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Abstract

Since its introduction in the 1990s, GNSS Reflectometry (GNSS-R) has emerged as a revolu-
tionary remote sensing technique, demonstrating vast potential for characterizing surface
properties across various applications and environments. Today, GNSS-R continues to
evolve, supported by increasing operational spaceborne missions such as PRETTY, CYGNSS,
SMAP GNSS-R, and TRITON, alongside upcoming missions like HydroGNSS. These mis-
sions aim to advance scientific knowledge and generate commercial products such as the
LEMUR constellation operated by Spire Global Inc.

In addition to its surface-related applications, GNSS-R offers significant potential for atmos-
pheric monitoring by exploiting the differences between the direct signals (providing infor-
mation above the receiver) and reflected signals (capturing information below the receiver).
However, compared to its extensive application in surface studies, the use of GNSS-R for
atmospheric research remains relatively underdeveloped, presenting an opportunity for fur-
ther exploration to enhance its capabilities in ionospheric and tropospheric studies.

This dissertation addresses this opportunity initially through airborne experiments, which
serve as an effective tool for testing concepts and refining methodologies. Airborne GNSS-R
data is utilized to demonstrate the feasibility of tropospheric parameter retrieval, specifically
Zenith Total Delay (ZTD), over coastal waters. The proposed method yielded promising re-
sults, with relative deviations between 5% and 24% compared to the typical ZTD value of 2.3
m at sea level, highlighting the potential for tropospheric monitoring using coherent phase
observations.

For ionospheric studies, this thesis begins by conducting a simulation to characterize iono-
spheric effects on GNSS-R signals at grazing angles, leveraging orbital data from low Earth
orbit CubeSats and climatological 3D electron density models. These efforts provided signif-
icant insights into model-based ionospheric delays, Doppler shifts, and variations in electron
density peak height across diverse scenarios, including elevation ranges from 5° to 30°, es-
tablished geographic regions, local times, and solar activity levels for spaceborne applica-
tions. The analysis further compares the findings from these simulations with GNSS-R code
delay observations from the PRETTY mission. Results demonstrated deviation of the estima-
tions between 1.28 m and 4.96 m when compared with state-of-the-art climatological iono-
spheric models. Additionally, by applying a fitting of the F-layer Chapman model, the obser-
vations provide valuable insights into the vertical structure of the ionosphere, showing a dif-
ference in peak electron density height of 15 km compared to values obtained from iono-
sondes and EISCAT ground stations.



This thesis contributes to advancing GNSS-R as a potential tool for atmospheric and iono-
spheric monitoring, demonstrating its capability in retrieving tropospheric parameters and
characterizing ionospheric effects, while also highlighting the opportunities and challenges
for future research.

Keywords: GNSS Reflectometry; grazing angles; atmospheric monitoring; ionospheric delay;
tropospheric delay; zenith total delay; slant total electron content; NEDM2020 model;
PRETTY mission; code delay; carrier phase delay.



Zusammenfassung

Seit ihrer Einfithrung in den 1990er Jahren hat sich die GNSS-Reflektometrie (GNSS-R) als
eine bahnbrechende Fernerkundungstechnik etabliert, die ein enormes Potenzial zur Charak-
terisierung von Oberflacheneigenschaften in verschiedenen Anwendungen und Umge-
bungen aufweist. Heute entwickelt sich GNSS-R kontinuierlich weiter, unterstiitzt durch eine
wachsende Anzahl operationeller Missionen wie PRETTY, CYGNSS, SMAP GNSS-R und
TRITON, sowie zukiinftige Missionen wie HydroGNSS. Diese Missionen zielen darauf ab,
das wissenschaftliche Verstandnis zu erweitern und kommerzielle Produkte wie die der
LEMUR-Konstellation von Spire Global Inc. zu generieren.

Neben seinen oberflichenbezogenen Anwendungen bietet GNSS-R erhebliches Potenzial fiir
die atmospharische Sondierung, indem es die Unterschiede zwischen direkten Signalen (die
Informationen oberhalb des Empfangers liefern) und reflektierten Signalen (die Informatio-
nen unterhalb des Empfangers erfassen) nutzt. Im Vergleich zu seiner umfassenden Anwen-
dung in der Oberflachenforschung ist die Nutzung von GNSS-R fiir atmospharische Studien
jedoch noch relativ wenig erforscht, was die Mdglichkeit bietet, die Methode weiter-
zuentwickeln und ihre Anwendung fiir ionospharische und tropospharische Unter-
suchungen zu verbessern.

Diese Dissertation nutzt diese Gelegenheit durch luftgestiitzte Experimente, die als effektives
Instrument zur Uberpriifung von Konzepten und zur Optimierung von Methoden dienen.
Die Analyse von luftgestiitzten GNSS-R-Daten zeigt die Machbarkeit der troposphérischen
Parameterschidtzung, insbesondere der Zenith Total Delay (ZTD), iiber Kiistengewassern.
Die vorgeschlagene Methode lieferte vielversprechende Ergebnisse, mit relativen Abwei-
chungen von 5 % und 24 % im Vergleich zu theoretischen Werten auf Meereshohe, was das
Potenzial kohdrenter Phasenbeobachtungen fiir die troposphirische Sondierung unter-
streicht.

