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Abstract

Ocean tidal loading (OTL) represents the elastic response of the solid Earth
to the varying weight of ocean tides. Although these deformations are typically
at the millimeter to centimeter scale, they carry important information on the
coupling between ocean dynamics, crustal elasticity, and geodetic observation.
Detecting and modeling such small signals remains particularly challenging in
regions where tidal amplitudes are weak and ocean models have limited spatial
resolution. The Adriatic Sea, with its shallow bathymetry, semi-enclosed geome-
try, and strong resonance at diurnal and semidiurnal periods, provides a natural
laboratory for addressing this problem.

The study investigates how reliably OTL can be detected and quantified from
GNSS coordinate time series and how the combination of geodetic and oceano-
graphic observations can improve the characterization of tidal forcing and crustal
response. The problem was tackled comprehensively, analyzing tidal constituents
in GNSS observations, and testing the ocean tidal models against sea surface
observations from tide gauge (TG) and GNSS reflectometry (GNSS-R). The first
focuses on methodology, assessing the sensitivity and feasibility to detect OTL
constituents of different GNSS processing strategies, namely absolute and differ-
ential. The second applies these methods regionally to the northern Adriatic,
integrating GNSS with TG and GNSS-R data to analyze both the ocean tides
and the associated surface deformation.

Hourly GNSS processing, applied to continuous observations, allows the re-
covery of tidal displacements at millimetric level. Introducing modern OTL cor-
rections consistently reduces coordinate scatter by up to 22% in the vertical and
10-15% in the horizontal components, confirming that current models capture
most of the tidal load. However, residual spectra reveal coherent tidal energy,
dominated by the diurnal K1 and semidiurnal M2 constituents, pointing to re-
maining model–data mismatches and orbital aliasing. PPP solutions retrieve a
greater number of tidal constituents, whereas DD tends to suppress weaker har-
monics due to differencing. The detectability of tidal lines depends critically on
record length and noise. Multi-year series enhance spectral resolution and am-
plitude stability, while higher noise levels can obscure weak tides even in long
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datasets.
In the regional application of the Adriatic sea, TG analyses confirm a north-

ward amplification of semidiurnal energy (M2 and S2) and a coherent phase pro-
gression consistent with resonance. The global model FES2014b reproduces the
main pattern, though with localized discrepancies attributable to bathymetric
and coastal complexity. GNSS-R observations provide an effective complement
to TGs, recovering sea level variations with 2–3 cm agreement and correlations
exceeding 90%, demonstrating the potential of low-cost, autonomous coastal mon-
itoring. GNSS-derived OTL displacements reveal a coherent semidiurnal elastic
response consistent with model predictions, while diurnal discrepancies primarily
reflect GNSS orbital effects rather than true ocean model errors.

The work documents the first hourly GNSS detection of OTL in the Adriatic
Sea. By integrating GNSS, GNSS-R, and TG observations, it establishes a cross-
validated framework capable of resolving sub-centimeter crustal deformation in a
small and resonant basin. The findings advance methodological understanding of
GNSS-based tidal analysis and highlight the benefits of combining geodetic and
oceanographic techniques for studying ocean-solid Earth interactions. Beyond
scientific implications, the integrated monitoring approach offers practical rele-
vance for coastal geodesy, hydrodynamic model calibration, and risk assessment
in regions affected by subsidence and sea level rise.
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Chapter 1

Introduction

1.1 State of the art and motivation

Ocean tidal loading (OTL) represents the deformation of the solid Earth
caused by the varying weight of ocean tides due to the periodic sea surface height
(SSH). Therefore, these deformations are periodic and predominantly vertical,
typically reaching amplitudes of a few millimeters to centimeters depending on
the location, the tidal regime, and the proximity to coasts or semi-enclosed basins
(Farrell, 1972). OTL is an important geophysical phenomenon because it con-
nects ocean dynamics, solid Earth elasticity, and precise geodetic observations.
The main challenge lies in accurately observing and modeling these small but
complex deformations, especially in regions where the amplitude of ocean tides
is small, such as the Adriatic Sea.

Over the last two decades, the use of Global Navigation Satellite System
(GNSS) observations has revolutionized our ability to detect and quantify OTL
signals (Penna et al., 2015; Bos et al., 2015; Martens et al., 2016). High-
precision GNSS positioning, when applied to long and continuous time series,
enables the estimation of sub-daily periodic signals corresponding to the main
tidal constituents. Studies such as Zajdel et al. (2022) , Perosanz et al. (2023)
and Ait-Lakbir et al. (2023) have shown that with multi-GNSS processing, the
estimation of solar constituents improves significantly in both accuracy and sta-
bility compared to GPS-only solutions. Similar analyses, demonstrated that am-
biguity resolution and the inclusion of multiple satellite systems can improve the
detection of tidal displacements by up to a few tenths of a millimeter for certain
harmonics. These improvements are particularly relevant for small basins where
the OTL signal approaches the noise level.

Nevertheless, detecting OTL in small basins from GNSS data remains a de-
manding task. The amplitude of the deformation is often very small and easily
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masked by noise due to multipath effects, local monument instability, antenna cal-
ibration errors, or atmospheric delay mismodelling. The quality and continuity
of the GNSS record are crucial because short or interrupted time series degrade
the spectral resolution, causing leakage between close tidal frequencies. Beyond
observational noise, a key limitation arises from the models used to correct OTL
in standard GNSS processing. Global OTL corrections, based on large-scale tide
models like Finite Element Solution (FES, F. H. Lyard et al., 2021) or TPXO
(Egbert et al., 2002), are typically computed on coarse grids that fail to capture
the local response in complex coastal and semi-enclosed regions. These models
may not correctly represent coastal amplification or resonance effects, leading to
biases in the predicted amplitude and phase of tidal loading displacements (Fa-
rina et al., 2013; Bos et al., 2015; Petrov et al., 2021). Applying global OTL
corrections blindly can therefore introduce systematic residuals that remain visi-
ble in GNSS position time series, often as periodic signals at the millimeter level.
Differences in model resolution, coastline representation, and interpolation pro-
cedures may account for part of these residuals.

The Adriatic Sea provides a particularly interesting and challenging case for
ocean tides studies. Its geometry and shallow bathymetry cause natural reso-
nance at diurnal and semi-diurnal periods, amplifying certain tidal constituents
such as M2 and K1. Medvedev et al. (2020) provided observational evidence of
tidal resonance in the basin, identifying eigenmodes around 21.5 h and 10.9 h,
which are close to diurnal and semi-diurnal oscillations. Although the overall
tidal range in the Adriatic is small compared to ocean coasts, these resonances
locally enhance tidal amplitudes and may produce measurable loading effects on
the solid Earth. Studies of tidal currents by Poulain (2013) confirmed the domi-
nance of the same tidal constituents, particularly in the northern Adriatic, where
coastal amplification is strongest.

Early investigations of OTL effects in the Adriatic Sea date back to the pi-
oneering work of Chiaruttini (1976), who computed the M2 ocean tide loading
response in terms of gravity, tilt, and strain at several sites across the Italian
peninsula using Green’s function techniques. Several of these sites, including
Grotta Gigante and Trieste, are located in northeastern Italy and along the Adri-
atic coast, highlighting the early recognition of the region’s sensitivity to tidal
loading effects.

Accurately characterizing the forcing side of the problem is essential to relate
GNSS-measured deformation to oceanic mass variation. Traditional tide gauges
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(TG) provide high-quality, long-term sea level data, but they are limited spatially
and can be influenced by vertical land motion. Recently, GNSS Reflectometry
(GNSS-R) has emerged as a promising technique to complement TGs by observ-
ing sea level changes through reflected GNSS signals (Larson et al., 2017). In
GNSS-R, the signal-to-noise ratio or complex field of reflected signals encodes
variations in the reflector height, allowing the retrieval of sea surface variations
with centimetric accuracy. Studies such as Tabibi et al. (2020) demonstrated
the capability of GNSS-R to recover tidal harmonics in polar regions with good
agreement to TGs, while more recent works (e.g. Liu et al., 2022) have shown
that dual-frequency GNSS-R can retrieve sea level changes at high temporal res-
olution, with root-mean-square (rms) differences below 6 cm relative to reference
gauges. However, challenges remain, environmental conditions, antenna geome-
try, and reflection surface characteristics can bias the retrieved amplitudes.

Combining GNSS positioning, TG, and GNSS-R observations offers a pow-
erful framework for studying ocean tides and its surface deformation. GNSS
captures the elastic response of the crust to ocean loading, while TGs and GNSS-
R provide complementary information on the forcing, allowing cross-validation
of models and improving local corrections. For the Adriatic, this integrated ap-
proach is particularly promising because it enables investigation of whether the
small but non-negligible OTL signal can be resolved above the noise level, and
under what processing strategies this becomes possible.

The literature suggests that detectability depends strongly on data quality,
processing techniques, and the sophistication of the models employed. High-
quality multi-year GNSS records with low noise are required to resolve the small
tidal lines in the spectrum. Regional OTL models that include the accurate
geometry and resonance characteristics could help to improve the prediction of
loading displacements. Furthermore, careful noise modeling and the use of multi-
GNSS observations enhance the signal-to-noise ratio, making the detection of
millimeter-level tidal deformation feasible.

In summary, the current state of knowledge indicates that while OTL signals
are measurable in many parts of the world using GNSS, their detection in small
basins such as the Adriatic remains challenging due to their small amplitude
and the presence of competing signals from non-tidal processes. Nevertheless,
recent advances in GNSS processing, reflectometry, and the integration of auxil-
iary sea level data provide an unprecedented opportunity to study these subtle
signals. A comprehensive analysis combining regional modeling, improved GNSS
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techniques, and complementary observations could finally determine whether the
Adriatic’s resonant tidal loading can be detected and characterized with suffi-
cient confidence. Such work would not only contribute to understanding local
geodynamics but also refine the methodology for observing OTL in other small
or semi-enclosed basins around the world.

1.2 Outline and summary of the thesis

The thesis is structured into six chapters:

- Chapter 1 contains the introduction and state of the art.

- Chapter 2 covers GNSS fundamentals, including positioning principles, ob-
servables, error sources, and advanced processing techniques; tropospheric
delays and their modeling; GNSS reflectometry for measuring surface prop-
erties; Earth and ocean tides theory and effects; and OTL and its influence
on geodetic measurements.

- Chapter 3 describes the datasets, processing strategies and methods used
to analyze ocean tidal effects. The details on the deployment of a new
multi-GNSS station are described. Global OTL models are presented and
the prediction of ocean tidal displacement is described.

- Chapter 4 presents the methodology and results of estimating OTL effects
using GNSS data processed with both Precise point positioning (PPP) and
Double difference (DD) strategies. The theory and modeling of OTL are
then introduced, with emphasis on the use of global models and computa-
tion. Subsequently, the chapter compares GNSS-derived displacements with
modeled tidal constituents, analyzing RMS improvements and residuals af-
ter applying OTL corrections. A detailed tidal analysis is performed for key
constituents, highlighting differences between vertical and horizontal com-
ponents and between DD and PPP solutions. The chapter also addresses
challenges such as orbital aliasing, constellation-specific artifacts, and their
impact on spectral analysis. Finally, the discussion synthesizes the results,
emphasizing the relative strengths and limitations of PPP versus DD, the
agreement with global ocean models, and implications for high-precision
geodetic applications.
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- Chapter 5 provides an overview of tidal dynamics in the northern Adriatic, a
region distinguished by shallow waters, semi-enclosed geometry, and strong
tidal resonance. It introduces the use of TG measurements to analyze tidal
amplitudes and phases, with particular attention to the northward increase
of semidiurnal constituents. The chapter also presents GNSS reflectometry
(GNSS-R) as a complementary method for sea level monitoring and outlines
the processing strategies for elevation angles, azimuth ranges, and reflector
heights. Methods for assessing OTL using GNSS-derived 3-D displacements
and modeling are described. The separation of tropospheric zenith delay
(ZTD) from vertical coordinates estimation is discussed to ensure accurate
tidal estimation. Harmonic and spectral analyses of diurnal and semidiurnal
tidal constituents are introduced. The chapter highlights the comparison
of observed signals with a global tidal model.

- Chapter 6 collects the general conclusions of the study highlighting the
findings and the advances in GNSS-based OTL estimation and in ocean
tide analysis in the northern Adriatic sea.
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Chapter 2

Theory

2.1 Global Navigation Satellite System

The Global Navigation Satellite System (GNSS) is a geodetic technique which
provides positioning, navigation, and timing information worldwide. The concept
of satellite navigation emerged in the mid-20th century, driven initially by military
needs for global positioning (Parkinson et al., 1996). The first operational system
became functional in the 1960s. It was succeeded by the Global Positioning Sys-
tem (GPS), developed by the United States Department of Defense and opened
for civilian use in the 1980s (Kaplan et al., 2006). Nowadays, GNSS encom-
passes multiple independent and interoperable systems: GPS (United States),
GLONASS (Russia), Galileo (European Union), BeiDou (China), and regional
augmentation systems such as QZSS (Japan) and NavIC (India). Together, these
systems form a dense network of satellites that significantly improve coverage, ac-
curacy, and redundancy. The information for each constellation about the number
of orbiting and working satellites and frequencies used are summarized in Table
2.1 (Montenbruck et al., 2014).

Table 2.1: Summary of the main GNSS constellations, indicating the number of opera-
tional satellites and nominal carrier frequencies for each system. The values correspond
to the nominal full constellation status, with frequency designations following standard
international conventions.

Constellation N° of satellites Frequencies

GPS 31 L1, L2, L5
GLONASS 24 L1, L2, L3
GALILEO 27 E1, Ea5, Eb5, E6
BEIDOU 44 B1, B2, B3

GNSS positioning techniques are founded on the principle of trilateration (Ka-
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plan et al., 2006). Each satellite continuously transmits a coded signal containing
its orbital parameters (ephemeris) and precise transmission time. A receiver, by
comparing the received signal time to its internal clock, can estimate the signal’s
travel time and thus the distance to the satellite. With simultaneous pseudor-
ange measurements from at least four satellites, the receiver solves for its three-
dimensional position and clock offset. GNSS satellite’s motion obeys Newton’s
law of universal gravitation, orbiting on elliptical orbits, following Kepler’s laws
of planetary motion. The latter link orbital velocity and period to the orbital
altitude and the Earth’s Mass (Parkinson et al., 1996). The predictable nature of
these orbits enables precise modelling of satellite positions (ephemerides), which
is critical for accurate positioning. The trilateration principle can be expressed
mathematically as follows: if the position of the i-th satellite is Si = (Xi, Yi, Zi)
and the unknown receiver position is R = (X, Y, Z), the geometric range is given
by

ρi =
√︂

(X −Xi)2 + (Y − Yi)2 + (Z − Zi)2. (2.1)

The measured pseudorange Pi includes the receiver clock offset δtr relative to
GNSS system time:

Pi = ρi + c δtr + εi, (2.2)

where c is the speed of light and εi accounts for measurement noise and other
residual errors. At least four independent measurements are required to solve
for the three receiver coordinates and the clock offset. This nonlinear system is
typically linearized and solved iteratively using least-squares estimation.

All GPS satellite signals originate from a fundamental oscillator frequency
f0 (10.23 MHz). The two right-hand circularly polarized carrier frequencies, f1

and f2 (1.57 GHz and 1.22 GHz), use biphase modulation to transmit clock data,
orbital parameters, and navigation messages (Figure 2.1). GPS satellites transmit
three coded signals modulated onto two carrier frequencies (L1 and L2): the
precision code P(t), the coarse acquisition (C/A) code C(t), and the navigation
message D(t). The first two codes are modulated on the carrier frequencies as
so-called pseudo random noise (PRN) sequences. The L1 signal contains both
P-code and C/A-code, the L2 signal contains just the P-code. The third signal
is the broadcast or navigation message which contains information about the
satellite orbit, clock, health status, and other data.

GNSS positioning accuracy is limited by a range of error sources (Hofmann-
Wellenhof et al., 2008):
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Figure 2.1: Schematic representation of the GPS signal structure. Each satellite
transmits right-hand circularly polarized carrier waves (L1, L2) modulated by pseudo-
random noise (PRN) codes and a navigation message containing ephemerides, clock
corrections, and system status information. Adapted from the Bernese GNSS Software
Manual (Dach et al., 2015).

• Satellite clock errors: deviations of onboard atomic clocks from system time;

• Ephemeris errors: inaccuracies in the broadcast satellite positions;

• Ionospheric delay: dispersive delay caused by the ionosphere, varying with
solar activity and signal frequency;

• Tropospheric delay: non-dispersive delay due to atmospheric temperature,
pressure, and humidity variations;

• Multipath: interference from reflected signals arriving in addition to the
direct path;

• Receiver noise: thermal and quantization noise in the electronics.

Several mitigation strategies are used to address these effects. Dual-frequency
measurements allow elimination of first-order ionospheric delay using the iono-
sphere free linear combination. Tropospheric delays can be modelled with map-
ping functions such as Saastamoinen function or Vienna Mapping Function (VMF)
(Saastamoinen, 2013; Boehm et al., 2006). Multipath effects are reduced through
antenna design, choke rings, and careful site placement. Satellite clock and orbit
errors are minimized using precise products from the International GNSS Ser-
vice (IGS) (Kouba et al., 2001). For high-accuracy applications, methods such
as Differential GNSS (DGNSS), Real-Time Kinematic (RTK), or Precise Point
Positioning (PPP) can achieve millimeter-level precision (Zumberge et al., 1997).
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2.1.1 GNSS observable modeling and position estimation

GNSS positioning techniques are broadly categorized into absolute (stand-
alone) and relative (differential) methods. Absolute GNSS positioning determines
a receiver’s coordinates directly from satellite signals using broadcast ephemeris
data, providing positions in a global reference frame ( Misra et al., 2002; Hofmann-
Wellenhof et al., 2008). In contrast, relative GNSS positioning, which involves
two or more receivers, computes the position of one receiver relative to another
with known coordinates. This approach effectively mitigates common errors such
as satellite clock biases, orbital errors, and atmospheric delays (Leick et al., 2015;
Kaplan et al., 2017).

Within this classification, Precise Point Positioning (PPP) represents an ad-
vanced form of absolute positioning, while double-difference (DD) techniques con-
stitute a key relative positioning method based on differential processing between
multiple receivers.

2.1.1.1 Double-Difference processing

In DD processing, coordinate estimation is performed by solving for a baseline
relative to a fixed reference station with precisely known coordinates using the
carrier phase observables. The observation equations are constructed by form-
ing differences between receivers observing the same satellite and furthermore
forming a second difference between satellites observing the same receiver. This
method offers the advantage of largely eliminating clock errors associated with
both the satellite and the receiver (G. Blewitt, 2015).

The DD method is a widely adopted and highly effective approach for pro-
cessing GNSS data. The advantages of this approach is its ability to eliminate
the receiver clock bias directly, rather than treating it as an estimated parameter
and its effectiveness in mitigating common errors such as tropospheric and iono-
spheric delays as well as tidal and non-tidal loading effects.

The pseudorange observation equations for the receivers A and B observing
the same satellite j are (G. Blewitt, 2015):

Lj
A = ρj

A + c(τA − τ j) + Zj
A − Ij

A +Bj
A

Lj
B = ρj

B + c(τB − τ j) + Zj
B − Ij

B +Bj
B

(2.3)
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where ρj
i is the geometry distance between the receiver and the satellite, τ j and

τi are the satellite and receiver clock bias, c is the velocity of light, Zj
i is the

tropospheric delay, Ij
i is the ionospheric delay and Bj

i represents measurement
noise and multipath effects.

The single difference eliminates the satellite clock bias by taking the difference
between two receivers A and B observing the same satellite j.

∆Lj
AB = Lj

A − Lj
B =

= ∆ρj
AB + c∆τAB + ∆Zj

AB − ∆Ij
AB +Bj

AB

(2.4)

The double difference further removes the receiver clock bias by taking the
difference between two single differences from two satellites j and k.

∆∆Ljk
AB = ∆Lj

AB − ∆Lk
AB =

= (∆ρj
AB − ∆ρk

AB) + (∆Zj
AB − ∆Zk

AB)

− (∆Ij
AB − ∆Ik

AB) + (∆Bj
AB − ∆Bk

AB)

(2.5)

The same occurs for the carrier phase observation equation, leading to the re-
moval of both satellite and receiver clock biases, leaving only atmospheric effects,
measurement noise, and integer ambiguities.

∆∆Φjk
AB = ∆Φj

AB − ∆Φk
AB =

= (∆ρj
AB − ∆ρk

AB) + (∆Zj
AB − ∆Zk

AB)

− (∆Ij
AB − ∆Ik

AB) + λ(∆N j
AB − ∆Nk

AB)

(2.6)

where λ is the wavelength for carrier-phase respective frequency and N is the
ambiguity parameter for the phase observation.

