability of GNSS-R and Related Work

As mentioned above GNSS-R is not exclusively applied in sea level monitoring. Over the past
decade, GNSS-R applications have expanded across both oceanic and terrestrial domains. In
the marine environment, GNSS-R has been applied for sea surface height estimation (Martin-
Neira, 1993), wind speed estimation, sea-ice monitoring and the characterization of sea-state
conditions. GNSS-R installations on coastal platforms or tide gauges can achieve dense tempo-
ral sampling and are therefore well suited for monitoring rapidly changing conditions.

On land, GNSS-R has been successfully used to estimate snow depth (Nievinski and Larson,
2014), soil moisture (Larson et al., 2008), and vegetation water content (Small et al., 2010). In
these cases, changes in re ection geometry and signal coherence are related to variations in
electric properties, or penetration depth. The broad range of operational environments demon-
strates the exibility of GNSS-R as a geophysical measurement technique (Roesler and Larson,
2018). GNSS-R techniques are continuously advancing and are no longer restricted to purely
post-processed solutions. An example is given by Strandberg et al. (2019), who demonstrate
a real-time sea-level monitoring approach that integrates the inverse modeling method with
an unscented Kalman Iter. Remote estimation of signi cant wave height is also continuously
evolving, and new retrieval approaches are being developed. For example, Gou and Tourian
(2022) introduced a method that replaces the conventional physical SAR model with a data-
driven analysis of the SAR waveform, demonstrating improved performance over existing
techniques. One essential step in this work was inspired by Roggenbuck et al. (2019), who
proposed an approach that estimates SWH from the damping factor of the SNR interference
pattern. In both a static experiment and measurements conducted on a moving vessel, a strong
correlation between the damping factor and SWH was demonstrated. This concept was later
extended through the use of machine-learning techniques, further improving its predictive ca-
pability (Becker and Roggenbuck, 2023).

The following Chapter 2 describes the test sites and brie y presents the software tools used for
data retrieval. Building on this, Chapter 3 outlines the applied methodology and explains the
individual processing and implementation steps in detail. Chapter 4 showcases and discusses
the obtained results. Finally, the thesis concludes with a general conclusion and an outlook.



Chapter 2
Case study and Data

This chapter presents the monitoring sites used in this study and describes the associated GNSS
and in-situ reference datasets. The analysis is based on three coastal locations, for which both
SNR observations and independent wave measurements are available. Each site is situated in
close proximity to the coastline and provides long-term GNSS recordings that enable a con-
sistent temporal evaluation. In addition, each GNSS station is located near a wave-measuring
mooring, which serves as an independent reference for validation.

The study includes two stations along the German North Sea coast and one site on the U.S.
East Coast, representing different coastal environments and providing a basis for this works
approach. The criteria for selecting these locations were: coastal areas, availability of continu-
ous GNSS measurements, and the presence of nearby in-situ wave observations.

The following sections rst describe the geographical setting and station sructure, before de-
tailing the data acquisition and processing steps for both the GNSS/SNR observations and the
in-situ H s measurements used for comparison. The re ector height information was taken from

the Permanent Service for Mean Sea Level (PSMSL www.https://psmsl.org/)

Site GNSS Station  Lat. (GNSS) Lon. (GNSS) RH[m] Wave Buoy Lat. (Buoy) Lon. (Buoy)
Wangerooge TGW2 53°4822.73"N  7°55'45.23"E  12.353m 621083 53°50'6.00" N 8°10'4.80" E
Borkum TGBS 53°34'36.77"N  6°39'41.18"E  10.837m MeethoeiRZGN1 53°34'12.00"N  6°37'55.20" E
Monterey p231 36°37'18.05" N 121°54'19.48"W 8.014m 46240 36°37'35.00" N 121°54'25.00" W

Table 2.1: Locations of GNSS stations and corresponding wave buoys

One of the key criteria for selecting the study sites is availability. This applies to both the GNSS
observations and the in-situ (mooring) reference data. For the German stations in the North
Sea, the use of gnssrefl was limited by the fact that the corresponding archive (BfG) only
provides RINEX 3 data. Consequently, the nine-character station naming convention had to
be used. A further limitation is that the BfG archive only dates back to 2023 for RINEX 3- les,
which constrained the selectable time period.