Fiir die ionospharische Sondierung beginnt diese Arbeit mit der Simulation ionosphérischer
Effekte auf GNSS-R-Signale bei sehr niedrigen Elevationswinkeln, basierend auf Orbital-
daten von Spire Global Inc. sowie klimatologischen 3D-Elektronendichtemodellen. Diese
Simulation liefern wertvolle Einblicke in die ionosphérischen Verzdgerungen, Doppler-
Verschiebungen und Variationen der Hohe der Elektronendichtemaximum unter verschie-
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denen Bedingungen, darunter Elevationsbereiche von 5° bis 30°, geografische Regionen, lo-
kale Tageszeiten und solare Aktivititsniveaus fiir weltraumgestiitzte Anwendungen. Die
Analyse verbindet diese Simulationsergebnisse mit GNSS-R-Codeverzogerungsbeobach-
tungen der PRETTY-Mission. Die Ergebnisse zeigen, dass die Schatzungen der relativen ion-
osphérischen Verzogerung um 0,5 % bis 18 % von etablierten ionosphéarischen Modellen
abweichen. Dariiber hinaus liefern diese Beobachtungen wertvolle Erkenntnisse tiber die
vertikale Struktur der Ionosphdre, einschliefSlich der Korrelation zwischen Variationen der
F-Schicht-dichtmaximum und den beobachteten Aufhebungspunkten ionosphérischer Ver-
zogerungen.

Diese Arbeit tragt zur Weiterentwicklung von GNSS-R als potenzielles Werkzeug fiir die at-
mosphérische und ionosphérische Uberwachung bei. Sie demonstriert die Fahigkeit, tropo-
sphérische Parameter zu erfassen und ionospharische Effekte zu charakterisieren, und hebt
zugleich die Chancen und Herausforderungen fiir zukiinftige Forschungsarbeiten hervor

Schliisselworter: GNSS-Reflektometrie; Streifender Geometrie; atmosphirische Sondierung; iono-
sphiirische Verzégerung; troposphirische Verzogerung; zenitale Gesamtverzigerung; schrige
Gesamtelektronendichte; NEDM?2020-Modell; PRETTY-Mission; Code-Verzigerung; Trigerphasen-
verzogerung.
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Chapter 1.

Introduction

Our planet is an extremely complex system composed of multiple coupled subsystems, in-
cluding the biosphere, hydrosphere, lithosphere, atmosphere, and social systems. One of the
primary challenges of the 21st century, climate change, influenced also by anthropogenic ac-
tivities, has significantly affected these subsystems and their interactions, leading to natural
disasters, severe weather conditions, and substantial impacts on human activities. Therefore,
it is essential to employ various technical tools and technologies to ensure continuous and
precise monitoring and research of these phenomena, in order to provide accurate and timely
information to support decision-making to mitigate climate change impacts.

Global Navigation Satellite Systems (GNSS) developed for Positioning, Navigation, and Tim-
ing (PNT), are undoubtedly among the technologies that have contributed most to Earth ob-
servation, remote or in situ. The GNSS capabilities allow us to measure continuously with
high precision a wide range of geophysical phenomena, including the movement of tectonic
plates, changes in ocean level, volcanic behavior, landslides, and local deformations, etc.
Moreover, as a continuous operating technology capable of transmitting real-time signals in
all-weather conditions, GNSS applications extend beyond PNT-based uses. As GNSS signals
travel from the transmitter to the receiver, they experience refraction effects induced by the
atmospheric layers, influencing their path and speed. This characteristic has enabled the de-
velopment of Remote Sensing (RS) methods based on GNSS signals for atmospheric monitor-
ing. Notable examples include GNSS Radio Occultation (GNSS-RO) (Mannucci et al., 2020)
and GNSS Meteorology (Brenot, 2020), which have been extensively employed over the past
decades to retrieve key tropospheric and ionospheric parameters (Jin et al., 2014).

The troposphere is the lowest layer of the Earth’s atmosphere that induces delays in GNSS
signals depending on variations in temperature, pressure, water vapor, and the relative po-
sitions of the transmitter and receiver. As a result, it is possible to determine signal delay
parameters like the precipitable water vapor (PWV) from Zenith Total Delays (ZTD). Global
and local GNSS ground-based networks have been widely employed in providing meteoro-
logical observations to monitor the PWV, enhancing the understanding of water vapor dis-
tribution by offering high spatiotemporal variability, and capturing long-term trends in at-
mospheric water vapor (Brenot, 2020).



Chapter 1 Introduction

The ionosphere is a layer of the Earth’s upper atmosphere that induces delays in GNSS sig-
nals depending on variations in the total number of electrons between the GNSS satellite and
the receiver, referred to as Total Electron Content (TEC). Networks such as the International
GNSS Service (IGS) network have made it possible to generate reliable global TEC maps.
These maps have significantly contributed to understanding ionospheric gradients and
anomalies, advancing space weather research, and improving models of ionospheric behav-
ior (Morton et al., 2020). However, ground-based networks have certain drawbacks, includ-
ing limited spatial coverage, particularly over oceans and remote areas, and susceptibility to
data gaps due to environmental factors or maintenance issues. Addressing these limitations
requires complementing ground-based data with satellite-based GNSS observations, which
provide more comprehensive and continuous global coverage.