2.1.1.2 Precise Point Positioning processing

PPP is a processing technique that estimates receiver coordinates using un-
differenced code and carrier-phase observations from a single station. By relying
on precise satellite orbit and clock products derived from a global network, PPP
can achieve centimeter-level positioning accuracy without the need for local ref-
erence stations (Zumberge et al., 1997; Rizos et al., 2012). During each epoch,
receiver coordinates are estimated together with nuisance parameters such as re-
ceiver clock errors, atmospheric delays, and carrier-phase ambiguities, which also
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absorb unmodeled satellite and receiver hardware delays and initial phase windup
effects.

PPP requires the application of accurate and consistent models for several
error sources, including antenna phase-center offsets and variations, solid Earth
tides, Earth rotation, relativistic effects, and atmospheric delays. The first-order
ionospheric delay is commonly mitigated through ionosphere-free linear combi-
nations of dual-frequency observations or explicitly estimated, while the tropo-
spheric delay is generally treated as an unknown parameter and estimated during
processing. Accurate modeling of atmospheric delays has been shown to signifi-
cantly reduce PPP convergence time (Ma et al., 2025), which otherwise remains
one of the main limitations of the technique.

PPP convergence can be further improved by increasing the number of avail-
able satellite constellations, as multi-GNSS observations enhance satellite ge-
ometry and redundancy (Banville et al., 2020). Moreover, unmodeled satellite
and receiver biases prevent carrier-phase ambiguities from being directly resolved
as integers, motivating the development of advanced PPP ambiguity resolution
techniques (PPP-AR) (Gabor, 1999). Compared to DD processing, PPP offers
notable computational efficiency, as its processing time scales linearly with the
number of stations, whereas DD processing scales more rapidly due to the in-
creasing number of baselines (Elgered et al., 1998).

The observation equations, respectively for pseudoranges (LPi
) and carrier

phase (LΦi
), can be written as follows (Ogaja, 2022):

LPi
= ρj

i + c(τi − τ j) + Zj
i − Ij

i + ∆ + ϵPi

LΦi
= ρj

i + c(τi − τ j) + λ(N +B + b) + Zj
i − Ij

i + ∆ + ϵΦi

(2.7)

where ρj
i is the geometry distance between the receiver i and the satellite j, τ j and

τi are the satellite and receiver clock bias, c is the velocity of light, Zj
i is the tro-

pospheric delay, Ij
i is the ionospheric delay, λ is the wavelength for carrier-phase

respective frequency, B and b are the uncalibrated phase delays for receiver and
satellite, respectively, N is the ambiguity parameter for the phase observation, ∆
is the correction component containing satellite and receiver phase centers and
ϵΦi

and ϵPi
are the measurement noise for pseudo-range and carrier-phase.

The ionospheric-free combination of double-frequency f1 and f2 GNSS pseu-
dorange PIF and carrier phase ΦIF observation equations corrected for satellite
clock bias and antenna phase center variations can be written as (Kouba et al.,
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2001):

PIF = f 2
1P1 − f 2

2P2

f 2
1 − f 2

2

ΦIF = f 2
1 Φ1 − f 2

2 Φ2

f 2
1 − f 2

2

(2.8)

2.1.2 GNSS tropospheric and ionospheric delay

The zenith tropospheric delay (ZTD) is an essential parameter that repre-
sents the delay experienced by GNSS signals as they travel through the Earth’s
troposphere. This delay arises due to the refraction caused by atmospheric pres-
sure, temperature, and water vapor, which influence the propagation speed of
electromagnetic waves. For a station at the sea level and standard atmospheric
conditions, the delay due to tropospheric refraction is of the order of 2.3 m (Dach
et al., 2015).

The ZTD can be decomposed into two principal components (Bevis et al.,
1994: the Zenith Hydrostatic Delay (ZHD), predominantly caused by dry atmo-
spheric gases, it is relatively stable and can be accurately modeled using surface
pressure measurements and empirical models, and the Zenith Wet Delay (ZWD),
attributable to atmospheric water vapor, which is highly variable both spatially
and temporally, posing challenges for precise estimation.

The physical basis of tropospheric delay can be described through the con-
cept of atmospheric refractivity. The refractive index of the neutral atmosphere n
differs slightly from unity, and the refractivity N is expressed as (Thayer, 1974):

N = (n− 1) × 106 = k1
P

T
+ k2

e

T 2 , (2.9)

where P is the total atmospheric pressure, e is the water vapor partial pressure, T
is the absolute temperature (local air temperature at the point where refractivity
is evaluated), and k1, k2 are empirically derived constants. The first term, which
depends on total pressure, gives rise to the hydrostatic component of the delay
(Saastamoinen, 1972), while the second term, which depends on water vapor
content, defines the wet component. The total ZTD can be expressed as the sum
of its components:

ZTD = ZHD + ZWD (2.10)

Since GNSS observations are not generally made at zenith, the ZTD must be
mapped into slant tropospheric delays (STDs) along each satellite–receiver line
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of sight. This transformation is performed using mapping functions m(e), such
as the Vienna Mapping Function (VMF, Landskron et al., 2018):

STD = mhyd(e) · ZHD +mwet(e) · ZWD (2.11)

where e is the satellite elevation angle and mhyd(e), mwet(e) are the hydrostatic
and wet mapping functions, respectively. The accuracy of these mapping func-
tions is crucial, as deficiencies propagate into GNSS positioning results and at-
mospheric parameter retrieval.

The variability of the ZWD component is particularly noteworthy. In tropi-
cal regions, the ZWD can contribute more than 40% of the total ZTD, whereas
in high-latitude or arid regions, it remains a relatively small fraction. Tempo-
ral fluctuations occur on multiple scales: from minutes to hours in response to
convective systems and diurnal heating, to seasonal cycles linked to monsoon cir-
culation, storm tracks, and large-scale climatic regimes. This variability makes
ZWD estimation both a challenge and an opportunity. On one hand, it com-
plicates the modeling of GNSS signal delays; on the other hand, it provides a
valuable proxy for atmospheric water vapor, an essential variable for weather
forecasting and climate monitoring (Guerova et al., 2016; Riccardi et al., 2021).

As a result, ZTD estimates derived from GNSS networks have become an im-
portant data source for atmospheric sciences. They are now routinely assimilated
into Numerical Weather Prediction models to improve short-term forecasts, espe-
cially in regions with sparse radiosonde or satellite coverage. Moreover, long-term
ZTD and ZWD records have proven useful for detecting trends in atmospheric
water vapor, offering insights into climate variability and potential links to global
warming. In addition, high-resolution GNSS-derived tropospheric delays con-
tribute to early warning systems for severe weather events, such as thunderstorms
and typhoons, where rapid changes in water vapor play a critical role in storm
development.

Beyond their atmospheric relevance, ZTD estimates are also sensitive to geo-
physical loading effects. Earth deformation phenomena such as OTL, atmospheric
pressure loading (APL), and solid Earth tides cause station displacements that
affect the effective signal path length. Neglecting these displacements introduces
systematic biases into ZTD estimation. Studies have demonstrated strong corre-
lations between deformation effects and differences in ZTD estimates when such
corrections are applied. For example, a correlation of 0.99 has been observed
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between vertical OTL-induced deformation and ZTD discrepancies, underscoring
the interplay between the Earth’s deformation and atmospheric delay modeling
(Dach et al., 2000). These findings highlight that accurate ZTD estimation re-
quires a holistic treatment of both atmospheric conditions and geophysical loading
processes.

The ionospheric delay is another major source of error affecting GNSS sig-
nal propagation. It originates from the dispersive nature of the ionosphere, a
partially ionized region of the upper atmosphere extending from approximately
60 km to more than 1000 km above the Earth’s surface. The magnitude of the
ionospheric delay depends primarily on the total electron content (TEC) along
the signal path and is inversely proportional to the square of the signal frequency
(Klobuchar, 1987; Schaer et al., 1999).

For single-frequency GNSS observations, the ionospheric delay can reach sev-
eral tens of meters during periods of high solar activity, making it the dominant
error source if not adequately modeled. However, in dual-frequency GNSS pro-
cessing, the first-order ionospheric delay can be effectively removed by forming
the ionosphere-free (IF) linear combination of carrier-phase and code observa-
tions (Hofmann-Wellenhof et al., 2008). This combination exploits the dispersive
nature of the ionosphere and reduces the first-order ionospheric effect by more
than 99% .

Despite the use of the ionosphere-free combination, higher-order ionospheric
effects remain, including second- and third-order terms, which are related to the
geomagnetic field and electron density gradients. Although these residual effects
are typically at the millimeter level for positioning applications, they can become
relevant for high-precision geodetic analyses and during periods of enhanced iono-
spheric activity.

In the Precise Point Positioning (PPP) approach adopted in this study, the
ionosphere-free linear combination is used in conjunction with precise satellite
orbit and clock products. Consequently, no explicit estimation of ionospheric
parameters is performed. Instead, the residual ionospheric effects are absorbed
into the observation noise and parameter estimation, while external ionospheric
products implicitly contribute to the generation of precise satellite clocks used in
PPP processing (Hernández-Pajares et al., 2007).
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2.1.3 GNSS reflectometry (GNSS-R)

GNSS was originally developed for navigation purposes, but its applications
have expanded significantly over recent decades. With the advancement of GNSS
as a satellite-based microwave (L-band) technology, its applications have ex-
panded significantly, revealing new capabilities and potential uses. More recently,
the GNSS reflectometry (GNSS-R) technique has been investigated, in relation
with the exploitation of the radio wave reflection (Zavorotny et al., 2014). GNSS-
R has been demonstrated to be a reliable method to analyze different geophysical
properties of the surface, for example sea level variation, soil moisture, and snow
depth (Larson et al., 2017).

In GNSS-R, several techniques have been developed depending on the type of
GNSS observable exploited. The most commonly used approach in ground-based
applications is based on the signal-to-noise ratio (SNR), which captures the inter-
ference pattern between direct and reflected signals (Larson et al., 2017). How-
ever, GNSS-R is not limited to SNR-based methods. Alternative approaches have
been proposed using pseudorange (code) observations (Katzberg et al., 2013),
carrier-phase measurements, and signal strength indicators (SSI). Code-based
GNSS-R techniques are mainly employed in airborne and spaceborne configura-
tions, where reflected signals are analyzed in terms of delay and Doppler char-
acteristics, while phase-based approaches exploit carrier-phase residuals to infer
reflector geometry with high precision, albeit with increased sensitivity to phase
ambiguities and noise.

An additional observable of interest for GNSS reflectometry is the SSI, which
represents a raw measure of received signal power recorded in GNSS observation
files (Nievinski et al., 2014). Unlike SNR observables, which may not always be
available, particularly in early GNSS datasets or for specific receiver types, SSI
data are systematically present in GNSS observation files. As such, SSI-based re-
flectometry offers a valuable alternative for exploiting legacy GNSS data and long-
term time series when SNR measurements are missing or unreliable. This broad
range of GNSS-R techniques extends the applicability of reflectometry beyond
modern receivers and enables the use of both historical and multi-constellation
datasets.

Sea surface height (SSH) variations have been studied through the last decades
with two main techniques: observations with TG and satellite radar altimetry.
TG measures relative sea level with respect to a local reference on the land, with-
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out taking into account ground motion. On the other hand, satellite radar altime-
try measures SSH at high spatial resolution along its track, but the temporal data
accessibility is in the order of hours to days, therefore the data have lower tempo-
ral resolution than the tide gauges. GNSS-R is able to overcome these problems,
offering an estimation with a deviation in the order of few millimeters respect to
TG. The local reference point coincides with the GNSS antenna mount, which can
be directly monitored within a global reference frame. As a result, GNSS-derived
sea level is inherently an absolute measurement, making it sensitive to long-term
absolute sea level trends (Devoti et al., 2023). In conclusion, the GNSS reflected
signal can measure the SSH with high spatial and temporal resolution (Jin et al.,
2010).

Permanent GNSS receivers are instruments that receive signals from satellites
and use them to position the receiver in space and time. They are affected by
multipath errors, which occur when the direct signal from the satellite interferes
with signals reflected by surfaces in the vicinity of the receiver. To mitigate these
effects in conventional GNSS positioning, specialized antenna designs and installa-
tion strategies are routinely adopted, such as choke-ring antennas, ground planes,
radomes, and other multipath-suppressing devices developed by GNSS manufac-
turers (Bilich et al., 2008). These instrumental solutions aim to attenuate or
reject reflected signals in order to improve positioning accuracy. In contrast, the
GNSS-Reflectometry (GNSS-R) technique intentionally exploits reflected signals
to estimate the height of the reflective surface and to study its temporal varia-
tions (Larson et al., 2013).

In this study case, we use the technique to estimate the SSH of the sea surface
below the GNSS station, in order to obtain information on the dynamic of the
ocean tides.

Signals reflected off the water will be delayed in reaching the receiver, and as
a result will not necessarily be in phase with the direct signal. As the satellite
passes overhead, the angle of reflection changes, and thus the delay will change.
At a certain moment, the reflected signal will be in phase with the main signal,
enhancing it, at other times it will be out of phase, dampening its strength. These
variations in the signal strength are measured by the receiver’s SNR. Considering
a GNSS antenna located at a height h above the sea surface, it detects two sig-
nals: direct signal, which travels straight from the satellite receiver, and reflected
signal, which bounces off the surface before reaching the receiver. As illustrated
in Figure 2.2, the path of the reflected signal is longer than the direct one, and
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their difference is indicated by ∆s as:.

∆s = 2hsin(e) (2.12)

where e is the elevation angle. The additional path length introduces a phase
difference ∆Φ between the direct and reflected signals, and can be written as:

∆Φ = 2π∆s
λ

= 4πh
λ
sin(e) (2.13)

where λ is the wavelength of the GNSS signal (Altuntas et al., 2021).
The superposition of both signals, direct and reflected, results in interference,

e e

e

h

h

Direct signal

Reflected signal

eh

Figure 2.2: Geometrical configuration of the GNSS-R principle. The direct and reflected
signals received by a GNSS antenna are shown, with ∆s representing the excess path
length of the reflected signal relative to the direct one. The interference between the
two signals encodes information on the antenna height above the reflecting surface.

which produces oscillations in the observed signal power. Eliminating the direct
signal from the SNR function, the remaining data are the contribution of the
reflected signal (Figure 2.3). The direct signal is eliminated by removing the
smooth, slowly varying trend (e.g., using a polynomial or low-pass filter) from
the SNR data, leaving only the oscillations caused by the reflected signal.

The detrended SNR can be expressed:

SNR = A cos

(︄
4πh
λ
sin(e) + ϕ

)︄
(2.14)

where A and ϕ are the amplitude and phase of the SNR (Altuntas et al., 2023).
Using sin(e) as the independent variable, the oscillation frequency of SNR signal
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Figure 2.3: Example of a detrended signal-to-noise ratio (SNR) record after removing
the direct signal component. The residual oscillations correspond to interference fringes
resulting from the interaction between the direct and reflected GNSS signals, which can
be analyzed to estimate the height of the reflecting surface (source: https://gnssre
fl.readthedocs.io/_/downloads/en/latest/pdf/).

becomes a constant function of h, therefore a Lomb-Scargle periodogram can be
implemented to extract the vertical distance between the antenna and the reflec-
tive surface (Lomb, 1976; Scargle, 1982).

f = 4πh
λ

⇒ h = 4πf
λ

(2.15)

The main guidelines for a multi purpose GNSS station, including GNSS-R,
can be summarized as follow (Geremia-Nievinski et al., 2019):

- unobstructed view from the antenna to the satellite in the sky and from
the antenna down to the surface. The station equipment (receiver, battery,
etc.) should be placed outside the reflection surface view;

- for water level monitoring, surface visibility has to be maximized. For
roof-top installations, the preference of the antenna location should be to
sidewalls or corners;

- The ideally azimuthal sector should be around 180°, at the very least 90°
wide;

- The choice of the sampling interval should be inversely proportional to the
height of the antenna above the surface;

- record more than just GPS system;

- RINEX3 format is strongly recommended, as it stores the SNR separately
for each GNSS signal.
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2.2 Earth and ocean tides

Tides are periodic deformations of both the solid and fluid (ocean and atmo-
sphere) Earth, produced primarily by the differential gravitational forces exerted
by the Moon and the Sun (Melchior, 1983; Pugh et al., 2014). Even though the
Sun is vastly more massive than the Moon, its tidal influence is weaker because
tidal forces decrease with the cube of the distance, making the Moon’s proximity
the dominant factor (Doodson et al., 1997). The fundamental mechanism can
be described in terms of the tidal potential Vt, which represents the second-order
term in the spherical harmonics expansion of the gravitational potential of an
external body of mass M at distance R from the Earth’s center. For a point at
distance r from the Earth’s center, with ψ being the angle between the point and
the direction to the external body, the tidal potential is given by:

Vt(r, ψ) ≈ GMr2

2R3 P2(cosψ) (2.16)

where G is the gravitational constant and P2 is the Legendre polynomial of degree
2, written as:

P2(cosψ) = 1
2
(︂
3 cos2 ψ − 1

)︂
(2.17)

This potential induces periodic forces that generate characteristic diurnal and
semi-diurnal oscillations in both the solid Earth and the oceans. The solid Earth’s
response, often termed Earth tides or body tides (EBT), involves vertical dis-
placements of up to ∼ 0.4 m and is described in terms of the dimensionless
Love numbers h, l, and k, which respectively parameterize radial displacement,
horizontal displacement, and the change in gravitational potential (Wahr, 1981;
Lambeck, 1988). The vertical displacement ur at the Earth’s surface due to the
tidal potential can be expressed as:

ur = h
Vt

g
(2.18)

where g is the mean gravitational acceleration at the surface. Similarly, the
perturbation δΦ in the gravitational potential due to Earth deformation is

δΦ = kVt (2.19)
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Inelastic behavior in the mantle, characterized by the quality factor Q, introduces
a phase lag δ between the tidal potential and the response, leading to irreversible
energy dissipation (Wahr, 1981).

Ocean tides, in contrast, represent the hydrodynamic adjustment of the ocean’s
free surface to the same tidal potential. Their large scale behavior is governed
by the depth-integrated, linearized shallow water equations on a rotating sphere
(Pugh et al., 2014):

∂u
∂t

+ f k̂ × u = −g∇η + Ft − ru

∂η

∂t
+ ∇ · (Hu) = 0

(2.20)

where u is the horizontal velocity, f is the Coriolis parameter, η is the sea surface
height, H is the mean depth, Ft is the body force per unit mass associated with
the tidal potential, and r is a linear friction coefficient. The observed tidal signal
at a location can be represented as the superposition of N harmonic constituents
(Doodson et al., 1997):

η(t) =
N∑︂

n=1
An cos(ωnt+ ϕn) (2.21)

where An is the amplitude, ωn is the angular frequency, and ϕn is the phase lag of
the n-th constituent (e.g., M2, S2, K1, O1). Resonance within ocean basins can
amplify specific constituents when the natural oscillation period T0 of the basin
approaches the forcing period Tf , with the amplification factor approximated by

A ∝ 1√︂
(1 − (Tf/T0)2)2 + (2ζTf/T0)2

(2.22)

where ζ is a damping coefficient.
The redistribution of ocean mass during the tidal cycle produces additional

deformation of the lithosphere, known as ocean tide loading (OTL), with vertical
displacements of several centimeters in some coastal regions. Conversely, Earth
tides modulate the local gravitational potential and relative sea level, subtly in-
fluencing the propagation of tidal waves.

The harmonic description of the tidal gravity potential and its derived quan-
tities, as tidal displacements and earth tidal gravity perturbation is made with
analogous harmonic expansion to equation 2.21.

The study of tides has broad scientific importance. In geodesy, precise tidal
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models are required for correcting GPS and very long baseline interferometry
(VLBI) measurements, as well as for interpreting data from satellite gravimetry
missions such as GRACE and GRACE-FO. Tides thus represent a fundamen-
tal coupling between celestial mechanics, geophysics, and ocean dynamics, and
ongoing advances in theoretical modeling, high resolution bathymetric mapping,
and satellite observation will continue to refine our understanding and predic-
tion of their variability, energetics, and role in the long-term evolution of the
Earth–Moon system.

2.3 Ocean loading effect

OTL represents a critical process within Earth’s dynamic system, where the
gravitational forces exerted by the gravitational bodies induce periodic oceanic
motions that subsequently load and deform the Earth’s surface. This periodic
redistribution of water mass affects coastal and continental regions, generating
complex spatial and temporal deformations. Unlike solid Earth tides, which are
governed solely by gravitational forces, OTL is highly influenced by factors such
as bathymetry, coastal boundaries, and basin geometry, which interrupt and mod-
ulate the tidal flow (Pugh et al., 2014). The theoretical foundation for under-
standing this process was established by Farrell, 1972, who developed a model to
describe the elastic response of the Earth’s crust to tidal loading. These defor-
mations have important implications for precise geodetic measurements, seismic
activity, and the study of Earth’s rheology, therefore accurately modeling OTL
is essential for applications across geophysics, oceanography, and environmental
monitoring.