For station TGW2, the year 2023 was chosen because only a single day of SNR data was missing
during this time span, whereas 2024 offered signi cantly fewer valid days (151). For TGBS, the
situation was reversed: the year 2024 contained a total of 318 valid days, compared to only 277
days in 2023, where long continuous gaps occur. For station P231, the year 2023 provides 364
valid days of SNR data and was therefore selected.

The availability of in-situ data was also considered. For TGW2, only one day of mooring data
was missing, whereas TGBS shows a gap of 37 days and P231 a gap of 16 days in the selected
periods. In 2023, the in-situ data gaps at TGBS occur in long continuous blocks, resulting in



a total loss of 114 (SNR and in-situ gap) days for that year. Unfortunately, the missing data
periods of the SNR and mooring datasets do not overlap for any of the stations. An overview
of the available data for all sites is given in Table 2.2.

site  valid SNR DOYs valid mooring DOYs mooring sampling rate (min) year

TGW?2 364 364 20 2023
TGBS 318 328 10 2024
P231 365 349 30 2023

Table 2.2: Overview of valid data

It is important to note that the mooring data are sampled at different temporal resolutions,
ranging from 10 to 30 minutes depending on the station, as listed in Table 2.2. This sampling
interval determines how many measurements are recorded per day and does not imply any
loss of data. In contrast, the missing days described in this section refer to complete outages,
during which no mooring data were recorded at all. These gaps must be distinguished from
reduced sampling and are relevant when synchronizing the GNSS-R and in-situ observations,
as no data are available for those days.

2.1 GNSS Sides and Moorings

2.1.1 TGW2 - Wangerooge

The TGW?2 station is located in the North Sea, approximately 1.7 km north of the German
island of Wangerooge. It represents one of the coastal monitoring sites operated by the German
Federal Institute of Hydrology (BfG, Bundesanstalt fir Gewasserkunde) within the framework
of long-term marine observation activities.

The station is installed on a xed monopile structure near the coast of Wangerooge, providing
a stable platform for the continuous operation of GNSS equipment under marine conditions.
Its distance from the coastline is advantageous, as it allows the reception of GNSS signals from
all azimuth directions, resulting in unobstructed re ections from the surrounding sea surface,
which are essential and bene cial for the analysis.

The in-situ data for this site are provided by a mooring (designation: 621083) located approxi-
mately 16 km east of the TGW2 station. The mooring is operated and maintained by the Ger-
man Federal Maritime and Hydrographic Agency (BSH, Bundesamt fir Seeschifffahrt und Hy-
drographie). This mooring continuously records sea-state parameters, including the signi cant
wave height, with a temporal resolution of 20 minutes. These observations serve as reference
data for validating the estimated signi cant wave height estimates obtained from TGW2. Due
to the geographical proximity of the mooring and the GNSS station, both systems are mostly
exposed to similar sea-state conditions, which ensures a reliable and consistent comparison of
the measurements.



Figure 2.1: TGW2 site overview in north Germany

2.1.2 TGBS - Borkum

TGBS is located on the western side of Borkum, the westernmost German island in the North
Sea. Like TGW?2, it is operated by the BfG. The coastal monitoring station is mounted on a
xed monopile structure, similar to the installation near Wangerooge, and is situated approxi-
mately 250 m west from the coastline of Borkum. The associated mooring MeetboeiRZGNL1 is
operated by Rijkswaterstaat (RWS), a Dutch governmental agency responsible for this offshore
observation site. This is consistent with the fact that Borkum represents the westernmost of
the German islands, beyond which lie the Dutch islands Rottumeroog and Rottumerplaat. The
distance between MeetboeiRZGN1 and the TGBS GNSS antenna is approximately 2.1 km.

Figure 2.2: TGBS site overview
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