GNSS Radio Occultation is a spaceborne GNSS remote sensing technique capable of provid-
ing valuable datasets in atmospheric investigations. GNSS-RO relies on GNSS signals tracked
by a Low Earth Orbit (LEO) satellite in a limb-crossing geometry to infer atmospheric prop-
erties. Observations from GNSS-RO have contributed to retrieving accurate tropospheric pa-
rameters, such as refractive index, pressure, and density profiles. Additionally, due to its sen-
sitivity to the ionosphere vertical plasma density structure, GNSS-RO observations provide
ionospheric electron density profiles and information on TEC variability. Satellite missions
like CHAMP (Reigber et al., 2002), GRACE (Tapley et al., 2004), and COSMIC/FORMOSAT-
3 (Anthes et al., 2008) have provided long-term stable data for atmospheric climate monitor-
ing, climate change studies, and space weather research (Wickert et al., 2009). Although
GNSS-RO is a valuable source of atmospheric data, it has certain limitations. These include
relatively coarse horizontal resolution and limited coverage in some regions. The latter is
primarily due to the relative position of the GNSS and low orbit inclination of LEO satellites,
particularly in polar areas.

A relatively new technique has emerged in GNSS remote sensing: GNSS Reflectometry
(GNSS-R). GNSS-R leverages signals transmitted by GNSS satellites and reflected off Earth’s
surface to derive information about surface characteristics. This technique has found numer-
ous applications by deploying GNSS-R receivers in a variety of ground-based scenarios and
on moving platforms, including ships (Ichikawa et al., 2024), unmanned aerial vehicles
(Regmi et al., 2021), aircrafts , and spacecrafts (Foti et al., 2015) . GNSS-R capabilities include
retrieving sea surface altimetry and sea state (Semmling et al., 2012; Wang et al., 2018) , de-
tecting sea ice (Yan & Huang, 2019), estimating snow thickness (Munoz-Martin et al., 2020),
measuring ocean wind speed (Komjathy et al., 2004), monitoring soil moisture content (Lar-
son et al., 2008), assessing vegetation changes (Asgarimehr et al., 2024), detecting ocean mi-
croplastics (Hoseini et al., 2021), identifying sea surface targets (Di Simone et al., 2018) , and
monitoring rainfall, hurricanes, and typhoons (Foti et al., 2017), among others.

Although the primary applications of GNSS-R have been related to surface properties re-
trieval, its potential in atmospheric monitoring has also been explored. In 1996, Katzberg &
Garrison proposed using the U.S. Global Positioning System (GPS) to determine ionospheric
delay over the ocean. Since then, multiple studies have been conducted to demonstrate the
capabilities of GNSS-R to monitor tropospheric (Wang, 2023) and ionospheric conditions (Liu
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et al., 2022), as well as investigate other atmospheric properties. This makes GNSS-R a com-
plementary technique that can help fill the gaps left by other remote sensing methods.

This dissertation aims to enhance our understanding of GNSS Reflectometry as a valuable
tool for atmospheric studies. The research presented in this thesis is based on three scientific
publications (refer to the List of Publications) that utilize both airborne and spaceborne
GNSS-R data to derive and analyze tropospheric and ionospheric parameters. The research
objectives and thesis structure are described in the following sections.

1.1 Objectives and Research Questions

Although GNSS was originally designed for PNT applications, its L-band signals have
proven highly valuable for remote sensing. GNSS-R leverages these existing signals, making
it a cost-effective technique that utilizes the already established GNSS infrastructure. This
makes GNSS-R adaptable for deployment on airborne platforms, enabling large-scale studies
of geophysical properties and atmospheric parameters over diverse environments. Addition-
ally, spaceborne configurations, particularly with the emergence of CubeSats and small sat-
ellite constellations, offer a unique opportunity for global-scale reflectometry observations.

The progressive development highlights the need for further research and methodological
advancement in GNSS-R for atmospheric applications. This approach has the potential to
deliver stable and high spatiotemporal resolution datasets for: 1) the troposphere, by moni-
toring water vapor distribution and enhancing our understanding of the hydrological cycle;
and 2) The ionosphere, by offering valuable insights into TEC variability, which is essential
for space weather research. Therefore, this dissertation focuses on exploring these GNSS-R
scenarios, providing insights into evaluating current measurement capabilities and develop-
ing new applications for tropospheric parameter retrieval and ionospheric studies. The ob-
jectives of this thesis can be summarized as follows:

¢ Objective 1: To contribute to advancing airborne GNSS reflectometry techniques for
tropospheric parameter retrieval over the sea and analyze the impact of sea state on
GNSS-R observables.

The following Research Questions (RQ) are formulated to develop this objective:

— RQ 1.1: How effectively can phase observations from airborne GNSS-R data be utilized to
retrieve atmospheric parameters, such as ZTD, over coastal waters?

— RQ 1.2: What is the influence of surface roughness (sea state) on airborne GNSS-R measure-
ments, and how does this affect the Doppler spread and phase coherence?

To address these research questions, a four-day GNSS-R flight campaign, organized by the
GFZ, was conducted in 2019 over the coastal waters near Calais, France. This campaign uti-
lized an innovative data collection platform configuration, deploying a low-cost ultralight
aircraft equipped with a GNSS antenna and receiver to capture signals reflected from the sea
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surface. These observations provide a valuable dataset for assessing the potential of tropo-
spheric retrievals using airborne GNSS-R, under varying sea state conditions. The results
evaluate the accuracy and reliability of atmospheric parameters obtained from airborne
GNSS-R and provide insights into how environmental factors (sea state) influence the Dop-
pler spreading and the phase coherence of the observations.