The theoretical formulation of OTL begins with the surface load exerted by
the ocean tide, which can be expressed as a pressure function L(θ, λ, t) defined
on the Earth’s surface, where θ and λ denote latitude and longitude, respectively,
and t represents time. The load is proportional to the ocean tide height Ht(θ, λ, t),
scaled by the seawater density ρw and gravitational acceleration g.

L(θ, λ, t) = ρwg Ht(θ, λ, t). (2.23)

The Earth’s elastic response to this load can be modeled through the convolution
of L(θ, λ, t) with a Green’s function G(ψ), which represents the displacement
at a site due to a unit point load applied at angular distance ψ. Taking into
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consideration the vertical displacement ur, the motion equation is

ur(θ0, λ0, t) =
∫︂∫︂

Ω
L(θ, λ, t)Gr(ψ) dΩ, (2.24)

where (θ0, λ0) are the coordinates of the observing site, ψ is the great-circle dis-
tance between (θ, λ) and (θ0, λ0), and dΩ is the surface area element.

The Green’s functions are derived from the load Love numbers (h′
n, l

′
n, k

′
n)

computed for a given Earth model, which quantify the Earth’s elastic response to
surface mass loading at spherical harmonic degree n (Macdonald, 1975). Specif-
ically, the radial Green’s function is given by the spherical harmonic expansion
(Farrell, 1972; Farrell, 1972):

Gr(ψ) = 1
4πρ̄gR

∞∑︂
n=0

2n+ 1
1 + k′

n

h′
n Pn(cosψ), (2.25)

where R is the Earth’s radius, ρ̄ is the mean Earth density, and Pn denotes the
Legendre polynomial of degree n. Analogous expressions exist for the horizontal
Green’s functions Gθ(ψ) and Gλ(ψ), which depend on the horizontal load Love
number l′n.

Continuous GNSS data have been used to study the OTL displacement of the
Earth since the beginning of the 2000s (Allinson, 2004, R. Dach, 2001). These
data allow for high precision monitoring of Earth’s surface displacement, pro-
viding invaluable insights into the effects of OTL on the Earth’s crust. GNSS
measurements, particularly in coastal and near-shore regions, are instrumental in
detecting both vertical and horizontal deformations caused by the redistribution
of ocean mass during tidal cycles.

Cotidal charts derived from global tide models such as FES2014b (F. H. Lyard
et al., 2021) provide a combined representation of the amplitude and phase of
tidal constituents. Figure 2.4 illustrates the global distribution of the M2 tide,
where contour lines indicate cotidal phases referenced to Greenwich and color
shading denotes amplitudes. The amplitude reflects the strength of the ocean
tide at a given location, while the phase describes the relative timing of high wa-
ter with respect to a reference meridian. Together, these parameters govern the
spatiotemporal pattern of ocean mass redistribution and hence directly control
the magnitude and timing of the associated Earth deformation.
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Figure 2.4: Global cotidal chart of the principal lunar semidiurnal constituent M2 from
the FES2014b ocean tide model. Color shading represents tidal amplitude, while yellow
and blue lines indicate cotidal phase referred to Greenwich. The chart illustrates the
spatial variability of the tidal response that governs ocean tide loading effects on the
solid Earth.
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Chapter 3

Data and methods

This section introduces the datasets used and the processing methods applied
in this study. We first describe the databases of GNSS positioning, TG, and
GNSS-R. We then outline the data processing workflows for the two GNSS ob-
servation types, with a particular emphasis on GNSS positioning techniques, as
these are the primary means to extract direct OTL effects. Finally, we present
the global and local tidal models employed in the analysis, along with details on
model predictions and deformation computations.

3.1 GNSS network

For the GNSS positioning analysis, the database was organized into two dis-
tinct parts: one network dedicated to evaluating the processing strategies (Double
Difference and Precise Point Positioning), and another focused on the Northern
Adriatic Sea investigation.

3.1.1 Processing strategies database

The first part of the study focuses on two GNSS stations, CASC (Portugal)
and VEN1 (Italy), positioned along the coasts of the Atlantic and Adriatic seas,
respectively, and subject to distinct oceanic loading conditions (Figure 3.1). Both
DD and PPP processing strategies have been applied to evaluate the hourly time
series of these stations. In the DD processing scheme, two additional reference
stations, VILL (Spain) and BRMF (France), are included and held fixed at known
positions, while the baselines between station pairs are estimated on an hourly
basis. At these locations, the expected OTL effects as from global models (e.g.
Egbert et al., 2002; R. D. Ray, 2013; F. H. Lyard et al., 2021; Hart-Davis et al.,
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2021) are predominantly influenced by the Atlantic Ocean, with OTL component
amplitudes reaching approximately 35 mm and by the Adriatic Sea where the
OTL amplitudes are significantly smaller, ranging from 5 mm to 8 mm. The
baseline length between CASC and VILL is approximately 510 km whereas the
distance between VEN1 and BRMF is about 570 km. The DD method involves
determining the position of a GNSS station relative to a precisely surveyed posi-
tion, referred to as the fiducial station (Dey et al., 2014). By fixing the reference
station, the position of the secondary station is estimated, enabling the deter-
mination of relative motion with high precision while mitigating common-mode
effects.

Using the PPP approach, two fiducial station networks (see Appendix Table
A.1 and Table A.2) were selected, one associated with CASC and the other with
VEN1. Although PPP is formally an absolute positioning technique, regional
common-mode systematic errors have been documented in GNSS coordinate time
series, manifesting coherently across networks and affecting multiple frequency
bands, particularly at annual and sub-annual periods (J. Ray et al., 2008; Pintori
et al., 2022). To mitigate these spatially correlated biases, a hybrid processing
strategy was adopted. First, PPP solutions were computed for a regional network
of stations. Subsequently, the resulting network solution was jointly estimated
and rigidly transformed into the ITRF2020 reference frame using a set of high-
stability fiducial reference stations. This strategy reduces common-mode errors
and improves the stability of the reference frame by mitigating spatially corre-
lated effects, including tropospheric delays, orbit mismodelling, and residual clock
biases. The distribution of the stations is shown in Figure 3.1.

The raw GNSS RINEX files were obtained from the European Reference
Frame (EUREF) database Bruyninx et al., 2019, the Réseau de Géodésie Per-
manente (RGP https://rgp.ign.fr/) and International GNSS Service (IGS)
database (Teunissen et al., 2017).
s from the GPS, GALILEO and GLONASS constellations were consistently inte-
grated into all processing strategies.

All datasets were acquired at a standard 30-second sampling interval, and
observation from the GPS, GALILEO and GLONASS constellations were consis-
tently integrated into all processing strategies. The temporal interval of investi-
gation covers a period of 220 days.
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Figure 3.1: Distribution of the selected GNSS stations is shown, with red dots repre-
senting the network of IGS fiducial stations chosen for estimating the CASC position
using the PPP processing strategy, and orange dots representing the network of fiducial
stations selected for estimating the VEN1 position using the same strategy. CASC and
VEN1 positions are indicated with blue stars.

3.1.2 Adriatic GNSS network

The second part of the study is interested in the determination and evaluation
of the OTL effect in the Northern Adriatic region. As mentioned in the previous
section, in the area the ocean tides reach amplitudes in range of 20 to 27 cm of
height, with a consequent loading effect between 5 to 10 mm.

The analysis is conducted over seven GNSS stations located along the Italian
and Croatia coastline (Table A.3), considering a fiducial network for a total of
sixteen stations. In Figure 3.2, the distribution of the stations is shown, in
red the sites where the OTL displacement is estimated, in green the fiducial
stations for the reference frame. The regional fiducial network, as done before,
was jointly estimated and consequently rigidly transformed into the ITRF2020
reference frame, to eliminate common errors and mitigate the noise in the time
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series. The investigated stations are located at a distance from the coastline
of around 300 meters, except for TRIE and MEDI, which are respectively 2.5
kilometers and 50 kilometers far.

The stations were processed with the PPP strategy in order to obtain the
absolute effect of the ocean loading at the specific site. The RINEX files are
collected from the EUREF database for stations GARI, MEDI, PORE, VEN1,
and ZADA, TRIE data are acquired from the Rete GNSS Friuli Venezia Giulia
(https://rem.regione.fvg.it/), and lastly ANCG data were provided by
the Istituto Nazionale di Geofisica e Vulcanologia (INGV) database, acquired
from the ITALPOS network. All datasets were acquired at a standard 30-second
sampling interval, and observations from the GPS, GALILEO and GLONASS
constellations were consistently integrated into all processing strategies. The
time coverage of the study is 1 year, from 1st of July 2021 to 1st of July 2022.

Figure 3.2: Distribution of the selected GNSS and tide gauge stations. The red dots
represent the GNSS investigated stations, the green dots represent the network of fidu-
cial stations, and the blue triangles represent the tide gauge stations.
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3.2 Tide gauge network

For the TG analysis, eight stations were selected (blue triangles in Figure
3.2): Trieste, Venezia, Ravenna, Ancona, Monfalcone, Rovinj, Split, and Zadar.
Observations from Trieste, Venezia, Ravenna, and Ancona are managed by the
Istituto Superiore per la Protezione e la Ricerca Ambientale (ISPRA), which
provides data with a 10-minute sampling interval through its online database
(www.mareografico.it). Data from the Monfalcone station were retrieved from
the Protezione Civile della Regione Friuli Venezia Giulia website (https://mo

nitor.protezionecivile.fvg.it/), with a sampling interval of 15 minutes.
The Croatian stations (Rovinj, Split, and Zadar) were obtained from the Center
for Open Science (OSF, https://osf.io/s9hjv), with an hourly sampling rate.
The locations and temporal coverage of all stations are detailed in Table A.4 and
shown in Figure 3.2.

3.3 GNSS-R network

The selection of the GNSS-R stations is based on the criteria listed in sec-
tion 2.1.3, which define the characteristics of suitable reflection sites. Along the
Northern Adriatic coast, the stations identified as suitable for the analysis are
PORE, VEN1, and GARI. Table 3.1 presents the station identification name,
coordinates and satellites available for the selected stations. The RINEX data
are collected from the EUREF Permanent Network database for one year period
covering the year 2023.

Additionally, a new GNSS station was installed under the supervision of our

Table 3.1: Coordinates and available satellite constellations for the GNSS-R stations
selected along the northern Adriatic coast (G = GPS, R = GLONASS, E = Galileo, C
= BeiDou).

Station ID Latitude (◦) Longitude (◦) Satellite

GARI 44.6769 12.2494 GREC
PORE 45.226 13.595 GRE
VEN1 45.430 12.354 GREC
SIST 45.768 13.630 G

research group by the Department of Mathematics, Informatics and Geoscience
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(MiGe) at the University of Trieste. The station is called SIST. The selected
site is at the terrace of the Diporto Nautico of Sistiana (DNS), which generously
granted access for the installation. This station was established to monitor sea
level variations in a location previously lacking both tide gauge and GNSS infras-
tructure. The geographic coordinates of the site are 45° 46’ 4.32" N and 13° 37’
51.25" E, as shown in Figure 3.3 and the details are in Table 3.1.

Figure 3.3: Geographic location of the newly installed GNSS station at the Diporto
Nautico of Sistiana (DNS), north of Trieste.

Sistiana is a town north of the city of Trieste, which has been affected by
many sea storms in the past. The most recent one occurred at the beginning of
November 2023, causing significant damage to the port infrastructure and nearby
roads. Monitoring the area was also a factor in the choice of this location.

The station is equipped with a Trimble NetRS receiver connected to a sim-
ple ANT3B-CAL antenna (Figure 3.4 A). The Trimble NetRS is a dual-frequency
GPS receiver widely used in geodetic, geophysical, and environmental monitoring
applications, designed for continuous, high-precision data collection. The Simple
ANT3B-CAL (Figure 3.4 B) is a compact, high-precision GNSS antenna designed
for scientific and geodetic applications; it is calibrated to perform across multiple
GNSS constellations (GPS, GLONASS, Galileo and BeiDou) and frequencies, of-
fering a reliable signal reception for both static and kinematic setups. To enable
remote access for data retrieval, a 4G LTE router was connected to the receiver,
and a Raspberry Pi was configured to transmit the data to a remote archive
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accessible from any location. The equipment is installed on the external terrace
of the building, oriented toward the sea to facilitate the reception of signals re-
flected from the marine surface. The antenna is attached to a pole, while the
instrumentation is placed inside a waterproof box.

The receiver acquisition is set in order to collect hourly and daily data files,

A B

C

Figure 3.4: Equipment setup of the DNS GNSS-R station at Sistiana. Trimble NetRS
dual-frequency receiver (A), Simple ANT3B-CAL antenna (B), and final installation
on the terrace facing the sea (C).

with a sampling frequency of 5 minutes. The installation was performed on the
24th of July 2025 and the data analyzed in this study cover a period of 24 days.
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3.4 GNSS positioning data processing

The data were processed using the Bernese 5.4 GNSS software (Dach et al.,
2015), which is a high quality standard scientific package for geodetic applications
based on GNSS. It is provided and updated by the Astronomical Institute of the
University of Bern (AIUB). The software supports multi-GNSS constellations,
including GPS, GLONASS, Galileo, and BeiDou, and provides full control over
observation modeling, parameter estimation, and error mitigation. It implements
both relative (DD) and absolute (PPP) positioning strategies, offering flexibility
depending on the application’s requirements. The processing strategies were tai-
lored to support the investigation of OTL effects and to assess the performance
of different GNSS positioning techniques.

The Bernese processing strategy can be divided into three main phases: data
preparation, data pre-processing, and data processing (Figure 3.5). The data
preparation phase is the same for both techniques, consisting in the creation of
the new campaign and its preparation. The term campaign is used for a set of
data which should be processed together. This directory involves important files
essential for the process and it is organized in different subdirectories, listed in
Table 3.2.

Table 3.2: Directory structure of a Bernese 5.4 campaign, showing the main folders
and their contents (adapted from Dach et al., 2015).

Directory Content

ATM files related to atmosphere (troposphere and ionosphere)
BPE BPE–related output files
GRD grid files for various purposes
OBS Bernese–formatted observation files
ORB orbit– and ERP–related files
ORX original RINEX files
OUT program output and numerous miscellaneous files
RAW RINEX files to be imported for processing
SOL solution–related files (NEQ and SINEX)
STA station–related files

Subsequently, the observation data are downloaded, along with the orbit data
and Earth Orientation Parameters (EOP). The RINEX data must be converted
into the Bernese format using the functions RNXGRA, RNXSMT, and RXOBV3,
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which respectively generate a pseudo-graphic representation of the RINEX ob-
servation files, clean and smooth the code observations, perform numerous checks
on the header information, and finally convert the RINEX code and phase data
into the Bernese format. The preparation of pole, orbit, and clock information
is carried out using the functions POLUPD, ORBGEN, and RNXCLK, which
respectively reformat and update pole files, generate or update standard orbits,
and extract satellite clock information from the clock RINEX file.

The data pre-processing phase prepares the data for the main estimation pro-
gram. Firstly, program RNXSMT is applied to detect cycle slips and outliers on
RINEX level, and CODSPP compute the corrections for synchronizing the re-
ceiver clocks with respect to GPS time. Following this first common steps, then
the processing strategy is different based on the technique used. For DD solution
the program SNGDIF forms baselines from zero-difference observation files and
again cycle slips and outliers are detected and resolved using MAUPRP program.

The parameter estimation is based on least squares adjustment, using the two
main programs GPSEST and ADDNEQ2. The first processes the observations
starting from the observation files, set up the observation equations and solves
the normal equation (NEQ); the second manipulates and combines solutions at
the NEQ level. In the estimation program, the residuals are then checked with
the program RESRMS, and the misbehaving stations and satellites are detected
in RESHCK program. ADDNEQ2 program is subsequently followed by GP-
SXTR program, which extracts summaries from GPSEST/ADDNEQ2 program
output. For the PPP processing, the Helmert transformation between two coordi-
nates files is applied in HELMR1 program. The last steps of the PPP processing
is the computation of the velocities (NUVELO), propagation of coordinates with
the velocity field (COOVEL), and merge of the coordinates (CRDMERGE).

The data were processed hourly in order to better distinguish the sub-diurnal
ocean tidal component, considering GPS, GLONASS and GALILEO satellites.
Using data from all these GNSS is crucial in hourly data analysis as it significantly
increases observation redundancy, improving the precision and reducing the noise
in the coordinate time series (figure 3.6).

MGEX products from the Center for Orbit Determination in Europe (CODE)
were chosen. In modeling the troposphere, the Dry VMF3 model (Landskron
et al., 2018) serves as the a priori model. For the mapping function, the Wet
VMF3 function is applied to refine the estimation of tropospheric parameters
(Landskron et al., 2018). The zenith delay, which accounts for variations in
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Figure 3.5: Workflow of the Bernese 5.4 processing chain for Double-difference and zero
difference solutions, illustrating the main phases: data preparation, pre-processing, and
parameter estimation.

atmospheric water vapor, is estimated every hour. For the PPP solutions, the
gradient was also estimated every 6 hours, modelled with Chen-Herring model
(Chen et al., 1997); while for DD solutions it is not recommended for single
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Figure 3.6: Noise comparisons of CASC PPP components processed from only GPS
(G), GPS+GLONASS (GR) and GPS+GLONASS+GALILEO (GRE), showing the
decrease of the noise by adding constellations.

baseline (Dach et al., 2015). The ionosphere is addressed using the ionosphere-
free linear combination (L3) method, which helps to mitigate ionospheric delays
in the GNSS signals. For the solid Earth tide corrections, the strategy adheres to
the IERS 2010 Conventions (Petit et al., 2010). No additional atmospheric model
corrections are incorporated beyond the troposphere modeling. Corrections for
the pole tide are implemented in accordance with the IERS 2010 Conventions.
However, the permanent tide effect is not removed from the model. Non-tidal
loading effects, such as oceanic, atmospheric and hydrologic, are not accounted for
in the processing strategy. The Earth Orientation Parameters (EOP) for diurnal
and semidiurnal variations are corrected following the IERS 2010 Conventions.
Regarding satellite parameters, the satellite center of mass corrections are applied
using phase center offsets from the IGS20.pcm model, and the satellite antenna
phase variations are modeled using the PCV model phase center from IGS20.atx.
Finally, an elevation angle cutoff of 3 degrees is utilized to reduce the impact of
low-elevation signals, which are generally more susceptible to atmospheric and
multipath errors (EUREF guidelines https://www.epncb.oma.be/_documentat

ion/guidelines/guidelines_analysis_centres.pdf). Table 3.3 summarizes
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the Bernese 5.4 processing strategy.
This processing strategy was applied to both DD and PPP techniques in two

instances: initially, without the inclusion of any OTL model to study the behavior
of ocean tides in GNSS observations, and subsequently, with the application of the
FES2014b (F. H. Lyard et al., 2021) global OTL model to evaluate the influence
of this effect on the solutions and to analyze the potential differences between the
model predictions and the observations.

Table 3.3: Summary of the Bernese 5.4 GNSS processing strategy adopted in this study,
detailing the modeling assumptions, corrections, and parameter estimation setup for
both DD and PPP solutions.

Parameter Description

Troposphere A priori model: Dry VMF3
Mapping Function for parameters: Wet VMF3
Estimation: Zenith delay every 1 hour

Ionosphere Ionosphere–Free Linear Combination L3
Solid Earth tide IERS 2010 Conventions
Ocean tidal model See text
Atmospheric model Not applied
Pole tide IERS 2010 Conventions
Permanent tide Not removed from model
Non-tidal loading Not applied for any
EOP model IERS 2010 Conventions for diurnal, semidiurnal
Satellite center of mass Phase centers offsets from IGS20.pcm applied
Satellite antenna phase PCV model phase center from IGS20.atx applied
Elevation angle cutoff 3

3.5 GNSS-R data processing

The GNSS stations selected for the estimation of the sea level variation by
the GNSS reflectometry technique were processed with the Gnssrefl open source
software provided by Kristine M. Larson (Larson, 2024). It is a python-based
software able to extract the SNR data from the RINEX files and to determine
different types of estimates, such as water level variations, snow accumulation,
ice surface changes, and surface soil moisture.
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The processing procedure follows a straight workflow, as illustrated in Figure
3.7. The SNR data are collected from the RINEX file through the rinex2snr

RINEX file

rinex2snr

SNR file

QuickLook

gnss_input

gnssir

subdaily

Figure 3.7: Workflow of the Gnssrefl processing.

function, supporting both RINEX 2 and 3 versions. To check if the receiver is
collecting this information, the RINEX header file is inspected. As shown in
Figure 3.8, the red rectangles highlight the observation types: the signal to noise
information is identified by the ones starting with letter S.