Objective 2: To contribute to enhancing the understanding of ionospheric effects on space-
borne GNSS-R through model-based simulations across polar and tropical latitudes, aim-
ing to improve the accuracy of remote sensing applications at grazing angles.

The following research questions can articulate this objective:

— RQ 2.1: How do varying ionospheric conditions, including slant TEC and F-layer peak height
variations, affect spaceborne GNSS-R signal delays and Doppler shifts at grazing angles?

— RQ 2.2: To what extent can ionospheric delay be characterized and modeled to improve the
accuracy of GNSS-R applications at grazing angles?

To investigate these research questions, over 1200 satellite orbit tracking arcs from specialized
GNSS-R CubeSats from SPIRE Global Inc. were analyzed to comprehensively assess iono-
spheric effects on spaceborne GNSS-R at grazing angles ranging from 5° to 30°. The TEC is
computed using the Neustrelitz Electron Density Model (NEDM2020) (Hoque et al., 2022).
The NEDM2020 is an empirical ionospheric model that delivers three-dimensional electron
density distributions for both the ionosphere and plasmasphere integrating distinct models
for the F and E layers'. The derived TEC is the basis for estimating the ionospheric delays and
Doppler shifts. The results provide insights into ionospheric effects depending on latitude
regions, diurnal variations, and changes in solar activity. These findings contribute to future
GNSS-R missions by quantifying the modeled ionospheric impact on signal delay and fre-
quency shifts, based on observation time and location.

e Objective 3: To enhance the understanding of ionospheric delays in the Arctic region
using spaceborne single-frequency GNSS-R observations and to assess model-based
corrections for improving atmospheric delay estimations.

The following research questions cover this objective:

— RQ 3.1: How accurately can spaceborne single-frequency GNSS-R data be used to estimate
ionospheric delays at grazing angles?

— RQ 3.2: What insights can be gained into the ionospheric structure from analyzing spaceborne
GNSS-R observations at grazing angles?

These research questions are addressed by analyzing spaceborne reflectometry data from the
CubeSat Passive Reflectometry and Dosimetry (PRETTY) mission, launched by the European
Space Agency (ESA) in October 2023. PRETTY is a pioneering mission in reflectometry, uti-
lizing E5/L5 signal bands from the GNSS European Galileo and U.S. Global Positioning Sys-
tem (GPS) satellites. The dataset consists of Delay Maps (DM) GNSS-R observations over the
Artic region at grazing elevations angles ranging from 15° to 0.01°. The investigations aim to

! https://www.dlr.de/en/so/research-transfer/research-infrastructure/models/nedm
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utilize and exploit PRETTY data for ionospheric delay estimation and analysis, making this
research one of the first significant contributions produced from the mission’s data since its
launch.

1.2 Thesis Structure

This thesis comprises five chapters. The first chapter introduces the topic, providing an over-
view of the significance of GNSS Reflectometry in atmospheric studies and articulating the
motivation behind this research. It also presents the research questions and objectives that
guide the subsequent investigations.

The second chapter presents the basics of the research, covering key concepts related to GNSS
Reflectometry, atmospheric monitoring, and the interaction of GNSS signals with atmos-
pheric layers. It also discusses the relevant methodologies and models used in GNSS-R stud-
ies, providing a theoretical foundation for the work presented in this thesis.

This dissertation is based on three appended papers. Chapter 3 discusses the key findings
from these papers, highlighting the results of airborne and spaceborne GNSS Reflectometry
for atmospheric parameter retrievals. The chapter provides an in-depth analysis of the meth-
odologies used and the implications of the results in the context of tropospheric and iono-
spheric studies.

Chapter 4 presents the conclusions of this research, summarizing the key findings and their
significance. It also outlines potential future work, suggesting possibilities for further re-
search to build upon the advancements made in this dissertation.

Finally, Chapter 5 presents the appended publications, providing the complete versions of
the three scientific papers that form the foundation of this dissertation.






Chapter 2.

Fundamentals

2.1 Overview of the Global Navigation Satellite Systems

A constellation of satellites offering worldwide Positioning, Navigation, and Timing services
is called a Global Navigation Satellite System (GNSS). The system may consist of a constella-
tion of satellites in Medium Earth Orbit (MEO), along with satellites in Inclined Geosynchro-
nous Orbits (IGSO) or Geostationary Orbits (GEO) for regional applications, or a combination
of these configurations. Together, these satellites form the space segment, which is comple-
mented by the control segment and the user segment. The control segment includes a global
network of ground stations responsible for monitoring and data uploading. The user segment
comprises devices ranging from smartphones to specialized high-end receivers that process
the continuously transmitted signals from GNSS satellites to derive precise location and tim-
ing information. Today, GNSS plays a crucial role in everyday societal activities, supporting
a wide range of applications. Readers can refer to sources such as Hofmann-Wellenhof et al.
(2008), Teunissen & Montenbruck (2017), and Morton et al. (2020) for a comprehensive de-
scription of GNSS and its applications.