The geometric concept underlying GNSS-R measurements is the reflection
zone, which is the surface region where GNSS signals can reflect toward the an-
tenna. For coherent reflections, this zone is typically modeled as a first Fresnel
zone, an elliptical region centered around the specular reflection point. The size
and shape of this zone depend on the GNSS signal wavelength, satellite elevation
angle, and receiver height (Tabibi et al., 2020). The increase of the elevation
angle leads to a smaller sensing zone which is closer to the antenna. Above a
certain angle the Fresnel zone starts to include the shore and the SNR data are
no more representing the sea surface height. Figure 3.9 shows an example of the
reflection zone for station VEN1, obtained by using the web app developed along
with the software (https://gnss-reflections.org/). Each one of the colored
clusters represents the reflection zone for a single rising or setting GPS satellite
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Figure 3.8: Example of a compact RINEX 3 header showing the list of observation
types. Fields beginning with “S” correspond to the signal-to-noise ratio (SNR) values
used for GNSS-R analysis.

arc. The colors represent different elevation angles (5° yellow, 10° blue, 15° red).
The missing satellite signals in the north are the result of the GPS satellite incli-
nation angle and the station latitudes.

In order to select the more suitable values for elevation angle interval and

Figure 3.9: Reflection zones for VEN1 station. The colors represent different elevation
angles (5° yellow, 10° blue, 15° red). The azimuthal angles from which the useful SNR
values come from are between 150° and 280°.

azimuthal angle allowing to perform the best processing for each station, the
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quickLook function has been adopted. It creates two plots (figure 3.10 and 3.11):
one with periodograms for four different quadrants (northwest, northeast, south-
east, southwest) and the other with the Reflector height (RH) results shown as a
function of azimuth. Figure 3.11 summarizes the acceptance or rejection of RH
retrievals in terms of the quality control parameters in the first panel; in the cen-
tral panel the peak to noise ratios are shown; the bottom panel is the amplitude
of the spectral peak. Using an elevation interval between 5 and 15 degrees, the
analysis is suggesting the presence of a reflector located about 16-17 meters under
the antenna position, between the azimuthal angles 150 and 270 degrees. This
is further emphasized in Figure 3.10, which shows the periodograms of the SNR
observations. The southeast and specially the southwest quadrants, relative to
the the azimuth between 90 and 270 degrees, identify the presence of a reflector
around 17 meters under the antenna. The northern part is a dead zone for water
reflections, as expected from the absence of sea surface.

This initial investigation is therefore essential for the decision of the analysis

Figure 3.10: Periodograms of SNR observations for the VEN1 station, separated by
quadrant. The spectral peaks indicate the presence of a sea-surface reflector approxi-
mately 17 m below the antenna, mainly in the southeast and southwest directions.

strategy. The function gnssir_input sets the Lomb-Scargle analysis strategy that
will be used in the estimation of the reflective surface, collecting all the input
information regarding station coordinates, elevation angle range, expected reflec-
tor height range, peak-to-noise value, frequencies list, and azimuth angle range.
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Figure 3.11: Summary of GNSS-R reflector height (RH) retrievals for VEN1 from the
quickLook function. Panels show, from top to bottom: quality control flags, peak-to-
noise ratios, and spectral peak amplitudes as a function of azimuth.

These parameters are then used as configuration for the calculation phase, ac-
complished using the function gnssir, the main driver for estimating reflector
heights. The output for each single day are lastly combined in a unique solution
with the subdaily function, which applies relevant corrections needed to measure
water tides. This code is composed by two main sections: first it summarizes the
retrievals for each constellation, identifies and removes outliers, performs a qual-
ity control on parameters; secondly, it removes more outliers based on a spline
fit to the RH retrials, calculates and applies RHdot correction, and removes an
inter-frequency bias.

3.6 Global ocean tidal models

The calculation of the OTL displacements is obtained from available ocean
tidal models, which are models used to predict the behavior of ocean tides globally
or regionally. We investigated five widely used models to analyze their regional
accuracy. The selected models are FES2004 (F. Lyard et al., 2006), FES2014b
(F. H. Lyard et al., 2021), TPXO9-Atlas (Egbert et al., 2002), GOT4.10c (R. D.
Ray, 2013), and EOT20 (Hart-Davis et al., 2021) (see Table 3.4).

The global finite element solution FES2014b was developed, implemented and
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validated through a collaborative effort involving private enterprises and public
institutions, in partnership with the Centre National d’Études Spatiales (CNES)
and the Institut du Développement et des Ressources en Informatique Scien-
tifique (IDRIS). The tidal constants are derived from the tide gauge and satellite
altimetry (TOPEX/POSEIDON and ERS) sea level analysis. The tide eleva-
tion data are available for 34 tidal constituents, distributed on 1/16° grids (am-
plitude and phase). This model is the advancement in data assimilation and
model resolution of FES2004, which relies primarily on satellite missions such as
TOPEX/Poseidon and Jason-1, offering a resolution of 1/8° x 1/8° and modeling
15 tidal constituents.

The TPXO9-Atlas model is a series of fully-global models of ocean barotropic
tides, which best-fits, in a least-squares sense, the Laplace Tidal Equations and
assimilated data. It was developed at Oregon State University and represents a
more recent version of the global solution described by Egbert et al. (2002). This
model was produced using data from TOPEX/POSEIDON and Jason 1 satellite
altimetry, GRACE, and tide-gauge observations in areas with complex coastal
relief and polar regions. It includes gridded harmonic constants of relative sea-
surface elevations for eight primary, 3 non-linear tides, and 9 and 11 minor tides,
at 1/30° of spatial resolution.

The ocean tide model EOT20 is the latest in a series of global ocean tide mod-
els developed at DGFI-TUM. It is derived from the collection over 18 years of data
from a harmonic analysis of multi-mission altimetry data (TOPEX/POSEIDON,
Jason-1, 2, ERS2, and ENVISAT). Both the ocean and load tide models are pro-
vided with a spatial resolution of 1/8° for 17 tidal constituents.

The ocean tide model GOT4.10c developed by the Goddard Space Flight Cen-
ter is based on a harmonic analysis of satellite altimetry data (TOPEX/Poseidon,
Jason-1, Jason-2, ERS-2, and ENVISAT), along with tide gauge measurements.
The model assimilates over two decades of altimetry data and includes a range
of tidal constituents, with a spatial resolution of 1/2° for 26 primary and minor
tides.

Figure 3.12 shows the spatial resolution maps of FES2014, GOT4.10c,
EOT20, and TPXO9 models, considering the Northern Adriatic region as an
example. FES2004 model has the same resolution as EOT20, therefore it is not
illustrated in the figure.
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Table 3.4: Characteristics of the global ocean tidal models considered, including assim-
ilated datasets and spatial resolution.

Model Data Assimilated Resolution

FES2004 T/P, ERS-2, Jason-1, Envisat, TG 1/8°
FES2014b T/P, ERS-1/2, Jason-1/2, Envisat, TG 1/16°
TPXO9 T/P, ERS-1/2, Jason-1/2, Envisat, TG 1/30°
EOT20 T/P, ERS-2, Jason-1/2, Envisat 1/8°
GOT4.10c ERS-1/2, GFO, Jason-1/2, ICESat 1/2°

Figure 3.12: Spatial coverage and grid resolution of the FES2014b, GOT4.10c, EOT20,
and TPXO9-Atlas ocean tide models in the northern Adriatic region. The FES2004
model is not shown, as it shares the same resolution as EOT20.
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Chapter 4

GNSS processing techniques for
OTL estimation

4.1 GNSS post processing adjustments

The presence of outliers in GNSS time series can be related to variations in
GNSS positional accuracy, which depends on different types of factors (Ordóñez
et al., 2011), such as: errors in the satellite and receiver clocks, accuracy in the
determination of atmospheric delays, errors in satellite ephemerides, and satellite
geometry.

To identify and remove outliers from the time series, we employed a robust
iterative editing procedure based on a 3-sigma rejection criterion. First, gross
outliers with absolute values exceeding a fixed threshold were eliminated. Sub-
sequently, statistical outliers were iteratively removed by identifying data points
whose absolute deviation from the median exceeded three times the standard de-
viation of the series. Unlike conventional sigma-clipping based on the mean, this
approach uses the median as a central tendency measure to reduce sensitivity to
existing outliers, providing a more reliable filter for non-Gaussian or contaminated
datasets. The process was repeated until no additional outliers were detected,
ensuring stable and clean input for subsequent analyses.

GNSS coordinate time series typically contain not only the geophysical signals
of interest but also long-term trends and periodic components (Geoffrey Blewitt
et al., 2002, Dong et al., 2006). In particular, GNSS station position estimates
are well known to exhibit a linear secular trend, primarily associated with tec-
tonic plate motion or site-specific processes such as subsidence, and seasonal
signals, dominated by annual and semi-annual oscillations, which are commonly
attributed to surface mass loading (e.g. hydrological, atmospheric), monument
instability, and other local environmental effects. To isolate the residual time
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series from these deterministic components, the following parametric model is
fitted to each coordinate component X(t)

X(t) = β0 + β1t+ A1 cos(ω1t) +B1 sin(ω1t) + A2 cos(ω2t) +B2 sin(ω2t) (4.1)

where β0 represents the initial offset, β1 is the linear rate, (A1, B1) describe the
annual cycle, (A2, B2) describe the semi-annual cycle. The parameters are esti-
mated using a least-squares adjustment, with the design matrix composed of a
constant, a linear term in time, and pairs of sinusoidal functions corresponding
to the annual and semi-annual harmonics. The fitted model is then subtracted
from the original series, yielding the detrended time series.

4.2 Ocean tidal loading and model predictions

Tidal forces on Earth are primarily generated by the gravitational attraction
between Earth and nearby astronomical bodies, with the most significant con-
tributions from the Moon and the Sun. These forces can be described using
the concept of gravitational potential, wherein the total potential is the cumu-
lative sum of individual potentials exerted by each celestial body, according to
the superposition principle. The tidal generating (see chapter 2.2) potential is
frequently represented as a sum of harmonic components (Doodson et al., 1997;
Petit et al., 2010).

OTL is the result of variations in ocean mass distribution caused by tidal
forces, which induce surface displacements. These displacements are computed
by convolving Lattice Green’s functions, as described by Farrell (1972), with a
specified model (Martens et al., 2016).

To predict modeled displacements, the Ocean Tide Loading provider, available
at http://holt.oso.chalmers.se/loading/, supplies 11 pairs of amplitudes
and phases for the principal ocean tidal constituents. These constituents are pro-
vided in the blocking-less queuing (BLQ) format and include coefficients for three
long-period tides (Mf, Mm, Ssa), four diurnal tides (K1, P1, P1, Q1), and four
semi-diurnal tides (M2, S2, N2, K2).

The HARDISP Fortran code, accessible via the International Earth Rotation
and Reference Systems Service (IERS) at ftp://tai.bipm.org/iers/conv

updt/chapter7/hardisp/HARDISP.F, utilizes these tidal coefficients to com-
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pute three-dimensional displacements at specific locations. The comprehensive
set of 342 tidal constituents, as recommended by the IERS, is derived from the
aforementioned 11 loading coefficients. Interpolation is performed in the complex
domain, allowing the admittance to be determined for the primary tidal compo-
nents. Spline interpolation is used to obtain the real and imaginary parts across
all frequencies. Subsequently, these complex values are transformed back into the
time domain to yield amplitudes and phases. The final displacement ∆d for each
component is calculated by summing the contributions from the complete set of
tidal constituents as follows:

∆d =
∑︂

j

Adjcos(χj(t) − ϕdj) (4.2)

where j is the index for tidal constituent, Adj is the amplitude of the response for
chosen location, χj(t) is the astronomical argument in radiant for the tide, and
ϕdj is the phase of the response for chosen location.

4.3 DD and PPP ocean tidal loading estima-
tions

As explained in the previous chapter 3.4, in GNSS data analysis, two main
processing strategies are widely used: the Double-Difference (DD) and the Precise
Point Positioning (PPP) approaches. The DD technique, based on differencing
simultaneous observations between multiple satellites and receivers, effectively
eliminates most common-mode errors such as satellite and receiver clock offsets,
enabling robust estimation of relative displacements and fast ambiguity resolution
(Khan et al., 2002; Allinson, 2004; King et al., 2005). This method has long been
a standard in geodetic applications, particularly for regional deformation and
OTL detection studies.

The PPP approach, on the other hand, estimates station coordinates directly
in a global reference frame by using precise satellite orbit and clock products
(Zumberge et al., 1997). Historically, PPP faced challenges due to the inability
to resolve carrier-phase ambiguities as integers, which limited its accuracy and
convergence time. However, significant advances in PPP Ambiguity Resolution
(PPP-AR) techniques now allow for integer ambiguity fixing by accounting for
satellite dependent biases through observable-specific bias products (Loyer et al.,
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2012; Geng et al., 2022). These developments have considerably improved PPP
precision, making it increasingly competitive with DD solutions for geophysical
applications such as OTL estimation (Abbaszadeh et al., 2020; Wei et al., 2021;
Ait-Lakbir et al., 2023; Matviichuk et al., 2023; Wang et al., 2023).

Recent studies have demonstrated that GNSS-derived OTL estimates can not
only validate global ocean tide models but also reveal local discrepancies related
to coastline geometry, bathymetry, and elastic Earth structure (Abbaszadeh et
al., 2020; Wang et al., 2023; Ait-Lakbir et al., 2023). Nevertheless, the extent
to which DD and PPP (including PPP-AR) yield consistent OTL results under
varying tidal environments remains an open question.

The main objective of this study is to conduct a methodological and feasibility
assessment of the DD and PPP approaches for detecting and quantifying OTL
signals from GNSS coordinate time series. Specifically, we perform a comparative
analysis in two contrasting tidal environments, an open-ocean site characterized
by strong loading effects and a semi-enclosed basin with weaker tides, focusing
on the dominant diurnal and semi-diurnal constituents (M2, N2, K2, O1, Q1, P1,
K1). The semi-diurnal constituent S2 is not considered, since no atmospheric
tidal loading model was applied during the processing, and this constituent could
therefore be biased as a result. By systematically evaluating the performance,
sensitivity, and limitations of both approaches, this study aims to establish the
practical feasibility of using each method for reliable OTL estimation and to
provide methodological insights for future GNSS-based geophysical investigations.

We first discuss the results based on the root-mean-square (RMS) variations
of the time series without applying an ocean tidal correction and then with the
OTL correction on displacement applied. Second, we conduct a tidal analysis
to compare the observed tidal displacements with the available OTL models and
study the differences between observations and models.

4.3.1 Impact of OTL correction on GNSS accuracy

Figure 4.1 presents a four-day snapshot of the solution for CASC using the DD
and PPP techniques, compared to the OTL time series modeled using FES2014b
and generated with the HARDISP software. The black line represents the hourly
GNSS observations, while the blue curve represents the smoothed observations
obtained by applying a low-pass finite impulse response (FIR) filter with a cut-
off period of 8 hours (corresponding to a cut-off frequency of 0.125 h−1). This
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filtering mitigates scattering effects caused by short-period variability, reduces
abrupt variations, and yields a curve that is more comparable to the OTL model
(red line). The vertical component exhibits the largest variations, ranging from
approximately -50 to 100 mm in PPP solutions and -50 to +50 in DD’s, reflecting
the strong influence of OTL on this component. In general, the Up component
of the OTL displacement exhibits amplitudes approximately three times greater
than the East component and up to five times greater than the North compo-
nent, regardless of the processing technique applied. The PPP solution reflects
the absolute effect of the OTL on the position of each station, whereas the DD
solution is relative to the baseline between two stations; as a result, the signal
appears with reduced amplitude in the second approach. In the DD solution, the
OTL signal is derived from the difference in displacement effects between the two
stations.
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Figure 4.1: Four-day snapshot of the position solutions for CASC, using the DD (right
panels) and PPP (left panels) techniques (black line), and compared against the mod-
eled OTL displacements derived from the FES2014b model (red line). The blue curve
represents the smoothed observations produced by applying a low-pass filter to mitigate
scattering effects caused by periodic variations with periods shorter than eight hours.
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The dataset was processed in two distinct phases. In the first phase, the
data were processed using the previously described strategy for both positioning
techniques with no correction applied for OTL effects. In the second phase, the
data were reprocessed with the inclusion of OTL corrections implemented using
the global ocean tidal model FES2014b. The bar chart (Figure 4.2) presents the
RMS values (in millimeters) for both processing strategies across three coordinate
components Up, East, and North for the two stations. In all components, the
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Figure 4.2: Bar chart of the RMS values of CASC and VEN1 time series processed
with PPP and DD strategies, without applying any correction for the OTL effect (red)
and applying FES2014b ocean tidal model (blue).

incorporation of the OTL model consistently leads to a reduction in RMS values,
reflecting improved stability and precision in the GNSS solutions. The effect is
most pronounced in the vertical component, where tidal loading typically has the
largest impact on station displacements, leading to at least a 22% reduction in
the RMS of station positions.

It is evident that the OTL has a strong impact on GNSS position estimation,
leading to a significant displacement in the order of mm up to cm, depending
on the station location. The residual RMS decreased across all components,
most markedly in the vertical, confirming that the bulk of the loading signal is
captured. Correcting for this loading and optimizing the models is essential to
evaluate other types of perturbing sources and effects.
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Up (mm) East (mm) North (mm)
No Applied No Applied No Applied

PPP CASC 36.4 17.1 12.2 11.1 11.0 7.9
PPP VEN1 18.8 14.6 10.1 6.5 5.6 5.8
DD CASC-VILL 22.5 16.3 5.8 5.7 4.5 4.4
DD VEN1-BRMF 16.6 12.5 12.7 4.5 6.4 3.7

Table 4.1: RMS values of CASC and VEN1 time series processed with PPP and DD
strategies, without applying any correction for the OTL effect (Column "No") and
applying FES2014b ocean tidal model (Columns "Applied").

4.3.2 Tidal analysis and ocean model comparison

The selection of the major constituents included in the tidal analysis was
guided by the Rayleigh criterion, which provides a resolution criterion based on
the frequency difference and the length of the observation period. According to
the Rayleigh criterion (Godin, 1972), two frequencies can be resolved if their ab-
solute difference is greater than or equal to the inverse of the observation period
length. This criterion is crucial in harmonic analysis, as it helps assess whether
the frequencies of interest can be accurately distinguished. For example, to es-
timate independently M2 and S2 a observation period of at least 14.77 days is
necessary; to separate S2 from K2 182.6 days are required (Pugh et al., 2014).
The Rayleigh criterion, combined with the Nyquist frequency, ensures that both
the resolution and the sampling rates are sufficient for distinguishing between
closely spaced tidal constituents and avoiding potential errors in frequency iden-
tification. The Nyquist frequency regards the sampling rates and establishes the
maximum frequency that can be accurately reconstructed without aliasing, mean-
ing without spurious spectral overlaps. It is defined as half of the sampling rate
and represents the upper limit beyond which higher-frequency components can-
not be correctly resolved, leading to distortions and misinterpretations in spectral
analysis (Shannon, 1949).

The tidal analysis was performed using the versatile tidal analysis software
developed by M. G. G. Foreman et al. (2009), considering the 7 frequency com-
ponents to resolve in this study (K2, M2, N2, K1, P1, O1, and Q1).

To assess the accuracy and effectiveness of the tidal analysis, we applied the
methodology to a synthetic time series generated using the HARDISP code. This
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synthetic dataset was used to compute the displacement at the CASC station
over a six-months interval, based on the FES2014b tidal model. To make the
synthetic curve more realistic, Gaussian noise was added to the data, resulting
in a noise level comparable to that of GNSS measurements and for each noise
level 30 independent realizations are performed to ensure statistical robustness
of the estimated parameters. For CASC station the noise was 14.6 mm for PPP,
and 13.6 mm for DD. In table 4.2 the differences between the model amplitudes
and the calculated amplitudes are shown, as well as the standard errors on the
estimates for PPP solutions. Table 4.3 summarize the results for DD solutions.

The results indicate that all main tidal constituents are accurately retrieved,

Table 4.2: PPP estimated amplitude residuals and retrieval error (mm) of the ocean
tidal components obtained from the tidal analysis of the synthetic time series with
added noise at CASC for the vertical component in mm.

K2 M2 N2 K1 P1 O1 Q1

Res A 0.03 0.04 0.17 0.00 0.09 0.03 0.29
Error 0.41 0.42 0.70 0.61 0.42 0.27 0.31

Table 4.3: DD estimated amplitude residuals and retrieval error (mm) of the ocean
tidal components obtained from the tidal analysis of the synthetic time series with
added noise at CASC for the vertical component in mm..

K2 M2 N2 K1 P1 O1 Q1

Res A 0.06 0.02 0.14 0.03 0.22 0.14 0.30
Error 0.28 0.29 0.42 0.39 0.31 0.35 0.28

with amplitude residuals generally below 0.2 mm. For both processing strate-
gies, the Q1 estimates fall below the detection threshold, indicating that this
constituent cannot be reliably resolved at the present noise level and time span.
The retrieval errors are consistent with the imposed noise levels, confirming the
robustness of the harmonic analysis. As expected, DD solutions exhibit slightly
smaller uncertainties than PPP, reflecting the partial mitigation of common-mode
errors through differencing. The residual amplitude differences remain well within
the millimeter level, demonstrating that the analysis setup is capable of resolving
the target tidal constituents even under realistic noise conditions.

Following this analysis, an additional test was performed to assess the in-
fluence of baseline length on the DD solutions. Specifically, we evaluated the
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ratio between the retrieved amplitude and its standard error under varying noise
conditions and baseline separations. Although the DD method largely mitigates
common satellite and receiver errors, such effects are not completely removed
for long baselines. When the inter-station distance increases to 500–600 km, the
residual orbit and clock errors are no longer fully correlated between sites and can
reach the centimeter level, partially masking the millimeter-scale tidal signal. In
the study, the choice of long baselines was deliberate; the effect at VEN1 is very
small, and it was necessary to perform the differencing with a reference station
where the loading signal was even smaller, otherwise, the resulting differential
displacements would have been on the order of, or below, the GNSS noise level.

The relationship between the amplitude-to-standard-error ratio (A/se) and
the imposed noise level is shown in Figure 4.3 and Figure 4.4 for the M2 con-
stituent. For VEN1, the chosen baseline with BRMF (approximately 500 km)
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Figure 4.3: Dependence of the M2 constituent detectability on baseline length for the
VEN1 station. The plot shows the ratio between amplitude and standard error (A/se)
as a function of imposed noise level for different baselines, highlighting improved de-
tectability for the longer VEN1–BRMF baseline compared to the shorter VEN1–BZRG
pair.

exhibits higher ratio values than the shorter VEN1–BZRG baseline (150 km), in-
dicating a more robust retrieval of the tidal signal despite the longer separation.
This behavior confirms that the detectability of the tidal constituent also depends
on the relative amplitude difference between the two sites. When the local load-
ing response is weak, a baseline toward a site with an even smaller tidal effect
maximizes the measurable differential signal. The shorter baseline falls below the
99% detection threshold more rapidly as the noise level increases, revealing its
lower resilience to observational noise.
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Figure 4.4: Dependence of the M2 constituent detectability on baseline length for the
CASC station. The figure compares amplitude-to-error ratios for the CASC–VILL (500
km) and CASC–CACE (280 km) baselines, illustrating more stable retrievals for longer
separations.

A similar behavior is observed for the CASC station, where two baselines were
analyzed, CASC–VILL (about 500 km) and CASC–CACE (280 km). Also in this
case, the longer baseline maintains higher ratios across the tested noise range,
confirming a more stable retrieval of the M2 constituent.

Overall, these tests demonstrate that the detectability of the OTL signal in
DD solutions is a combined function of baseline length, relative tidal amplitude
between stations, and data noise, and that an optimal configuration may not
necessarily correspond to the shortest baseline.

To further evaluate the influence of the observation window on tidal con-
stituent retrieval, an additional test was performed using synthetic OTL time
series and contaminated with Gaussian noise representative of the VEN1 GNSS
data. The analysis was repeated for progressively longer subsets of the time se-
ries, and for each case the ratio between the estimated amplitude and its formal
standard error was computed to quantify the detectability of each constituent.
The results, shown in Figure 4.5, reveal a clear dependence of tidal resolution on
record length. The ratio values increase systematically with the duration of the
series, with the dominant constituents (M2, K1) reaching the significance thresh-
old earlier than the weaker components (P1, O1, K2). PPP solutions display a
steeper increase in A/se compared to DD, indicating a faster improvement in
constituent detectability as the observation period extends. For record lengths
shorter than approximately six months, only the main semidiurnal and diurnal
constituents exceed the confidence level, whereas longer records approach con-
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Figure 4.5: Dependence of tidal detectability on time series length for VEN1. Curves
show the ratio between the amplitude and its standard error (A/se) for each constituent
estimated over progressively longer time windows for DD (left) and PPP (right) solu-
tions.

vergence for secondary components. This test confirms that extending the GNSS
time span substantially improves the reliability and completeness of tidal con-
stituent recovery, particularly in low amplitude tidal environments such as VEN1.
For the selected time interval of 220 days, for the PPP solutions Up component
at VEN1 the expected resolved OTL constituents should therefore be M2, N2,
K1, P1 and O1, while for DD only M2, N2 and K1.

The results for CASC Up component are shown as well in Figure 4.6. For the
selected time interval of 220 days, for the PPP solutions Up component at CASC
the expected resolved OTL constituents should therefore be all the analyzed one
except for Q1, while for DD all except for Q1 and P1.

The harmonic analysis was performed on the GNSS-derived coordinate time
series for CASC and VEN1 stations using both PPP and DD techniques. The
estimated amplitudes of the main tidal constituents were compared with the cor-
responding predictions from five global ocean tide models: FES2004, FES2014b,
TPXO9-Atlas, GOT4.10c, and EOT20. Figures 4.7 and 4.8 summarize the re-
sults for the vertical, east, and north components at each station. For clarity,
only those constituents whose amplitudes exceed the adopted significance thresh-
old are displayed. An exception was made for P1 and K1 in some cases and it is
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Figure 4.6: Dependence of tidal detectability on time series length for CASC. Curves
show the ratio between the amplitude and its standard error (A/se) for each constituent
estimated over progressively longer time windows for DD (left) and PPP (right) solu-
tions. A zoom on the weakest components compared to M2 was done, to make possible
to understand their behavior.

explained through the results interpretation.
At CASC, located along the Atlantic coast and affected by strong tidal load-

ing, the PPP and DD results exhibit clear differences in amplitude level and in the
number of resolved constituents, especially in the horizontal components. In the
Up component (Figure 4.7), the PPP solution captures large vertical oscillations
dominated by the M2 constituent, with amplitudes of about 28–30 mm, matching
closely the model predictions. The secondary constituents N2 and K2 are also
well resolved, with amplitudes of approximately 7 mm and 3.5 mm respectively,
showing sub millimetric differences with the models. The diurnal constituent O1

appear clearly in the PPP solution, with amplitudes of roughly 2 mm. P1 and K1

do not exceed the significance threshold, even though the synthetic test clearly
shows a strong A/se ratio, especially for K1 which is the second largest compo-
nent in the synthetic test, whose observed values reaches only 2.48.

By contrast, the DD solution at CASC shows a reduction in signal amplitude,
as expected for relative positioning with a long baseline to the reference station.
In the Up component, the dominant M2 amplitude is around 20 mm, while the
N2 and K2 components reach approximately 4 mm and 2.5 mm, respectively. The
K1 constituent is again not significant in the DD vertical series and falls below
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Figure 4.7: Tidal analysis results of CASC processed with DD respect to VILL (left)
and PPP (right) strategies for Up, East and North components in red compared with
previously listed global ocean models.

the detection threshold. For this technique, a clear mis-modelling behavior is
evident for K1 and P1; the former, which should be one of the strongest com-
ponents, falls below the threshold and its estimated amplitude is far below the
model predictions, while the latter, which should not be significant, is estimated
with an amplitude about seven times higher than predicted. The O1 tide remains
marginally detectable, with amplitudes of about 1 mm.

In the horizontal components, the PPP and DD differences are equally evi-
dent. For the East component, the PPP solution resolves M2, N2, K1 and O1 with
semidiurnal amplitudes attenuated and diurnal amplified respect to the model
predictions. The relative amplitudes estimated with DD show the exact same
pattern as PPP, with smaller discrepancies for K1. The North component shows
lower energy overall; PPP resolves all constituents except K1, while DD signif-
icantly resolving M2, N2 and K1, but with clear discrepancies from the models
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for the semi diurnal constituents. Overall, the significant constituents are better
resolved in the PPP solutions, showing smaller deviations from the models.

At VEN1, located on the northern Adriatic coast where tidal loading is weak,
the overall amplitudes are one order of magnitude smaller but the differences
between the two techniques remains evident. In the Up component (Figure 4.8),
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Figure 4.8: Tidal analysis results of VEN1 processed with DD (left) and PPP (right)
strategies for Up, East and North components in red compared with previously listed
global ocean models.

the M2 constituent dominates with amplitudes of about 4–5 mm in the PPP so-
lution, while the DD analysis yields values around 3–4 mm. The N2 component
is also resolved, in both PPP and DD solutions, showing good coherence with the
model predictions. The diurnal constituents K1 and P1 are present in PPP with
amplitudes below 2 mm, while in the DD results they are significant in terms of
signal to noise ration, but they are not coherent with the models.

The East and North components at VEN1 display very small oscillations, re-
flecting the weak tidal loading in the northern Adriatic. In the East direction,
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M2 and K1 are the only constituents exceeding the significance threshold in the
DD solutions, with amplitudes differing from the model predictions by approxi-
mately 0.5 mm. All other constituents remain below the detection limit. In the
PPP results, a larger number of constituents are detected: the two semidiurnal
components (M2 and N2) closely follow the model predictions, while the diurnal
K1 exhibits an amplitude about six times higher than the models. The North
component shows even smaller variability, with amplitudes consistently below 1
mm across all tidal frequencies. These results confirm that, under low-amplitude
tidal conditions, the PPP technique maintains sufficient sensitivity to resolve the
dominant semidiurnal and diurnal signals, whereas the DD approach captures
only the strongest oscillations and suppresses the weaker components. Although
statistically significant, the horizontal components display a certain degree of
mismodelling with respect to the ocean tide model predictions.

We then reprocessed the data, incorporating OTL corrections using FES2014b
model, and analyzed the residual ocean tidal components in the time series. The
choice of the FES2014b model was motivated by its superior spatial resolution
and regional coverage, especially in the vicinity of the VEN1 station, where its
detailed coastal representation and improved bathymetric model provide more
reliable OTL estimates. The results are shown in Figure 4.9, where the ampli-
tudes of the tidal constituents for vertical, east and north components for both
techniques are highlighted.

In both stations, the vertical component shows the largest residual amplitudes,
reflecting the higher sensitivity of this component to imperfections in the applied
OTL model. The CASC PPP solution exhibits the most prominent residual, asso-
ciated with the diurnal K1 constituent, reaching values above 4 mm. Significant,
though smaller, residuals are also visible for the semidiurnal M2 and diurnal P1.
In contrast, the DD residuals at CASC are markedly lower, generally below 1.5
mm for all constituents, with the strongest remaining signal in K1.

At VEN1, the residuals are overall smaller, consistent with the weaker tidal
forcing in the Adriatic Sea. However, distinct differences remain between tech-
niques. The PPP results show a clear residual peak in the K1 component, espe-
cially in the East direction, reaching nearly 3 mm, while M2 and P1 contribute
at the level of about 1 mm. The DD solutions, in contrast, show residuals typi-
cally below 1 mm in all components, except for K1 which still remains the main
residual between the OT components.

Across both stations, the horizontal components display significantly smaller
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Figure 4.9: Amplitude residuals of the main tidal constituents analyzed after applying
the OTL correction using the FES2014b model. The left panel shows residuals obtained
with the DD processing strategy, while the right panel presents the PPP residuals.

residuals than the vertical ones, with most values within the millimeter range.
The overall pattern confirms that, even after model correction, small but mea-
surable tidal energy remains in the GNSS observations, particularly in PPP so-
lutions. These residuals are dominated by the K1 constituent and, to a lesser
extent, by the semidiurnal M2 and diurnal P1 components, suggesting that small
discrepancies persist between the modeled and observed OTL effects, likely due to
local hydrodynamic conditions or minor model limitations in shallow and coastal
regions.

To investigate whether the K1 PPP residuals at the CASC station can be
attributed to local effects (e.g., coastal morphology, bathymetry), another site
was analyzed. The GAIA station, located north of CASC and approximately six
kilometers inland from the coastline, was selected for this purpose. The data
were processed using the PPP technique over a seven-month period, employing
the same network as for CASC. The residuals, shown in Figure 4.10, reveal a
pronounced unmodelled signal for the K1 constituent, particularly in the vertical
component.
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Figure 4.10: Amplitude residuals of the main tidal constituents analyzed after applying
the OTL correction using the FES2014b model. Station GAIA with PPP processing.

4.3.3 Orbital aliasing in multi-GNSS time series

The advent of multi constellations such as GLONASS and Galileo has ex-
panded the scope of multi-GNSS observations. These additional systems not
only provide redundancy and improved geometry but also introduce constellation-
specific errors, which manifest as orbital artifacts positioning products. Recent
studies (e.g. Bogusz et al., 2016; Abraha et al., 2018) show that these artifacts
can reach amplitudes of several millimeters to centimeters in station coordinate
time series and tropospheric delay estimates, significantly affecting the interpre-
tation of subtle geophysical signals. For example, Galileo introduces artifacts
with dominant periods of approximately 14.08 hr, 17.09 hr, 34.20 hr, 2.49 days,
and about 3.4 days, whereas GLONASS artifacts appear at 5.63 hr, 7.36 hr, 10.64
hr, 21.26 hr, 3.99 days, and about 8 days. GPS, in turn, exhibits orbital signals
tied to harmonics of the K1 tide, producing inconsistencies with geophysical tidal
models of up to 12 mm in the vertical component. These signals are not uniform
across the globe, in fact their magnitude depends strongly on station latitude
and the geometry of satellite flybys, with equatorial sites particularly affected by
GLONASS-specific artifacts (Zajdel et al., 2022).

Derived coordinates time series from GNSS can be affected by diverse types of
technique errors, which influence the study and analysis of different geophysical
phenomena. Several studies revealed the presence of artificial signals in GNSS
position power spectra, originated from processing artifacts arising from repeat
period of satellite orbits (J. Ray et al., 2008; Bogusz et al., 2016).

The aliased period of a sinusoidal signal can be calculated with the following
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equation (Jacobs et al., 1992):

falias = |ftrue ± nforb| (4.3)

falias is the observed alias frequency in the GNSS spectrum, ftrue is the true
frequency of the signal, n is an integer harmonic index, positive or negative, rep-
resenting the number of orbital cycles being added or subtracted, and forb is the
GNSS orbital repeat frequency (Penna et al., 2003). The GPS orbital period is
11.957 hours, which corresponds to 2.005 cycles per day; the GLONASS orbital
period is 11.2941 hours, which corresponds to 2.125 cycles per day. By using the
Equation 4.3 we can extract the aliasing signals relative to the high frequency
peaks present in the spectrum, shown in Table 4.4.

Figure 4.11 presents the power spectra of the coordinate time series for both

Table 4.4: Real and aliased periods of principal tidal constituents in GNSS coordinate
time series. Ttrue denotes the actual tidal period, while Talias for GPS and GLONASS
are the corresponding aliased periods calculated using Equation 4.3, based on the orbital
repeat frequencies of each constellation.

Tide ftrue

(cpd)
Ttrue

(h)
Talias GPS

(h)
TaliasGLONASS

(h)

M2 1.9324 12.42 6.09 5.92
S2 2.0000 12.00 5.99 5.82
N2 1.8957 12.66 6.15 5.97
K2 2.0050 11.97 5.98 5.81
K1 1.0029 23.93 7.98 7.67
P1 0.9295 25.82 8.18 7.86
O1 0.9971 24.07 7.99 7.69
Q1 0.8932 26.87 8.28 7.95

DD, in red, and PPP, in blue, solutions. The comparison highlights the distinct
manifestation of orbital artifacts depending on the processing strategy, for the
interval of signals with a period between 4 and 10 hours. In the PPP solutions,
spectral peaks are more pronounced at periods corresponding to the alias fre-
quencies of tidal constituents, particularly around 5.98 h and 7.98 h, which are
consistent with the theoretical aliasing of the M2, S2, and K1 tides (see Table
4.4). In contrast, the DD spectra show a reduction in the amplitude of these
artifacts, even though there is not their complete suppression. Common-mode
errors are partly absorbed through the differencing process, leading to weaker
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Figure 4.11: Comparison of power spectra from PPP and DD coordinate time series in
the sub-daily band (4–10 h). The PPP spectra display distinct peaks near 5.98 h and
7.98 h, corresponding to alias periods of the principal tidal constituents (M2, S2, K1),
while DD spectra exhibit reduced amplitudes of these orbital artifacts due to partial
cancellation of common-mode errors.

artifact signatures. While PPP allows for global, station-independent processing,
it also exposes stations more directly to constellation-specific orbital artifacts.
The North component is the one which shows the greater differences between the
two processing technique. DD appears to mitigate the majority of the effects due
to aliasing frequencies, as visible for both stations. The vertical component is
clearly the most affected by aliasing for the PPP solutions, which highlights the
importance of a careful account for these periodicities to avoid misinterpretation
when analyzing PPP-derived coordinates and tidal components.
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Galileo constellation is also affected by orbital artifacts, and the most domi-
nant sub-daily signals appear with periods of 9.97 h, 14.08 h, and 17.09 h. The
spectral analysis highlighted only the artifact with 17.09 hours period, as shown
in Figure 4.12. The 17.09 h peak is much smaller in terms of amplitude than the
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Figure 4.12: Spectral signature of the 17.09 h orbital artifact associated with the Galileo
constellation. The peak is clearly visible in the PPP solutions, while in the DD time
series it remains close to the noise level, indicating partial mitigation of constellation-
related aliasing effects through differencing.

lower aliasing periods previously analyzed, and it is clearly evident for the PPP
solutions, while in the DD time series, it remains in the order of the noise.

4.3.4 Discussion on DD and PPP results

The results presented in this study provide an assessment of the sensitivity
and limitations of DD and PPP strategies in detecting and modeling OTL effects
from GNSS coordinate time series. By analyzing two contrasting tidal environ-
ments, a high-energy Atlantic coastal site (CASC) and a low-energy semi-enclosed
basin site (VEN1), we evaluated the capability of each processing technique to
recover the amplitudes of the main tidal constituents and to quantify the residual
tidal energy after applying the FES2014b correction model.

The incorporation of OTL corrections using the FES2014b model systemati-
cally reduced the RMS of all coordinate components for both techniques, confirm-
ing the model’s ability to reproduce the dominant tidal loading displacements.
The reduction was most pronounced in the vertical component, where OTL ef-
fects are largest, reaching up to a 22% RMS improvement overall. The horizontal
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components also showed smaller but consistent improvements, indicating that the
high-resolution hydrodynamic modeling effectively captures local tidal variability
even in coastal and shelf regions (F. H. Lyard et al., 2021; Hart-Davis et al., 2021).
The residual analysis demonstrated that, after model correction, small tidal en-
ergy remains in both techniques, dominated by the K1 and M2 constituents. This
residual pattern indicates that the remaining signals may reflect a combination of
local site effects, unmodelled processes, or minor model inaccuracies, consistent
with findings from previous GNSS-based OTL evaluations (Abbaszadeh et al.,
2020; Ait-Lakbir et al., 2023).

A consistent difference was observed between the two processing approaches.
DD generally produced smaller residuals and slightly lower tidal amplitudes than
PPP, reflecting its relative nature and the partial cancellation of loading signals
common to both stations in the baseline (King et al., 2005; Dach et al., 2015).
PPP, by contrast, provides an absolute estimate of the displacement referenced to
the global frame and therefore reproduces the true amplitude of the loading, but
remains more sensitive to systematic effects such as residual orbital errors. The
larger K1 residuals in the PPP solutions at both sites exemplify this sensitivity.
The K1 and, to a lesser extent, P1 components correspond to the GPS orbit and
constellation repeat periods, making them particularly prone to spectral contam-
ination and aliasing in PPP-derived OTL estimates (Penna et al., 2003; King,
2006).

The use of relatively long baselines in the DD configuration represents both an
advantage and a limitation. On one hand, longer baselines enhance the measur-
able differential OTL signal, since the tidal deformation differs more significantly
between the two sites, improving the detectability of the loading effect. On the
other hand, the cancellation of common-mode errors, such as atmospheric path
delays, becomes less effective with increasing station separation and residuals
can reach the centimeter level, partially masking the millimeter-scale tidal signal
(Bos et al., 2015). The results obtained in this study confirm this trade-off. The
analysis of the signal-to-error ratio at varying noise levels demonstrates that the
ability to detect the M2 constituent in DD solutions depends not only on the
baseline length but also on the relative amplitude difference between stations.
For VEN1, the 500 km baseline with BRMF yielded higher ratio values than the
shorter 150 km baseline with BZRG, indicating that the stronger differential sig-
nal between the two sites can, in some cases, compensate for the partial loss of
error cancellation. A similar behavior was observed for CASC, where the 500 km
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baseline with VILL performed better than the 280 km baseline with CACE. In
both cases, the shorter baselines dropped below the 99% detection threshold more
rapidly as noise increased, confirming their lower resilience to observational noise.
These results highlight that while long baselines introduce greater sensitivity to
uncorrelated orbit and clock errors, they may still provide enhanced detectability
when the tidal loading contrast between sites is sufficiently large.

The ability to resolve tidal constituents also depends strongly on the length
of the time series. Longer observation periods improve frequency resolution ac-
cording to the Rayleigh criterion (Godin, 1972; Pugh et al., 2014), allowing a
more reliable separation of closely spaced constituents such as K2, and N2, and
providing more stable amplitude estimates for weaker diurnal and semidiurnal
tides. Extending the duration of the GNSS time series beyond one year would
therefore enable the recovery of additional constituents and a more robust estima-
tion of long-period components, as demonstrated in long-term OTL studies based
on multi-year GNSS observations (Penna et al., 2015; Matviichuk et al., 2023;
Wang et al., 2023). This is particularly important in environments with low tidal
energy, where the short 220-day dataset used here limits the detection of minor
constituents and may introduce partial aliasing between neighboring frequencies.