Satellite-based positioning is based on the traditional resection method used in classical ge-
odesy, where an unknown position is determined by measuring distances to various objects
with known positions. In satellite-based positioning, electromagnetic waves or GNSS signals
are used to estimate these distances. The transmitted frequencies fall within the L-band spec-
trum, which spans approximately 1.2 to 1.6 GHz, corresponding to wavelengths of roughly
25 cm to 19 cm, respectively. This designated frequency range is optimal for signal propaga-
tion through the atmosphere due to its low susceptibility to ionospheric absorption and scat-
tering effects, as well as minimal attenuation by atmospheric gases and precipitation. This
ensures reliable signal reception under a wide range of atmospheric and space weather con-
ditions, making the L-band an ideal choice for satellite-based navigation and remote sensing
applications.

At present, multiple countries operate or plan to develop their own GNSS systems, each fea-
turing independent satellite constellations. These include the U.S. Global Positioning System
(GPS), the Russian GLObal NAvigation Satellite System (GLONASS), the European Galileo,
the Chinese Beidou (BDS), the Japanese Quasi-Zenith Satellite System (QZSS), and the Indian
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Regional Navigation Satellite System (IRNSS). The availability of these multiple constella-
tions significantly increases the number of observations, providing stable simultaneous data
for various GNSS applications, including reflectometry. Table 2.1 presents an overview of the
operational GNSS, detailing their satellite orbit types, number of satellites, origin, and uti-
lized frequencies (Teunissen & Montenbruck, 2017).

Table 2.1 Description of Operational GNSS system constellations.

. . IRNSS/
System GPS GLONASS Galileo BeiDou QZSS NavIC
Orbit MEO MEO MEO MEO, GEO, IGSO  GEO, IGSO
IGSO, GEO ’ ’
Nominal 24 24 30 27,3,5 1,3 3,4
satellites
Orbit inclination 56° 64.8° 56° 55° 43° 29°
Initial service 1993 1993 2016 2012 2018 2018
Origin USA Russia Europe China Japan India
L11575.42 L1 1602.00 E11575.42 B11561.098 L11575.42
Frequency E5a 1176.45 L2 1227.60 L51176.45
L2 1227.60 L2 1246.00 B2 1207.14
(MHz) L5 1176.45 13 1202.025 E5b 1207.14 B3 1268.52 L51176.45 $2492.028
' ' E6 1278.75 ' LEX 1278.75

2.1.1 GNSS Signals Characteristics

GNSS relies on electromagnetic (EM) waves due to their advantageous propagation charac-
teristics. The EM waves consist of synchronized oscillations of the electric field E and the
magnetic field B. EM characteristics are described by Maxwell’s equations, which specify that
a spatially varying electric field is associated with a time-varying magnetic field. The har-
monic representation of the electric and magnetic fields, as a function of time and space is

given by:
2ot 2
E(x,t) = E, cos (i _ qb) e. @.1)
T A
2nt 2 -
B(x,t) = By cos (% - % + d)) b. (2.2)

Here, E, and B, represent the amplitudes of electric and magnetic fields, respectively. The
period T is the time it takes for one complete oscillation or cycle of the wave. The wavelength
A is defined as the distance between identical points, such as consecutive crests, in adjacent
cycles of the EM wave as it propagates through space. The phase ¢ specifies the position in
the oscillation cycle of the wave at the reference point P, as presented in Figure 2.1. The & and
b denote the direction of oscillation for the electric and magnetic fields, respectively.
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cty

T =2n/w -
Figure 2.1 Wawve representation. The angular velocity w = 2nf, with the linear frequency f given in Hertz
(cycles per second)

The electric field of an EM wave oscillates perpendicular to the direction of propagation. It
can be represented by the vector E = [E,, E, ] which defines the polarization of the EM wave.
When the direction of E is constant, the wave has linear polarization. If the ratio between the
components of E varies, the wave exhibits circular or elliptical polarization. A clockwise ro-
tation of the electric field vector indicates Right-Handed Circular Polarization (RHCP), while
counterclockwise rotation indicates Left-Handed Circular Polarization (LHCP). An effect
known as Faraday rotation occurs when a linearly polarized EM wave travels through ion-
ized gases, causing a rotation in the plane of polarization. To counteract this effect, GNSS
signals are transmitted as RHCP. When the GNSS signal reflects off Earth’s surface, depend-
ing on the properties of the reflecting surface and the incident or elevation angle (£), and
assuming specular reflection, the polarization may change from RHCP to LHCP (Hofmann-
Wellenhof et al., 2008). This characteristic has been investigated by Hoseini et al. (2020) using
GNSS reflectometry, who demonstrated that combining observations from RHCP and LHCP
links significantly enhances the accuracy and sensitivity of sea surface roughness estimates,
achieving an overall correlation of 0.82 with wind measurements.

Figure 2.2 illustrates the different types of polarization, including linear and circular polari-
zation. Linear vertical polarization is represented in blue, linear horizontal polarization in
green, and RHCP in red.
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Aioy

Figure 2.2 Linear (green and blue) and Circular (red) Polarization representation.

GNSS signals are transmitted using a modulated binary sequence called the Pseudo-Random
Noise (PRN) code. The PRN code is typically transmitted at rates ranging from 1 to 10 MHz,
with a repetition period that varies from milliseconds to seconds. Figure 2.3 illustrates the
modulation scheme used in GPS satellites.

The PRN code acts as an identifier, allowing signals transmitted at the same frequency from
different satellites to be distinguished. These modulated signals carry the transmission time,
satellite ephemerides, and other essential information within the data message, which allows
for calculating the range from the satellite to the receiver and determining the GNSS satellite’s
position.

data message

T

50 MHz

ranging code
1

JTUUU W

1.023 Mbps ‘

carrier frequency bi-phase modulated

Figure 2.3 Representation of the range code layer and data message phase modulation on GPS carrier signals
(L1). Based on Hofmann-Wellenhof et al. (2008).

The range is determined by estimating the time delay between the received signal and the
original transmission time. This is accomplished by correlating the incoming signal with a
locally generated replica of the satellite’s PRN code, resulting in a waveform that exhibits a
correlation peak when correctly aligned. Due to the relative movement between the satellite
and the receiver, a frequency shift, known as the Doppler effect, is induced in the GNSS sig-
nal, which also influences the correlation process. Therefore, a search over both code delay
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and Doppler frequency is necessary to accurately correlate the local replica with the incoming
signals. To find the point of maximum correlation, the receiver generates a Delay Doppler
Map (DDM), which represents variations in correlation values across different Doppler shifts
and code delays. The representation of the DDM can be observed in Figure 2.4.

normalized correlation output

Figure 2.4 Delay Doppler Map: Correlation results as a function of code delay and frequency offset. Based on
Hofmann-Wellenhof et al. (2008).

2.1.2 GNSS Observables

GNSS signals enable three fundamental types of measurements (Hofmann-Wellenhof et al.,
2008):

Code Range (Pseudorange): This represents the time difference between the reception time (in
the receiver's time frame) and the transmission time (in the satellite's time frame) of a specific
satellite signal. This measurement represents the distance from the receiver's antenna to the
satellite's antenna, incorporating receiver and satellite clock offsets, as well as other biases
such as atmospheric delays. The pseudorange p can be modeled as the sum of the true geo-
metric range between the satellite and receiver antenna pg,,, the receiver and transmitter
clock biases dtg, and dTr, scaled by the speed of light ¢, the tropospheric and ionospheric
delays psyop and pjon,, instrumental delays pjs., and unmodeled errors or noise n. This re-
lationship is expressed mathematically as:

P =Dgeo T c(dtpy — dTry) + Ptrop T Piono t Dinst T M. (2.3)

Carrier Phase: Along with the local PRN code replica, the receiver generates a signal at a fre-
quency close to that of the incoming carrier signal using a local oscillator. Any difference
between the generated and incoming signals creates a beat frequency and a corresponding
beat phase. By measuring the accumulated beat phase, the phase of the satellite signal can be
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retrieved. Carrier phase measurements offer higher precision than the code range measure-
ments. However, they are affected by an inherent ambiguity corresponding to an unknown
integer number of wavelengths (AN). This ambiguity (N) resets arbitrarily every time the
receiver loses lock on the signal, resulting in sudden jumps or discontinuities in the measured
range. The carrier-phase measurements can be modeled as:

¢ = Pgeo + C(dtRx - dTTx) + Ptrop — Piono + AN + Pinse + . (2-4)

Here, in addition the terms in Equation (2.3), the carrier-phase measurements include the
integer ambiguity N and the ionospheric terms appears with opposite sign since the iono-
sphere produces an advance of the carrier-phase measurement (see section 2.1.1)

Doppler Frequency: This is a measure of the frequency shift caused by the Doppler effect, which
occurs when the observer (the GNSS receiver) moves relative to the signal source (the GNSS
satellite). This shift provides information on the range rate, i.e., the time derivative of the
carrier phase, corresponding to the line-of-sight velocity between the GNSS satellite and the
receiver.

2.2 Atmospheric Effects on GNSS Signals

As GNSS signals travel from the satellite to the receiver, they traverse both the ionosphere
and the neutral atmosphere (troposphere). Throughout this propagation path, the signals ex-
perience delays, attenuation, and refraction due to the refractive index (n) properties of these
atmospheric layers (Hobiger & Jakowski, 2017). Based on Fermat's principle, the path length
(L) is defined by integrating the refractive index (n) along the path of the signal as it travels
from the transmitter to the receiver as follows:

L= fon(s) ds. (2.5)

Rx

The refractive signal delay can be determined by comparing the path length with the geo-
metric length between the satellite and the receiver. This delay is calculated using;:

Tx Tx
AL = _[ n(s) ds — j ds. (2.6)
Rx Rx
or simplified as:
Tx
AL = (n—1)ds. (2.7)
Rx
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In the context of GNSS signals, atmospheric delays are classified into contributions from the
neutral atmosphere and the ionosphere. The delay caused by the neutral atmosphere is pri-
marily referred to as the tropospheric delay, as the troposphere is the dominant source of
such delays. The troposphere is a non-dispersive medium for signals the L-band, meaning
that the delay it induces is independent of the signal frequency. In contrast, the ionosphere
acts as a dispersive medium, leading to delays that depend on the signal frequency due to
the levels of ionization within the ionospheric layers. Ionospheric and tropospheric delays
are described in the sections below. A comprehensive representation of the Earth’s atmos-
pheric layers, along with an electron density profile and the depiction of satellite missions at
various orbital heights, is provided by the Global Geodetic Observing System (GGOS) and
illustrated in Figure 2.5.