The aliasing issue is intrinsic to GNSS data sampling and satellite geome-
try. The 24-hour repetition of satellite ground tracks introduces spurious diurnal
and semidiurnal signals that overlap with genuine tidal constituents. These ar-
tifacts are most evident in the PPP solutions, where no differential technique
is applied. In the DD approach, the common-mode cancellation mitigates most
of this aliasing, explaining the better performance observed for the diurnal K1.
Recent studies have demonstrated that combining multiple constellations (e.g.,
GPS, Galileo, BeiDou, GLONASS) can substantially reduce orbit-related alias-
ing and improve the separation of tidal frequencies (Abbaszadeh et al., 2020; Wei
et al., 2021; Ait-Lakbir et al., 2023; Wang et al., 2023). In our analysis, the inclu-
sion of multi-GNSS data already improved signal stability and noise reduction,
particularly for hourly PPP estimates, but further benefits could be expected
from full multi-constellation ambiguity-fixed (PPP-AR) processing (Loyer et al.,
2012; Geng et al., 2022). Since the present analysis relied on float PPP solutions,
the residual biases associated with fractional ambiguities likely contributed to the
scatter observed in PPP amplitudes compared to DD.

The comparison between CASC and VEN1 highlights the role of local con-
ditions in OTL recovery. At CASC, where the ocean tide loading is strong and
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the absolute effect exceeds 30 mm in the vertical, both methods clearly resolve
the dominant constituents (M2, N2, K2, K1, O1). At VEN1, where the expected
OTL is only 5–8 mm, the reduced signal-to-noise ratio amplifies the impact of
modelling. Here, PPP still resolves the main constituents, especially in the up. In
the east component K1 dominates the OTL signal with a large discrepancy with
the models, while DD shows reduced sensitivity and occasionally fails to detect
the smallest signals. These differences confirm that the apparent performance of
each method depends strongly on site-specific factors such as tidal regime, satel-
lite visibility, multipath environment, and local atmospheric variability (Yuan et
al., 2013; Penna et al., 2015).

The observed mismodelling of the K1 and P1 constituents may also stem from
the difficulty of separating nearby frequencies given the limited length of the time
series. Although the synthetic test and the Rayleigh criterion indicate that the
two constituents should be separable and resolvable, and the harmonic analysis
shows no significant correlation between them, additional contributions cannot
be excluded. In particular, the diurnal atmospheric tide S1, whose frequency is
very close to the K1 and P1 bands, may influence the estimated amplitudes. Un-
like oceanic tidal constituents, S1 has a predominantly thermal and atmospheric
origin, as diurnal solar heating drives oscillations in surface pressure at diur-
nal (S1) and semi-diurnal (S2) periods, as well as higher-frequency harmonics.
These atmospheric tides induce periodic loading of the Earth’s surface, result-
ing in measurable vertical deformations at GNSS stations. Recent studies have
shown that the amplitude of vertical deformation associated with atmospheric
tides can reach several millimeters, comparable in magnitude to some ocean tidal
loading components (Li et al., 2018). Consequently, the potential superposition
of atmospheric and oceanic loading effects in the diurnal band remains an open
issue and warrants further investigation.

An additional aspect emerging from both stations is that the PPP solutions
tend to resolve a larger number of significant tidal constituents in the horizon-
tal components compared to the DD results. This tendency is observed at both
sites and appears largely independent of the local tidal regime. It likely reflects
the fact that the absolute positioning framework of PPP can preserve more of
the small-amplitude horizontal signals that may be partially attenuated in the
differencing solutions. In contrast, the relative nature of DD, while efficient in
reducing common-mode errors, can suppress weaker oscillations, especially when
the differential signal between stations is close to or below the noise level. This
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difference in spectral richness between PPP and DD is evident at both CASC
and VEN1 and highlights the advantage of PPP in capturing a more complete
tidal spectrum in the horizontal plane, albeit with slightly higher noise levels
(Abbaszadeh et al., 2020; Wang et al., 2023).

Several methodological limitations must be acknowledged. The long baselines
in the DD configuration mean that residual orbit and clock errors are not fully
cancelled, potentially biasing the estimated amplitudes at the millimeter level.
Even so, our results show that for VEN1–BRMF and CASC–VILL (∼ 500 km),
the stronger differential OTL signal partly compensates for this effect, yielding
higher signal-to-error ration than shorter baselines. Second, the PPP analysis
was conducted using float solutions without ambiguity resolution, which limits
precision compared with PPP-AR implementations now available in modern pro-
cessing frameworks. Third, the limited duration of the time series restricts the
separability of close tidal frequencies; according to the Rayleigh criterion, longer
series (≥ 1 year) are required to fully resolve smaller constituents such as Q1 and
K2, and short records may lead to partial aliasing between nearby frequencies.
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Chapter 5

Tidal analysis in the northern
Adriatic region

The northern Adriatic Sea represents a particularly compelling environment
for the study of ocean tides. Unlike many regions of the Mediterranean basin,
which are characterized by weak tidal amplitudes, the northern Adriatic displays
the largest tidal ranges in the entire basin. This distinction arises primarily from
its unique geographical and morphological features: a shallow basin, with large
continental shelf, and semi-enclosed configuration. These conditions favor ampli-
fication of tidal signals and produce dynamic responses not commonly observed
in deeper Mediterranean sub-basins (Guarnieri et al., 2013).

Tidal resonance is a key factor shaping the tidal regime of the northern Adri-
atic. The natural oscillation periods of the basin are close to the periods of the
dominant tidal constituents, leading to resonant amplification of both diurnal and
semidiurnal harmonics (Medvedev et al., 2020). Such resonance contributes to
elevated tidal amplitudes and the formation of standing wave patterns (seiches),
which significantly influence coastal dynamics and flood risk, notably in areas
such as the Venetian Lagoon.

In addition to astronomical forcing, meteorological drivers play a strong role
in sea-level variability. Local wind systems, including the Bora (from ENE) and
Scirocco (from SE), along with rapid atmospheric pressure fluctuations, often
interact with the tidal signal to generate extreme water level events (so-called
"acqua alta") in Venice, also felt in Trieste and Grado. These superposed ef-
fects, tidal, seiche, storm surge, lead to marked variability across temporal scales.
Understanding their coupling is critical for hydrodynamic modelling and hazard
assessment (Camuffo, 2023; Rus et al., 2023).

The Adriatic Sea is among the regions of the globe with the longest and dens-
est records of sea-level variability, as TG observations in Venice and Trieste have
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been maintained since the mid-19th century. This long observational history
makes the basin particularly valuable for studies of tidal dynamics and long-term
sea-level change.

Although the Mediterranean Sea is connected to the Atlantic Ocean through
the Strait of Gibraltar, the strait’s narrow geometry allows only a small frac-
tion of the Atlantic tidal energy to enter (Candela et al., 1990). Consequently,
tides in the Mediterranean are primarily driven by direct astronomical forcing
rather than by Atlantic propagation (Pugh et al., 2014). Given the scale of the
basin relative to tidal wavelengths, most of the Mediterranean is microtidal, with
average ranges not exceeding 20–30 cm (Tsimplis et al., 1995). Two areas, how-
ever, represent clear exceptions: the Gulf of Gabès in Tunisia, where spring tidal
ranges reach approximately 2 m amplitude from the mean (Othmani et al., 2017),
and the northern Adriatic, where tides may exceed 1 m amplitude during spring
conditions (Janeković et al., 2005).

From a geophysical perspective, OTL in the northern Adriatic is also signifi-
cant. The shallow water depth and broad horizontal extent of the basin induce
elastic deformations of the solid Earth that can be detected via geodetic meth-
ods, such as GNSS. These deformations are relevant not only for the correction
of geodetic observations, but also for the characterization of vertical land motion
and subsidence.

Finally, the societal relevance of the region is substantial. The northern Adri-
atic coastline is densely populated and economically important, with major ports,
industrial activity, and culturally significant sites (Venice among the foremost).
Episodic flooding events, especially "acqua alta", are directly tied to the interplay
among tides, meteorological forcing, resonance, and subsidence. Thus, research
into tidal dynamics and loading here advances fundamental physical understand-
ing and addresses critical issues of coastal resilience and adaptation under climate
change.

5.1 Sea level height estimation from tide gauge

Models for determining sea level height variations are generally based on TG
and satellite altimetry data. We analyzed most of the available TG stations in
the north Adriatic area, estimating tidal wave amplitudes and phases over an
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extended period, and compare the results with the FES2014b global model.
For each station, the outliers are firstly removed and the time series interpo-

lated. Annual, semi-annual oscillations, and linear trend over the period are sub-
sequently removed to obtain an accurate representation of the ocean tidal effect
only. These variations are mainly due to oceanographic, atmospheric, and hy-
drological processes, such as seasonal heating and cooling of the ocean, seasonal
wind forcing and ocean circulation, atmospheric pressure, and river discharge.
Data from the Monfalcone station were decimated from 10-minute to hourly res-
olution by averaging six consecutive 10-minute samples, which acts as a low-pass
(anti-aliasing) filter prior to resampling.

The evaluation of tidal amplitudes and phases over one year data at the se-
lected stations was computed using Utide Matlab toolbox (Unified Tidal Analysis
and Prediction Functions) (Codiga, 2011), considering 68 tidal constituents (Ta-
ble B.1). Tidal constituents are automatically selected using the Foreman (M.
Foreman, 1977) decision-tree criterion, which applies the Rayleigh resolution cri-
terion within the UTide framework. The inverted barometer (IB) effect was not
accounted for in the present analysis; therefore, sea-level variations associated
with atmospheric pressure forcing are retained in the residual signal.

The results are collected in Figures 5.1 (amplitude in cm) and 5.2 (phase in
degree), showing a good agreement with the previous studies conducted for this
area (Janeković et al., 2005; Medvedev et al., 2020). There is a clear increase
in the relative importance of the semidiurnal constituents, particularly M2 and
S2 from south to north. Stations in the northernmost Adriatic (Trieste, Monfal-
cone, Venezia) consistently show stronger M2 amplitudes, often reaching values
comparable to or exceeding the diurnal K1 component. This spatial trend is
consistent with the known resonant response of the Adriatic basin to semidiurnal
tidal forcing, which is enhanced in the shallower and narrower northern sub-basin
(Medvedev et al., 2020). The amplification of semidiurnal constituents toward
the head of the Adriatic has been reported in earlier studies and is linked to
the basin’s geometric configuration, which favors resonance with the M2 tide. In
addition to the dominant K1 and M2 signals, the secondary constituents (O1,
K2, N2, J1, Q1) contribute at smaller but non-negligible levels, typically below
10 cm amplitude. Among these, S2 plays an important role in reinforcing the
semidiurnal variability in the north.

Comparison between observed TG amplitudes and the FES2014b tidal model
indicates generally good agreement. The model reproduces the dominance of K1
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and M2 and captures the northward anticlockwise increase in semidiurnal energy,
though with some deviations in amplitude at individual stations. These differ-
ences may be related to local bathymetric effects, coastal geometry, or unresolved
shallow-water dynamics that are not fully represented in the global model. Nev-
ertheless, the overall correspondence supports the use of FES2014b as a reliable
boundary condition for tidal forcing in the Adriatic. The main differences with
the model appear in the phase estimation for the tidal constituents in Split and
Zadar, where the model possibly fails due to coastal and bathymetry knowledge
deficiencies. The dominant constituents M2 and K1 are overestimated bt the
model respect to the observations.
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Figure 5.1: Amplitudes of the ocean tidal constituents at different TGs in the northern
Adriatic sea. The blue dots with bars represent the estimated amplitudes of the TG
data, the red dots are the amplitudes according to the global model FES2014b.
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Figure 5.2: Phases of the ocean tidal constituents at different TGs in the northern
Adriatic sea. The blue dots with bars represent the estimated phases of the TG data,
the red dots are the phases according to the global model FES2014b.

5.2 Sea level height estimation from GNSS re-
flectometry

The sea level height estimates from GNSS-R for the three stations selected
(VEN1, PORE, GARI) along the northern Adriatic coast are presented (Figure
3.2). Following the processing scheme described in Section 3.5, the sea surface
height (SSH) was derived from GNSS reflectometry observables and compared
with TG measurements available near each site.

The input parameters are listed in Table 5.1. For each station the elevation
angle, azimuthal, and reflector height ranges, and satellites capture from the re-
ceiver are indicated. These selected inputs aimed to maximize the number of
valid observations. For example, GARI station had an unrestricted azimuthal
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visibility, which provided a large number of daily observations, while PORE was
more constrained due to limited azimuthal coverage.

Table 5.1: Input parameters used for the GNSS-R sea level estimation at the three
northern Adriatic stations. The table lists the elevation angle, reflector height, and
azimuthal ranges, along with the satellite constellations included in the analysis.

Station ∆e ∆Hrefl Satellite ∆azimuth

VEN1 5-20° 15-20 GRE 150-240°
PORE 5-20° 18-24 GRE 210-270°
GARI 5-20° 3-10 GRE 0-360°

The SSH outputs were smoothed with a 3-hour moving mean to filter out
the high-frequency signals and resampled at evenly spaced intervals of 1 hour
for comparison with the similarly filtered TG data. Resampling was necessary
because satellite transits do not occur at regular time intervals. Both time series
were interpolated to compute the cross-correlation and assess their relation. All
results are summarized in Table 5.2. The number of sea observation per day de-
pends on the angular visibility of the reflective surface. The results show a strong
consistency between GNSS-R and TG data, with correlation values exceeding
90% at all stations. The number of observations per day varied between sites
depending on visibility constraints, and the residual noise ranged between 9 and
13 cm. The noise is defined as the standard deviation of residuals between the
GNSS and TG sea levels.

Figure 5.3 highlights one month of data for each of the three GNSS sites,
compared with the TG time series. Since PORE is not located near any TG,
comparisons were made with both Trieste and Venice.

Table 5.2: Summary of GNSS-R sea level results for the analyzed stations. Reported
values include the number of daily observations, mean sea surface height, reference TG,
correlation coefficient with TG data, and residual noise level.

Station ID N° obs Mean H (cm) TG Corr % Noise (cm)

GARI 108 7.8 Ravenna 91.2 10.1
VEN1 119 16.9 Venice 94.9 9.07
PORE 72 22.1 Trieste 91.6 13.2

Venice 91.5 12.1

Overall, these results demonstrate that GNSS-R can provide reliable sea level
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Figure 5.3: Comparison between GNSS-R derived sea surface height (SSH) time series
and TG (TG) measurements for the three northern Adriatic stations. The GNSS-R
results were smoothed with a 3-hour moving mean and resampled at 1-hour intervals
to match the TG data.

measurements along the northern Adriatic coast. The high correlations with TG
records highlight its potential as a complementary tool for coastal sea level mon-
itoring, particularly in regions where traditional TGs are sparse or absent.

We analyzed the power spectra of the reflectometry time series and compared
them with those derived from the TG data. The results show a clear reduction
in amplitude across all components, leading to amplitude differences on the or-
der of 2–3 cm between the two time series. Figure 5.4 shows, for each station,
the diurnal and semidiurnal spectral intervals. The major diurnal (K1, P1, and
O1) and semidiurnal (M2, S2) constituents are clearly identified, with the largest
discrepancies between the solutions observed for M2 and K1. which generate the
mean discrepancy of about 2-3 cm at each station.

5.2.1 Sistiana results

The continuously acquired dataset used for the analysis, which is still being
collected, currently covers the period from 24 July to 17 August 2025. The raw
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Figure 5.4: Power spectral density of GNSS-R and TG time series for the three stations,
showing the principal tidal constituents. The diurnal (K1, P1, O1) and semidiurnal
(M2, S2) components are clearly visible, with small amplitude discrepancies (2–3 cm)
between GNSS-R and TG data.

files were converted from the T00 format to the RINEX format using the Trimble
Convert to RINEX utility. This software converts Trimble GPS measurement
files stored in DAT or T00 format into RINEX version 2 or 3 files.

Following the processing procedure described in Section 3.5, Figures 5.5, 5.6,
and 5.7 present the analysis used to select the elevation angles, reflection zone,
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and GPS frequencies.

Figure 5.5: Summary plots from the quickLook function for the Sistiana GNSS-R
station. The upper panel shows reflector height retrievals as a function of azimuth, the
middle panel displays the peak-to-noise ratios, and the lower panel indicates spectral
peak amplitudes used for reflector validation.

Figure 5.6: Periodograms of SNR observations for Sistiana station. The spectral peaks
confirm the presence of a stable reflector approximately 7 m below the antenna, corre-
sponding to sea surface reflections in the southwest azimuthal sector (180°–270°).

Considering elevation angles between 5° and 20°, a reflective surface located
approximately 7 m below the GPS antenna is evident. Figure 5.5 shows, in its
first panel, the reflector heights that are identified as valid points for sea surface
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Figure 5.7: Reflection zone for the Sistiana GNSS-R station. The colored clusters
represent the reflection areas corresponding to different satellite elevation angles, high-
lighting the azimuthal sector (200°–280°) associated with valid sea surface reflections.
The ellipses refer to the elevation angle, with the following color coding: yellow for
5°, blue for 10°, and red for 15°, depending on the direction of arrival of the reflected
signal.

height determination, expressed as a function of azimuth angle. Cross-checking
with Figure 5.7 indicates that reflections originating from the sea surface corre-
spond to the azimuthal sector between 200° and 280°. The ellipses refer to the
elevation angle, with the following color coding: yellow for 5°, blue for 10°, and red
for 15°, depending on the direction of arrival of the reflected signal. Conversely,
the apparent good points detected by the software in the range of 30°–150° are
excluded from the processing strategy, as they are not reliable for estimation and
are unrelated to sea surface reflections. Finally, Figure 5.6 confirms the pres-
ence of a reflector at approximately 7 m beneath the antenna, located in the
south-western azimuthal quadrant (180°–270°). The input information for the
processing strategy are summarized in Table 5.3.

The first part of the data processing is dedicated to the detection of outliers,
based on the three sigma outlier criteria. For Sistiana station (see Figure 5.8),
no outliers were detected, so all the 688 observations for the 24 days were used to
estimate the RH. Figure 5.9 shows the number of RH observations for each day
of the measurements, with an average of 27.7 observations per day. As known,
by using only GPS satellites, due to the limitation of the receiver, the daily ob-
servation are not maximized, still remaining sufficient for an accurate sea level
estimation, as presented in Figure 5.10.
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Table 5.3: Input configuration adopted for the Sistiana GNSS-R processing, including
elevation angle, reflector height range, frequency list, and azimuth limits used for re-
flector height estimation.

Parameter Input

Elevation angle range 5° to 20°
Assumed ∆Hreflector 1 to 8 meters
Peak to noise 3
Frequency list 1, 2, 5, 20
Azimuth range 200° to 270°

Figure 5.8: Raw reflector height retrievals for the Sistiana station. No outliers were
detected under the three-sigma criterion, and all 688 observations were retained for
subsequent analysis.

The estimated reflector height obtained with the GNSS-R technique was

Figure 5.9: Number of valid GNSS-R RH observations per day at the Sistiana station.
An average of 27.7 daily observations was obtained using only GPS satellites.

subsequently compared with two TGs present in the Gulf of Trieste, located at
Trieste and Monfalcone (see Figure 5.11). The TG series were collected from the
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Figure 5.10: Time series of reflector height estimated from GNSS-R at Sistiana. The
retrieved sea level variations show a stable reflector at 7.2 m below the antenna.

Figure 5.11: Location of the Trieste and Monfalcone TGs, respect to the Sistiana
GNSS-R station.

ISPRA database, and, as well as the GNSS-R estimations, they were smoothed
through a moving average filter using a 3-hours sliding window in order to filter
out the high-frequency signal. The comparison is shown in Figure 5.12, where
the blue curve represents the sea level variation estimated with the reflectom-
etry technique, and the red and green curves are the TG data for Trieste and
Monfalcone respectively. By computing a normalized cross-correlation on the ob-
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servations, the results show a correlation of 95% between Sistiana and Trieste,
and a correlation percentage of 94% between Sistiana and Monfalcone. Compar-
ing the tidal amplitudes, a difference of 2-3 cm is visible between Sistiana and
Trieste, and 4-5 cm with Monfalcone.

The analysis performed at the Sistiana GNSS station demonstrates the fea-
sibility and reliability of using reflectometry for sea level monitoring in the Gulf
of Trieste. The adopted processing strategy enabled the identification of a stable
reflector height 7.2 m below the antenna, corresponding to the average sea sur-
face.

Despite the receiver’s limitations, which results in fewer daily observations
compared to a multi-constellation GNSS station, the data proved sufficient to
retrieve sea level estimates consistent with close located TGs. Another potential
limitation arises from the restricted azimuthal range of the site; the visible sea
portion covers only about 80°, which is below the minimal 90° recommended for
RH estimation. Nevertheless, although this reduces the number of daily observa-
tions, the derived estimates remain robust and satisfactory.

These results confirm that GNSS-R is a reliable and complementary tech-

Jul 31 Aug 03 Aug 06 Aug 09 Aug 12 Aug 15
2025   

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

S
S

H
 (

m
)

TG Trieste
GNSS-R
TG Monfalcone

Figure 5.12: Comparison of 3-hour moving mean sea level variations for Sistiana (GNSS-
R) and nearby TGs at Monfalcone and Trieste. The consistent temporal evolution
confirms the high correlation between GNSS-R and TG measurements.

nique to traditional TG measurements for sea level monitoring, with strong po-
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tential to expand observational coverage in coastal areas. The high correlation
with established instruments highlights the robustness of the method, even when
relying solely on GPS signals and under sub-optimal site conditions. GNSS-R
thus represents a cost effective alternative to TGs, and a practical solution for
sea level estimation in locations where installing a conventional TG station is
challenging or unfeasible.

5.3 GNSS ocean tidal loading analysis in the
northern Adriatic region

Among the processing techniques, the PPP was chosen to extract the absolute
effect in terms of loading of the ocean tides in the northern Adriatic area. This
choice is justified because the loading effect is relatively small (in the order of 10
mm maximum) and must be accurately separated from the noise present in the
GNSS time series.

The database is described in Section 3.1.2, processed with a sampling period
of 1 hour for 1 year length. We focus on the detection and estimation of OTL
amplitudes and phases at each site, comparing the observations with the most
used global ocean tidal model FES2014b.

5.3.1 3-D surface deformation calculation

For this study, we calculate the 3-D surface displacements caused by OTL
using the LoadDef software (Martens et al., 2019). LoadDef is a Python-based
toolkit developed to simulate the spheroidal deformation response of a spherically
symmetric, isotropic, elastic, and non-rotating (SNREI) Earth subject to external
forces such as surface mass loading and gravitational fields.

It starts by computing the load Love numbers integrating the equation of
motion for spheroidal deformation through the interior layers of the Earth (Al-
terman et al., 1959, Farrell, 1972). Subsequently, the Love numbers are combined
in spherical harmonic expansions to compute Green Functions (GFs) for the 3-D
surface deformation (see Chapter 2.3).

To provide a clearer visualization of regional displacements, the horizontal
deformation can be represented as particle motion ellipses. This approach was
applied to identify the dominant components in the northern Adriatic region,
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selecting for further analysis only those OTL constituents that exhibit a vertical
amplitude major or close to 1 mm. Figures 5.13 and 5.14 illustrate the modelled
OTL amplitudes for the eight principal tidal constituents: the semidiurnal (M2,
S2, N2, K2) and diurnal (K1, O1, P1, Q1) components.

The size, shape, and orientation of the ellipses represent the horizontal dis-
placement, while the colors indicate the vertical displacement. Based on this
assessment, only the M2, S2, N2, K1, O1 and P1 components were retained for
analysis, as the remaining constituents exhibit amplitudes far below the GNSS
noise level and could therefore be subject to miscalculation. Furthermore, since
the processing strategy does not include any atmospheric model, we decided to
exclude the S2 constituent from the estimation, as its amplitude could be biased
by atmospheric solar effects.

5.3.2 Tropospheric delay estimation

Sub-daily variability in ZTD is dominated by atmospheric thermal tides at one
and two cycles per solar day (S1 and S2), generated by the diurnal cycle of heat-
ing, humidity and surface pressure. These effects are a persistent, millimeter-level
feature of ZTD observed with GNSS and coherently related to local meteorology.
In GNSS solution, ZTD and the vertical coordinate are intrinsically coupled by
the tropospheric mapping function, so if S1/S2 are not represented in ZTD, part
of their energy can be spuriously absorbed by the Up component. Early analyses
quantified this leakage and showed how height errors map into ZTD and vice-
versa (Vey et al., 2002). At the same time, the OTL signal is best recovered from
the coordinate time series themselves. To avoid absorption of tidal effects in the
tropospheric delay estimates, the delays are modeled stochastically and estimated
together with the station coordinates, using nominal values as a reference at high
temporal resolution (Martens et al., 2016). The tropospheric signal delays are
derived from a combination of numerical weather model outputs and stochastic
estimation. Nominal values for the zenith wet and dry delays are obtained from
the Vienna Mapping Function 3 (VMF3, Landskron et al., 2018) grids, which
are based on six-hourly numerical weather model data provided by the European
Centre for Medium-Range Weather Forecasts (ECMWF; Boehm et al., 2006).

We first conducted an analysis of the sampling intervals used for ZTD estima-
tion by comparing the RMS of the position time series at different intervals. This
investigation was motivated by the strong correlation between station coordinates
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Figure 5.13: Predicted semi-diurnal components surface displacements from FES2014b
model at each selected station. Size, shape, and orientation of the ellipses denote
horizontal displacement and the colors depict the vertical displacement. Reference
ellipsoids and color scale are different and shown for each tidal constituent; consider
that the horizontal scales vary from figure to figure.
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Figure 5.14: Predicted diurnal components surface displacements from FES2014b
model at each selected station. Sized, shapes, and orientations of the ellipses denote
horizontal displacement and the colors depict the vertical displacement. Reference el-
lipsoids and color scale are different and shown for each tidal constituent; consider that
the horizontal scales vary from figure to figure.
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and ZTD estimates, as well as by the objective of minimizing displacement noise
to optimize the detection of small tidal components. Three cases were exam-
ined: (i) a 1-hour sampling interval without horizontal gradient estimation in the
tropospheric wet delay; (ii) a 1-hour sampling interval with horizontal gradient
estimation; and (iii) a 10-minute sampling interval without horizontal gradient
estimation.

The positioning performance of station VEN1 under different tropospheric
delay estimation strategies is presented in Figure 5.15. The results highlight the
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Figure 5.15: RMS comparison of coordinate time series at station VEN1 for differ-
ent ZTD estimation strategies. Three cases are shown: 1-hour ZTD interval without
gradient estimation (red), 1-hour interval with horizontal gradient estimation (blue),
and 10-minute interval without gradient estimation (green). The results indicate that
shorter ZTD intervals and gradient modeling produce only marginal improvements in
coordinate precision.

clear discrepancy between vertical and horizontal components in terms of sensitiv-
ity to the zenith tropospheric delay (ZTD) estimation interval and the inclusion
of gradient parameters. For the Up component, the RMS ranges from 15.39 mm
to 15.77 mm, indicating only a marginal difference between solutions with 1 hour
or 10 minutes ZTD intervals and the inclusion or omission of gradient parameters.
In the East component, RMS values vary between 9.18 mm and 10.85 mm, show-
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ing a slightly larger spread but still with no substantial improvement from more
frequent ZTD updates or gradient modeling. The North component is the most
stable, with nearly identical RMS values (5.77–5.82 mm) across all strategies.

Overall, these results suggest that shortening the ZTD estimation interval and
adding gradient parameters do not significantly reduce the RMS in any coordinate
component. The variations in RMS remain within the millimeter level, confirm-
ing that the tested tropospheric modeling strategies have a limited influence on
the final solution. Based on the results, for the processing strategy we chose to
estimate the ZTD every 1 hour, including a horizontal gradient estimation every
6 hours, as suggested from the Bernese manual, modelling with the Chen-Herring
model (Chen et al., 1997).

5.3.3 Sensitivity test for OTL prediction

We first conduct a sensitivity test to understand the capability of GNSS PPP
solutions to resolve the main OTL components given the noise level in such specific
environment. To investigate the effect of observational noise on tidal parameter
estimation, a Monte Carlo simulation is performed (Mooney, 1997). Synthetic
noise, scaled relative to the standard deviation of the original GNSS displace-
ment series, is added to the observations in multiple realizations. To simulate
measurement uncertainty in the GNSS synthetic time series, zero-mean Gaussian
(normal) noise was added to the displacement data. The noise amplitude was
defined as a multiple of the standard deviation of the original signal, allowing
control over the noise level through a scaling factor. For each noise level and
realization, tidal amplitudes and their uncertainties (standard error se) are re-
estimated. The resulting ensemble of simulations allows for the characterization
of the mean amplitude and the signal-to-noise ratio (expressed as amplitude over
standard error of the amplitude) as a function of noise magnitude. The standard
error is derived from the covariance of the fitted coefficients obtained through
least squares estimation. It reflects how precisely the amplitude has been deter-
mined from the available data (M. G. G. Foreman et al., 2009). This procedure
provides quantitative insight into the robustness of GNSS-based OTL estimation
under varying observational conditions.

Finally, the methodology allows comparison between the observed tidal re-
sponse and theoretical OTL models, facilitating the evaluation of station-specific
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sensitivities and potential systematic biases. By systematically increasing the
noise amplitude, the method also identifies thresholds beyond which tidal signals
become indistinguishable from random variability, providing guidance for data
quality requirements in GNSS estimates.

The synthetic data are generated to cover a full year with an hourly sampling
rate, ensuring comprehensive temporal coverage of all major tidal constituents.
The noise tests are designed to explore the range from the natural GNSS obser-
vation noise up to twice its amplitude, providing an upper bound for sensitivity
analysis. For each noise level, 30 independent realizations are performed to en-
sure statistical robustness of the estimated parameters. To evaluate the statistical
significance of each tidal constituent, a t-test was applied to the amplitudes es-
timated from the harmonic analysis. The t-test quantifies how confidently an
estimated amplitude differs from zero, thereby determining whether the corre-
sponding tidal signal is genuinely present in the GNSS displacement series or
simply a result of random noise. It is computed as the ratio between the es-
timated amplitude and its formal standard deviation, the latter being derived
from the residual variance of the least-squares harmonic fit. The t-test values are
inherently influenced by the noise level of the time series: higher noise leads to
larger uncertainties and consequently smaller t-values. Therefore, the statistical
significance of each tidal constituent reflects not only its amplitude but also the
signal-to-noise ratio of the GNSS vertical displacement series (M. G. G. Foreman
et al., 1989). In this study, a threshold of |t| ≥ 2.57, corresponding approximately
to the 99% confidence level, was adopted as the minimum acceptable criterion
for statistical significance. The statistical significance of the estimated tidal am-
plitudes was evaluated using the Student’s t-distribution. The critical t-value
(tcrit) was computed considering the number of degrees of freedom (dof), defined
as the difference between the total number of observations (N) and the number
of parameters estimated by the harmonic model (m = 2k, where k is the number
of tidal constituents, each described by sine and cosine terms). The 99% confi-
dence threshold represents the minimum ratio between the estimated amplitude
and its standard error required for the constituent to be considered statistically
significant.

Figure 5.16 presents the outcome of the sensitivity analysis conducted on syn-
thetic GNSS displacement time series for the main diurnal and semidiurnal tidal
constituents (M2, K2, S2, N2, K1, Q1, P1, and O1). Each subplot presents the
variation of the amplitude-to-standard-error ratio (A/se, left y-axis) and the es-

88



0 20 40
0

10

20

30

40

A
 / 

se

0

0.2

0.4

0.6

0.8

se
 (

m
m

)

M2

t
crit

0 20 40
0

1

2

3

4

A
 / 

se

0.2

0.4

0.6

se
 (

m
m

)

K2

t
crit

0 20 40
0

20

40

60

A
 / 

se

0

0.2

0.4

0.6

0.8

se
 (

m
m

)

S2

t
crit

0 20 40
0

2

4

6

8

10

A
 / 

se
0.2

0.4

0.6

se
 (

m
m

)

N2

t
crit

0 20 40
0

10

20

30

40

50

A
 / 

se

0

0.2

0.4

0.6

se
 (

m
m

)

P1

t
crit

0 20 40
0

1

2

3

A
 / 

se

0

0.2

0.4

0.6

se
 (

m
m

)

O1

t
crit

0 20 40

< noise (mm)

0

50

100

150

A
 / 

se

0

0.2

0.4

0.6

se
 (

m
m

)

K1

t
crit

0 20 40

< noise (mm)

0

1

2

3

4

A
 / 

se

0

0.2

0.4

0.6

se
 (

m
m

)

Q1

t
crit

Figure 5.16: Results of the Monte Carlo sensitivity test using synthetic GNSS displace-
ment time series. Each subplot shows the amplitude-to-standard-error ratio (A/se, left
axis) and the standard error (se, right axis) as functions of the imposed noise level.
The red dashed line marks the 99% confidence threshold. The M2, S2, N2, and K1
constituents remain statistically significant under realistic noise conditions, whereas
weaker components (K2, Q1, P1, O1) fall below detectability as noise increases.
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timated amplitude standard error (se, right y-axis) as functions of the imposed
noise amplitude. The horizontal red dashed line indicates the critical value of the
Student’s t-distribution at the 99% confidence level, used to assess the statistical
significance of the estimated tidal amplitudes. The critical t is set to 2.57 and
depends on the number of observations (8760) and the number of the estimated
parameters in the harmonic analysis (8).

The results reveal a clear and distinct behavior for each tidal constituent. The
dominant semidiurnal component M2 maintains a high A/se ratio (> 20) even at
large noise amplitudes, confirming its strong detectability and robustness against
measurement noise. S2 remains statistically significant across most of the tested
range, with only a moderate decrease in detectability at higher noise levels. N2

shows a more pronounced decline in A/se, falling below the confidence threshold
at noise amplitudes above approximately 25 mm, indicating reduced reliability
for this weaker semidiurnal constituent. K2, which is the weakest among the
semidiurnal components in the region, falls below the critical threshold already
for noise amplitudes above 5 mm, indicating that this constituent cannot be con-
fidently resolved under typical GNSS noise conditions.

Among the diurnal constituents, K1 demonstrates a strong and consistent sig-
nal, with A/se values remaining above the threshold across the entire noise range
tested. This confirms that K1 is one of the most reliably detected diurnal tides
in the region. In contrast, P1 and O1 display lower A/se ratios, falling below
the detection threshold even for relatively modest noise levels (20 mm). Q1 be-
havior follows the K2 one, becoming unresolvable for noise above 5 mm. These
weaker diurnal components are therefore the most sensitive to noise contami-
nation and would require either improved GNSS precision or longer observation
periods (multi-years) for robust estimation.

The right axes of the plots show that the standard error of each constituent
amplitude increases almost linearly with the imposed noise level, as expected
from least-squares estimation theory. This confirms that the uncertainty in tidal
amplitude retrieval scales proportionally with measurement noise.

When comparing these synthetic results with the real GNSS noise level ob-
served at station VEN1 (∼ 15.5 mm), the analysis indicates that the M2, S2,
N2, K1, P1, and O1 constituents remain clearly detectable and statistically sig-
nificant in the actual data. Their ratios to the se at this noise level are still
above the critical t-value, suggesting that the station’s precision is sufficient to
resolve the dominant OTL components. Conversely, the weaker constituents Q1
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and K2 likely fall below the detection threshold under the same noise conditions,
explaining the reduced or absent signatures of these components in real GNSS
tidal spectra. This comparison confirms that the observed performance at VEN1
aligns with the expectations derived from the synthetic sensitivity analysis, re-
inforcing the reliability of the modeling approach and providing a quantitative
reference for the minimum data quality required for accurate OTL estimation.

5.3.4 Observed and predicted ocean tidal loading

In this section, the GNSS-derived OTL amplitudes and phases are compared
with the global FES2014b model to assess the ability of GNSS to detect and re-
solve main OTL constituents in the northern Adriatic area and model’s ability to
reproduce the observed tidal signals. This comparison allows identifying possible
regional discrepancies and evaluating the performance of the model in coastal and
shallow-water environments.

Figure 5.17 shows, as an example, the power spectral density (PSD) of the
vertical displacement for the VEN1 station. Peaks corresponding to the main
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Figure 5.17: Power spectral density (PSD) of the vertical GNSS displacement at station
VEN1 compared with FES2014b model predictions. The main tidal constituents (M2,
S2, N2, O1, K1, and P1) are clearly visible and consistent with model frequencies, while
the minor components K2 and Q1 remain below the 5% significance level.

tidal constituents (M2, S2, N2, O1, K1, and P1) are clearly identifiable, with the
GNSS-observed peaks closely matching those predicted by the FES2014b model.
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The O1 and K2 constituents remain below the 5% significance threshold, likely
due to their very small amplitudes compared to the noise level present in the time
series.

The results for each constituent are shown over the entire dataset; amplitudes
and phases of the selected ocean tide (OT) constituent are estimated and com-
pared to the global ocean model FES2014b. The versatile tidal analysis software
has been used as described in previous section 4.3.2.

Figure 5.18 presents the t-test values obtained for the main diurnal and semid-
iurnal tidal constituents (Q1, O1, K1, P1, N2 and M2) at the seven analyzed GNSS
stations. For each site, the t-test values are shown separately for the Up (blue),
East (red), and North (green) components of the position time series, allowing
the assessment of tidal significance in both vertical and horizontal directions.
The dashed red horizontal line marks the 99% confidence threshold (|t| = 2.57),
adopted as the minimum acceptable value for statistical significance. Bars ex-
ceeding this threshold correspond to constituents that can be considered statisti-
cally significant, meaning that their amplitudes are reliably distinguishable from
background noise in the GNSS observations. Across the network, the Up compo-
nent generally exhibits the highest t-values, reflecting its stronger tidal sensitiv-
ity compared with the horizontal components. In most stations, the semidiurnal
constituent M2 yields the largest t-values, often exceeding A/se ratio of 20–30,
indicating robust detection of the principal lunar semidiurnal tide. The diurnal
constituents K1 and O1 also show consistently significant values (t > 5) at nearly
all stations, confirming their presence in the vertical displacement signal. Con-
versely, the minor lunar diurnal constituent Q1 and the inferred solar constituent
P1 usually remain close or below the significance threshold, suggesting that their
amplitudes are small relative to the noise level of the GNSS series.

O1 is significant only in the vertical component, except for the continental sta-
tion MEDI; in the East and North components, it remains close to or just above
the threshold confidence value, reflecting the lower tidal response in horizontal
motion.

The minor lunar diurnal constituent Q1 was also estimated, given its small
amplitude and low t-value (< 2.57), it is statistically insignificant and likely
masked by observational noise. This is consistent with expectations, as Q1 typi-
cally contributes only marginally to the vertical tidal displacement compared to
the dominant diurnal constituents O1 and K1.

PORE is the coastal station that exhibits the lowest t-test values, as it is the
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Figure 5.18: Student’s t-test results for the main diurnal and semidiurnal tidal con-
stituents (Q1, O1, K1, P1, N2, and M2) at all analyzed GNSS stations. Dots represent
the Up (blue), East (red), and North (green) components. The red dashed line marks
the 99% confidence threshold; values above this indicate statistically significant tidal
detections.

noisiest. In fact, at this station, the only OT components that are significantly
distinguishable in the vertical displacement are M2, K1, P1, and O1. MEDI de-
tects only the strongest components, M2 and K1, which can be attributed to its
continental location, approximately 50 km inland from the Adriatic coastline.

Overall, the pattern of t-test values confirms that the vertical component
of the GNSS displacements is primarily dominated by the principal diurnal and
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semidiurnal tidal constituents, whereas the horizontal components contain smaller
and less statistically significant tidal signals. This reflects the ability to detect
the main OTL components using GNSS even in relatively small basins, particu-
larly in the vertical component, where the weak signal is strogest. However, the
detection of smaller or secondary tidal constituents requires longer and less noisy
time series, since extended observation periods improve the spectral resolution
and reduce the uncertainty of the harmonic estimates.

The phasor diagram in Figure 5.19 shows the complex representation of the
main OTL constituents in the northern Adriatic Sea where each vector combines
the amplitude and phase of the vertical loading displacement. The red arrows cor-
respond to the estimates derived from the harmonic analysis of GNSS time series,
while the black arrows represent the predictions from the FES2014b ocean tide
model. This joint visualization enables a direct assessment of the agreement be-
tween observations and model predictions, thereby characterizing the basin-scale
coherence of the OTL response. The reference system is defined by standard
Cartesian coordinate axes, with positive angles measured counterclockwise. Pha-
sors are represented in the complex plane, with the real component along the
horizontal axis and the imaginary component along the vertical axis. For each
station only the significant components are shown.

The M2 constituent dominates the tidal loading signal, exhibiting the largest
amplitudes and the most consistent phase behavior across the Adriatic basin. The
red and black phasors are nearly coincident in both magnitude and orientation,
indicating an excellent match between GNSS-derived estimates and model predic-
tions. A slight counterclockwise phase rotation toward the northern shallow shelf
suggests a weak delay caused by frictional dissipation and partial standing-wave
behavior typical of the semidiurnal tide in a narrow, semi-enclosed basin. The N2

constituent displays a similar spatial pattern but with smaller amplitudes, about
one quarter of those of M2. Its phasors show very high coherence between esti-
mated and modeled values, confirming that the harmonic analysis captures well
the secondary semidiurnal component and that FES2014b accurately represents
the semidiurnal loading field over the Adriatic shelf.