104 105 108
0 “
lonization demain — —— Electron density Oé
— — [electronsfem?] /;F
B Idealized B ,))
electron density . = /

profile

Figure 2.5 Representation of Earth’s atmosphere, including‘ the ionospheric layers and satellite missions at

different orbital heights. Source: GGOS website.

2.2.1 Ionospheric Delay

The ionosphere is a region of the Earth’s atmosphere that extends from approximately 50
kilometers to over 1,000 kilometers in altitude. In this layer, ionizing radiation from solar
extreme ultraviolet (EUV) and X-ray emissions alters the electron density, which affects elec-
tromagnetic wave propagation. Electron density variations in the ionosphere are primarily
influenced by two processes: During the day, solar radiation ionizes neutral atoms, produc-
ing free electrons and ions. At night, recombination becomes dominant, where free electrons
recombine with ions to form neutral particles, reducing the electron density (Subirana et al.,
2013).
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As a dispersive medium for GNSS signals, the ionospheric refractive index is frequency-de-
pendent, affecting pseudorange and carrier-phase observations differently. This results in
two refractive indices: the group refractive index (n9") and the phase refractive index (nP").
The corresponding ionospheric delay for pseudorange measurements leads to an increased
range value, known as group delay, while the ionospheric phase advance for carrier-phase
measurements results in a decreased range value. Besides the frequency of the signal, the
refractive indices are also dependent on the electron density in the ionosphere. An approxi-
mation of ng, and n,;, can be expressed as follows:

o 40.3 o 40.3
n =1+ ?Ne, n :1—?1\/3. (28)
where f represents the signal carrier frequency in Hertz (Hz) and N, the electron density in
units of electrons per cubic meter (electrons/m?) .

By taking Equation (2.7) and substituting of ng, and n,, from (2.8), the ionospheric group
and phase refraction can be approximated by:

40.3 40.3
pdl =+ 3 f Nedl, pbh = -~ f N, dl. (2.9)

The integral of the electron density along the path of the signal is referred to as the slant Total
Electron Content (sTEC), expressed in TEC units (TECU), where one TECU is equivalent to
10'® electrons/m?. A good approximation of the ionospheric delay in meters is provided in
Equation (2.10), with the sign differing depending on whether it is a group delay (positive)
or a phase delay (negative). This effect is typically referred to as the first-order ionospheric
effect.

40.3
Piono = ?TEC. (2.10)
Figure 2.6 (left) illustrates the geographic distribution of the vertical Total Electron Content
at 13:30 Universal Time (UT) on 23 February 2024. The equatorial anomalies are clearly visible
along the geomagnetic equator. Variations in TEC are influenced by factors such as solar ac-
tivity, geographic location, local time, season, and magnetic activity (Jakowski et al., 2001).

Solar flux is one of the key metrics used to measure solar activity. It quantifies the amount of
radiation received from the Sun and serves as a primary indicator of solar activity levels. One
well-established measure of solar activity is the solar radio flux at a wavelength of 10.7 cm,
known as the F10.7 index. This index is particularly effective because of its strong correlation
with ionizing solar radiation in the EUV band, which directly influences ionospheric condi-
tions, such as TEC variability. The evolution of the F10.7 index since 1990 is shown in Figure
2.6 (right). Solar activity follows an approximately 11-year cycle, which can be observed by
the variation in sunspot numbers. During each cycle, the Sun’s magnetic field flips, switching
its poles, leading to increased solar eruptions, including solar flares and coronal mass ejec-
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tions (Hobiger & Jakowski, 2017). This augmented solar activity can affect radio communica-
tions and navigation systems, and extreme events have the potential to impact artificial sat-
ellites, which are integral to daily human activities, as well as surface infrastructure such as
electrical grids. The Sun completed its 24th solar cycle in 2020 and has entered solar cycle
25th (at the writing of this thesis in 2024), with peak sunspot activity expected in 20252.

Solar Flux Index F10.7

TEC Distribution
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Figure 2.6 Left: Total Electron Content at 13:30 UT on 23 February 2024. Right: Solar flux index evolution
based on dataset reported by the GFZ.

An additional contribution from the ionosphere is termed the second-order ionospheric effect
(I2). This effect considers the magnetic field B on a certain height above the Earth within the
refractive index. However, it accounts for only 0.1% of the total ionospheric effect, resulting
in an impact of less than 1 mm in positioning applications (Hernandez-Pajares et al., 2007).
The second-order phase and code delays are described as follows:

ph 7527¢ Tx
Pionoz = _W A NeB cosb@dl . (211)
X
h
pg;;loz =-2 piz:)nOZ' (212)

where ¢ denotes the velocity of the light in vacuum, Ne represents the electron density along
the propagation path of GNSS signal | between the transmitter (Tx) and the receiver (Rx), B
is the magnetic field on a certain height above the Earth, and 6 represents the angle between
land B.

As described above, the first-order ionospheric effect is inversely proportional to the square
of the signal frequency. This property allows dual-frequency receivers to correct this effect
by applying a linear combination of code or carrier measurements, known as the ionosphere-
free combination. A detailed explanation of this method can be found in (Hofmann-Wel-
lenhof et al., 2008). In contrast, single-frequency receivers depend on ionospheric models to
compensate for ionospheric refraction error. These models are broadcast by each GNSS pro-
gram, with their parameters transmitted within the navigation message (Morton et al., 2020).
Table 2.2 presents the ionospheric model used by each GNSS constellation.