The diurnal constituents, by contrast, exhibit noticeably larger discrepancies
between the estimated and modeled phasors. The K1 constituent, in particular,
reveals significant mismatches both in amplitude and direction: at several sta-
tions, the red vectors deviate from the black ones by tens of degrees and sometimes
by more than 30% in magnitude. Such inconsistencies are well-documented in the
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Figure 5.19: Phasor diagram showing the complex representation of the main OTL
constituents in the northern Adriatic Sea. Each vector combines the amplitude and
phase of the vertical loading displacement. Red arrows indicate estimates derived from
harmonic analysis of GNSS time series, while black arrows represent predictions from
the FES2014b OT model. The reference system is defined by standard Cartesian coor-
dinate axes, with positive angles measured counterclockwise. Phasors are represented
in the complex plane, with the real component along the horizontal axis and the imag-
inary component along the vertical axis.

literature and are commonly attributed to the intrinsic limitations of GPS-based
OTL estimation for the diurnal band. The K1 period (23.93 h) nearly coincides
with the repeat period of GPS satellite orbits (∼ 23.93 h) and is therefore affected
by aliasing and orbital errors (King, 2006; Abbaszadeh et al., 2020). This spectral
overlap hampers the separation between true diurnal loading signals and orbit-
related artifacts, producing biased amplitude and phase estimates. As shown by
Abbaszadeh et al. (2020) and later confirmed by Wang et al. (2024), combining
multiple GNSS constellations (e.g., GPS + GLONASS + Galileo) substantially
improves the estimation of diurnal OTL displacements by reducing orbital reso-
nance effects and enhancing spectral resolution. The discrepancies observed here
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between the GNSS-derived K1 phasors and FES2014b predictions are therefore
consistent with the literature.

The O1 constituent shows a more regular behavior; amplitudes are moderate,
and the phase pattern remains spatially coherent, with estimated and modeled
phasors generally aligned.

The P1 constituent, on the other hand, exhibits the weakest modelled signal
among all analyzed components. The estimated phasors are longer, differing sub-
stantially from the corresponding FES2014b vectors. Given its small equilibrium
amplitude and strong sensitivity to observational noise, the solar diurnal P1 tide
is particularly difficult to resolve in GNSS-based analyses, and its discrepancies
are within the expected uncertainty range. The frequency of P1 is close to the
one of K1, therefore some aliasing are introcted as weel in this component.

The results for MEDI are significant only for M2, as previously shown, as it
is the only resolvable OT components.

Overall, the phasor distribution for the vertical displacement demonstrates
that the Adriatic Sea exhibits a predominantly semidiurnal and good coherent
elastic response to OTL. The semidiurnal constituents M2 and N2, and the diur-
nal O1 are well reproduced by GNSS observations and show good agreement with
the FES2014b model. Conversely, the diurnal constituents, especially K1 and P1,
display notable deviations.

The phasor diagram in Figure 5.20 illustrates the horizontal OTL displace-
ments in the Adriatic Sea for the two dominant constituents, M2 (principal lunar
semidiurnal) and K1 (lunisolar diurnal), as derived from the GNSS-based har-
monic analysis (red arrows) and compared with the FES2014b ocean tide model
predictions (black arrows). Each phasor encodes both the amplitude and phase of
the horizontal loading response, depicting the direction and timing of the crustal
motion in the east–north plane.

For M2, the horizontal deformation is spatially coherent and tracks the
semidiurnal wave entering the Adriatic from the Otranto Strait. Estimated and
modeled phasors align NW–SE, and the east component shows no appreciable
phase shift relative to FES2014b. A small, nearly uniform lag appears only in
the north component. PORE is excluded because its M2 amplitude is not statis-
tically significant (t-test).Amplitudes overall agree closely with the model, with a
modest positive bias in the east component and a weaker response in the north.

In contrast, the K1 constituent shows a more intricate pattern than M2. In
the east component, phases are broadly consistent with FES2014b across sta-
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Figure 5.20: Phasor diagram illustrating horizontal ocean tide loading (OTL) displace-
ments in the Adriatic Sea for the two dominant constituents: M2 and K1. Red arrows
represent estimates from GNSS-based harmonic analysis, while black arrows show pre-
dictions from the FES2014b ocean tide model. Each phasor encodes both amplitude
and phase of the horizontal loading response, indicating the direction and timing of
crustal motion in the east–north plane. The reference system is defined by standard
Cartesian coordinate axes, with positive angles measured counterclockwise. Phasors
are represented in the complex plane, with the real component along the horizontal
axis and the imaginary component along the vertical axis.

tions, TRIE is the only site showing a small offset, while amplitudes are strongly
biased toward higher values, with a coherent amplification that can reach ∼8
times the model. The north component exhibits more scattered phases but am-
plitudes are comparatively uniform and closer to the model, with the exception of
PORE. The diurnal signal remains spectrally strong, especially inK1 east, but the
near-resonance between the K1 period (23.93 h) and the GNSS orbital/sidereal
repeat, together with residual diurnal systematics (e.g., solar-day multipath and
radiation-pressure mismodeling), can imprint aliasing that biases the recovered
harmonic parameters. In this case, discrepancies are dominated by amplitude
inflation rather than systematic phase rotation.
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5.3.5 Discussion on ocean tides prediction in northern
Adriatic

The combined analysis of TG, GNSS-R, and GNSS PPP-based ocean tides
and loading results provides a comprehensive characterization of the tidal dynam-
ics and the corresponding solid Earth response in the northern Adriatic basin.
The TG records confirm the well-known amplification of semidiurnal constituents
toward the northern shallow shelf, where M2 and S2 reach amplitudes comparable
to or larger than the diurnal K1 component. This progressive increase, consistent
with the basin’s geometry and bathymetry, reflects the near-resonant response of
the Adriatic to semidiurnal forcing (Medvedev et al., 2020). The comparison with
the FES2014b model demonstrates that, although the large-scale spatial trend is
well captured, local deviations in amplitude and phase persist at individual sta-
tions, particularly along complex coastal segments such as Split and Zadar. These
discrepancies likely stem from unresolved shallow-water effects and limitations in
the global model’s bathymetric representation (Martens et al., 2020).

GNSS-R results extend this characterization to locations without conven-
tional TG, confirming the high spatial coherence of sea level variability along the
northern Adriatic coast (Devoti et al., 2023). The strong correlation (above 90%)
between GNSS-R derived SSH and nearby TG measurements demonstrates the
ability of the reflectometry technique to resolve tidal and sub-tidal oscillations
with centimeter level accuracy. The small amplitude discrepancies (2–3 cm) ob-
served in the spectral domain are consistent with the expected attenuation from
the limited number of valid reflections in some stations (Tabibi et al., 2020).
Despite these constraints, GNSS-R effectively reproduces both the diurnal and
semidiurnal tidal bands, supporting its suitability for continuous coastal sea level
monitoring, particularly in areas where TGs are sparse or maintenance is difficult.
The case study at Sistiana confirms this capability; the identified stable reflector
at 7.2 m below the antenna corresponds to the mean sea surface, and the high
correlation (94–95%) with nearby TGs at Trieste and Monfalcone, further vali-
dates the method under realistic field conditions. Moreover, it demonstrates the
capability in SSH detection with the use of low cost antennas and limited GNSS
constellations.

The GNSS PPP analysis complements the oceanographic observations by re-
solving the three-dimensional elastic response of the crust to OTL. The vertical
OTL amplitudes derived from GNSS are in good agreement with those predicted
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by the FES2014b model, confirming that the Adriatic Sea exerts a coherent
semidiurnal loading signal along the basin margins. The M2 constituent dom-
inates both in amplitude and phase stability, showing excellent correspondence
between observed and modeled phasors, while the N2 component reproduces a
similar pattern with reduced magnitude. The diurnal band, on the other hand,
exhibits less consistency. The GNSS derived K1 constituent shows systematic
amplitude amplification and phase deviations with respect to the model, which
can be attributed to the spectral interference between the 23.93-h tidal period
and the GPS orbital repeat cycle. This near-resonance produces aliasing effects
and residual orbit-related errors that bias the diurnal estimates. Such limita-
tions have been widely reported in single-constellation GPS analyses and could
be mitigated by multi-GNSS integration, which improves spectral separation and
reduces orbit-induced artifacts (Matviichuk et al., 2020; Pan et al., 2023; Wang
et al., 2024). The discrepancy is further emphasized by the TG results, which do
not show comparable differences with the model predictions, confirming that the
observed bias arises from the GNSS technique itself rather than from physical
tidal or oceanographic processes.

The horizontal tidal loading deformation presents a similar contrast between
semidiurnal and diurnal components. For M2, both amplitude and direction of
the GNSS-derived vectors align well with FES2014b, reflecting a coherent north-
west–southeast motion parallel to the propagation of the tidal wave entering from
the Otranto Strait. The overall amplitude differences remain at the millimeter
level, with a slight positive bias in the east component and a small underestima-
tion in the north component. Conversely, the K1 horizontal displacements are
more scattered and often overestimated in magnitude, again reflecting the limita-
tions of resolving this diurnal constituents from GNSS. Nevertheless, the overall
pattern of OTL deformation is spatially coherent across the network, confirming
that even in a small and partially enclosed basin, the GNSS technique can resolve
the main tidal loading modes at the millimeter level.

The GNSS results confirm the capability to resolve the main OTL components
in the northern Adriatic region, particularly for the dominant vertical component.
For TRIE, VEN1, and GARI, located furthest north among the analyzed stations,
all principal tidal constituents (M2, N2, P1, O1, K1) are successfully resolved.
PORE, due to its higher noise level, does not allow for the full determination of
all constituents, whereas ZADA, located on the same Adriatic coast, but further
south, enables the estimation of all constituents except N2. MEDI, despite ex-
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hibiting the strongest M2 amplitude due to the influence of the Tyrrhenian Sea,
allows for the identification of only M2 and K1; the remaining constituents are
too small to be detected, owing to its greater distance from the coastline. ANCG
is the coastal station exhibiting the weakest OTL signal and, consequently, has a
limited capability to detect tidal constituents above the noise level.
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Chapter 6

Conclusions

This thesis set out to determine how reliably ocean tidal loading can be de-
tected and quantified from GNSS coordinate time series, and how geodetic and
oceanographic observations can be combined to characterize tides and their solid-
Earth response in a shallow, semi-enclosed basin. The work advanced along two
complementary tracks. First, a methodological assessment compared differential
(DD) and absolute (PPP) positioning across contrasting tidal regimes, establish-
ing what each strategy can and cannot recover at hourly periods. Second, a
regional synthesis for the northern Adriatic integrated tide gauges (TG), GNSS
reflectometry (GNSS-R), and GNSS-based OTL to map tidal dynamics and the
associated 3-D deformation along the basin margins.

Concerning the methodological and feasibility analysis, the results conclude
that applying modern OTL corrections is essential for millimetric geodesy. Re-
gardless of processing strategy, introducing the OTL model reduces coordinate
scatter systematically, up to ∼ 22% in the vertical and ∼ 10−15% in the horizon-
tals, demonstrating that contemporary tide models capture the bulk of the sub-
daily load. Yet the residual spectra retain coherent tidal energy, concentrated in
the diurnal band, especially K1, and secondarily in M2. This underscores that the
application of an OTL model does not, in itself, resolve the problem; model–data
mismatches persist and should be examined on a constituent-by-constituent ba-
sis.

PPP appears to resolve a larger number of tidal constituents, particularly
in the horizontal components, even though its time series often exhibit slightly
higher noise than DD. The retrieved amplitudes show smaller discrepancies from
the forward OTL model, whereas in DD the differencing attenuates small signals
and can push minor constituents below the detection threshold, rendering them
unresolved. This behavior is station and component dependent; in lower noise
settings, DD detects the strongest lines, but for weak constituents the amplitude
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loss inherent to differencing more often leads to non significance, while PPP re-
tains them in the estimated spectrum.

Record length and noise level are decisive levers of detectability. Synthetic
tests and real data agree; year-scale time series improve Rayleigh separation and
stabilize weaker amplitudes, while shorter records can create partial aliasing be-
tween close constituents. Equally, a lower amplitude level of non tidal signals
and acquisition noise enhances the amplitude to standard error ratio and raises
constituents above significance, whereas elevated noise can render weak lines in-
distinguishable even over long durations.

The diurnal band shows a critical mismatch in some components. In PPP,
K1 residuals are systematically larger than semidiurnal constituents, with ampli-
tude inflation and phase bias consistent with near-resonance between the 23.93
hour tidal period and GNSS orbital/sidereal repeats. DD mitigates, but does
not eliminate, this effect. This pattern cautions against attributing diurnal mis-
fits solely to ocean tides, as processing artifacts and orbit modeling limitations
can dominate. In contrast, semidiurnal constituents, especially M2, are robust.
Amplitudes align closely with model predictions in both vertical and horizontal
components.

The Adriatic provides a natural laboratory where these methodological in-
sights translate into regional physics. Owing to its shallow, semi-enclosed geom-
etry and large shelf, the basin exhibits the largest tidal ranges in the Mediter-
ranean. TG analyses confirm a clear northward amplification of semidiurnal en-
ergy (M2, S2) and a spatially coherent phase structure; FES2014b reproduces the
first-order pattern, with local amplitude/phase deviations likely tied to unresolved
bathymetry and coastal complexity. GNSS-R extends sea level monitoring where
TG coverage is limited: along the coast, GNSS-R sea levels correlate at ∼ 91–95%
with nearby TGs, and the spectral content clearly resolves the principal diurnal
and semidiurnal peaks with only 2–3 cm amplitude differences relative to TG.
A focused case at Sistiana confirms feasibility under realistic constraints. Daily
observations suffice for centimeter-level SSH and high correlation with nearby
gauges, highlighting the accuracy of low cost instrumentation and not perfect
conditions.

Bringing the geodetic and oceanographic strands together, GNSS-based OTL
across the northern Adriatic resolves a predominantly semidiurnal, basin-coherent
elastic response. Vertical phasors for M2, and with smaller amplitudes N2, match
model predictions closely; horizontal vectors align NW–SE, tracking the semid-

102



iurnal wave that enters via the Otranto Strait. The diurnal band remains less
consistent. K1 shows phase and amplitude discrepancies relative to FES2014b
that mirror known GNSS aliasing rather than a failure of the ocean model, an
interpretation reinforced by TGs, which do not display comparable mismatches.
Station by station, detection reflects local noise and exposure. Coastal north-
ern sites (TRIE, VEN1, GARI) resolve all principal constituents in the vertical;
noisier or inland sites (PORE, MEDI) detect only the strongest tides. Even so,
the spatial pattern of horizontal OTL remains coherent at the millimeter level,
underscoring the physical consistency of the joint solution.

Beyond the methodological advances, the societal relevance is direct. Along
a densely populated, economically vital coastline, episodic flooding arises from
the superposition of tides, surges, and subsidence. A monitoring architecture
that fuses TG, GNSS-R, and GNSS-derived OTL provides both redundancy and
reach. GNSS-R fills gaps in sea-level coverage. GNSS time series track millimetric
crustal response. Together they sharpen hydrodynamic models, improve opera-
tional corrections for geodesy, and support coastal-risk assessment and adaptation
planning under climate change.

The thesis reports the first documented hourly GNSS detection of OTL in
the Adriatic Sea, showing that this geodetic technique can retrieve OTL signals
below 1 cm when appropriately processed. While significance remains station
dependent, the integrated framework combining hourly multi-GNSS positioning
with TG and GNSS-R provides a cross validated, physically consistent view that
links ocean forcing to solid Earth response. The approach is readily transferable
to other semi-enclosed seas and wide shelves, strengthening operational geodetic
corrections, refining hydrodynamic modelling, and supporting coastal risk assess-
ment and adaptation under climate change.
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Appendix A

Station list

Table A.1: GNSS CASC fiducial stations coordinates and database for data processing.

Station name Latitude (◦) Longitude (◦) Database

CASC 38.6934 -9.4185 EUREF
VILL 40.4436 -3.9520 IGS

ACOR 43.3644 -8.3989 EUREF
ALAC 38.3389 -0.4812 EUREF
ALME 36.8525 -2.4594 EUREF
CACE 39.479 -6.34 EUREF
CEU1 35.8920 -8.3989 EUREF
MELI 35.2812 -2.9516 IGS
M0SE 41.8931 12.4933 EUREF
VALE 39.481 -0.34 EUREF
VFCH 47.294 1.72 EUREF
VIGO 42.1840 -8.8131 EUREF
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Table A.2: GNSS VEN1 fiducial stations coordinates and database for data processing.

Station name Latitude (◦) Longitude (◦) Database

BRMF 45.7261 4.9384 RGP
VEN1 45.4306 12.3541 EUREF
GENO 44.4194 8.9211 EUREF
GRAZ 47.0671 15.4935 IGS
GSR1 46.0481 14.5437 EUREF
MATE 40.6491 16.7045 IGS
MEDI 44.5200 11.6468 EUREF
TRIE 45.7098 13.7635 EUREF

WTZR 49.1442 12.8789 IGS
ZADA 44.1132 15.2276 EUREF
ZIMM 46.8770 7.4653 IGS

Table A.3: GNSS Adriatic estimated stations coordinates and database for data pro-
cessing.

Station name Latitude (◦) Longitude (◦) Database

ANCG 43.6027 13.5019 ITALPOS
GARI 44.6769 12.2494 EUREF
MEDI 44.5200 11.6468 EUREF
PORE 45.226 13.595 EUREF
TRIE 45.7098 13.7635 FREDNET
VEN1 45.4306 12.3541 EUREF
ZADA 44.1132 15.2276 EUREF

Table A.4: Tide gauge stations locations and coordinates.

Place Latitude (◦) Longitude (◦) Time coverage (yr)

Trieste 45.649 13.757 2010 - 2024
Monfalcone 45.778 13.550 2007 - 2022
Venezia 45.430 12.336 2010 - 2024
Ravenna 44.491 12.283 2010 - 2024
Ancona 43.609 13.481 2010 - 2024
Rovinj 45.083 13.628 1955 - 2005
Zadar 44.123 15.235 1991 - 2005
Split 43.506 16.441 1956 - 2005
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Appendix B

Tidal analysis

Table B.1: Tidal constituents (wave groups) used in the UTide harmonic analysis.
Frequencies are astronomical and given in cycles per hour (cph), periods are given in
hours. Tidal constituents are automatically selected using the Foreman (M. Foreman,
1977) decision-tree criterion, which applies the Rayleigh resolution criterion within the
UTide framework.

Constituent Frequency (cph) Period (h)

Long-period wave group
SA 0.0001141 8765.8
SSA 0.0002282 4382.9
MM 0.0015122 661.3
MSF 0.0028219 354.4
MF 0.0030501 327.9
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Constituent Frequency (cph) Period (h)

Diurnal wave group
K1 0.0417807 23.93
O1 0.0387307 25.82
P1 0.0415526 24.07
Q1 0.0372185 26.86
J1 0.0432929 23.10
OO1 0.0448308 22.31
S1 0.0416667 24.00
NO1 0.0402686 24.84
PHI1 0.0420089 23.80
THE1 0.0430905 23.20
CHI1 0.0404710 24.71
PSI1 0.0418948 23.87
PI1 0.0414385 24.13
UPS1 0.0463430 21.57
RHO1 0.0357064 28.00
SIG1 0.0374209 26.72
SO1 0.0446027 22.42
TAU1 0.0446027 22.42
ALP1 0.0343966 29.07
BET1 0.0400404 24.97
H1 0.0803973 12.44
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Constituent Frequency (cph) Period (h)

Semidiurnal wave group
M2 0.0805114 12.42
S2 0.0833333 12.00
N2 0.0789992 12.66
K2 0.0835615 11.96
L2 0.0820236 12.19
T2 0.0832193 12.01
NU2 0.0792016 12.63
2N2 0.0774871 12.91
MU2 0.0359087 27.85
EPS2 0.0834474 11.98
GAM2 0.0803090 12.45
LDA2 0.0818212 12.22
ETA2 0.0850736 11.76
OQ2 0.0759749 13.16
R2 0.0761773 13.12
H2 0.0807396 12.39
MKS2 0.0818212 12.22
MSN2 0.0389588 25.66
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Constituent Frequency (cph) Period (h)

Shallow-water (overtides and compound) wave group
MSM 0.0013098 763.6
M3 0.1207671 8.28
SK3 0.1251141 7.99
MO3 0.0848455 11.78
SO3 0.2474062 4.04
MK3 0.1595106 6.27
S4 0.1666667 6.00
M4 0.2400221 4.17
SK4 0.1610228 6.21
MK4 0.2028035 4.93
SN4 0.2084474 4.80
MN4 0.1623326 6.16
MS4 0.1638447 6.10
M6 0.2415342 4.14
M8 0.3220456 3.11
2SM6 0.2471781 4.04
2MS6 0.2443561 4.09
MSK6 0.2445843 4.09
2MK6 0.2445843 4.09
2MN6 0.1668948 5.99
2MK5 0.1222921 8.18
2SK5 0.2833149 3.53
3MK7 0.2400221 4.17
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