2 National Oceanic and Atmospheric Administration (NOAA):
https://www.weather.gov/news/201509-solar-cycle Accessed: 20.11.2023
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Table 2.2 lonospheric models for GNSS constellations.
GNSS  Ionospheric Model
GPS Klobuchar model (Klobuchar, 1987)
GLONASS None?
Galileo NeQuick-G (Nava et al., 2008), NTCM-G (Hoque et al., 2018; Jakowski et al.,
2011)
BDS BeiDou Global Ionospheric Delay Correction Model (BDGIM) (Yuan et al.,
2019)
QZSS Klobuchar model with two sets of parameters
IRNSS Grid-based model (Maheshwari & Nirmala, 2018)

While a summary of each model can be found in (Morton et al., 2020), a brief description of
the models employed by the Galileo system is provided below, as these are the models used
in the development of this thesis.

NeQuick 2 Model

The NeQuick 2 model (Nava et al., 2008), adapted for Galileo as the NeQuick-G model, was
developed at the Aeronomy and Radiopropagation Laboratory of The Abdus Salam Interna-
tional Centre for Theoretical Physics (ICTP), Trieste, Italy, and at the Institute for Geophysics,
Astrophysics, and Meteorology (IGAM) of the University of Graz, Austria. NeQuick 2 is a
semi-empirical model consisting of vertical profiles formed by multiple Epstein layers to de-
rive electron peak density and height through spatial and temporal interpolation using a set
of global maps. The model’s input parameters, which depend on solar activity, include the
F10.7 index (or sunspot number), month, geographic latitude, longitude, height, and univer-
sal time. The output is the electron concentration at the specified location and time. The Total
Electron Content along the ground-to-satellite ray path is then calculated through numerical
integration.

Neustrelitz Electron Density Model (NEDM2020)

The NEDM2020 model (Hoque et al., 2022) incorporate the Neustrelitz Total Electron Content
Model NTCM (Hoque et al., 2019) as integral component for deriving the total electron con-
tent. The NTCM has recently been accepted by the European GNSS Service Centre as a new
ionospheric correction model for Galileo users, referred to as NTCM-G*. The NEDM2020
model was developed at the German Aerospace Center in the Institute for Solar—Terrestrial
Physics (DLR-SO), Neustrelitz, Germany. This model is built upon approximately 100 model
coefficients and a set of empirically fixed parameters. Similar to NeQuick, the input parame-
ters include solar activity, geographic location, and local time, and the output is the electron
density at the specified location and time. A notable advantage of NEDM?2020 is its ability to
compute electron density directly for any location and time, without requiring specialized

3 Klobuchar, NeQuick or NTCM model can be used for any GNSS signal after setting the corresponding
carrier frequency.

4 https://www.gsc-europa.eu/news/good-performance-less-computation-a-new-ionospheric-model-
for-the-galileo-open-service
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2.2 Atmospheric Effects on GNSS Signals

temporal or spatial interpolation of parameters, resulting in higher computational efficiency
compared to the NeQuick 2 model.

2.2.2 Tropospheric Delay

The troposphere is the lowest layer of the Earth’s atmosphere, containing approximately 80%
of the total atmospheric mass and 99% of its water vapor and aerosols. It is within the tropo-
sphere that most of the weather-related phenomena, such as precipitation, wind, and tem-
perature variations, take place. Generally, the troposphere extends from the Earth’s surface
up to approximately 20 km above sea level, although this height can vary based on geo-
graphic location and season (Teunissen & Montenbruck, 2017)

The troposphere induces additional delays in GNSS signals that depend on parameters such
as temperature, pressure, water vapor, and the relative positions of the transmitter and re-
ceiver. Based on Equation (2.7) the term ‘refractivity’, defined as N = 10°(n — 1), is intro-
duced, as the refractivity index n is very close to one, making it convenient to use refractivity
to avoid dealing with values that differ only slightly from unity (Hobiger & Jakowski, 2017).
Thus, the tropospheric delay can be mathematically represented as:

Ptrop = f(n —-1ds = 10‘6fN ds. (2.13)

The refractivity can be separated into two components: the hydrostatic or dry component Ny,
which includes dry gases such as nitrogen and oxygen, and the wet component N,,, which
accounts for water vapor (Hopfield, 1969). This distinction is represented as follows:

N = Nj, + N, (2.14)

Since the troposphere is a non-dispersive medium for EM waves up to 15 GHz, the effect on
GNSS signals is independent of frequency. Consequently, both the phase and code observa-
tions are affected by the same delay. However, this implies that correcting for tropospheric
refraction cannot be achieved using dual-frequency measurement combinations (Subirana et
al., 2013). Instead, tropospheric effects must be corrected using model-based approaches or
estimations derived from observational data.

Approximately 90% of the tropospheric refraction is caused by the dry component, which is
more predictable due to its dependence on pressure and temperature. A delay of approxi-
mately 2.3 m is expected from this component in the zenith direction at sea-level conditions,
representing the dry portion of the Zenith Total Delay (ZTD), commonly referred to as the
Zenith Hydrostatic Delay (ZHD). The remaining 10% of the delay is caused by the wet compo-
nent, known as the Zenith Wet Delay (ZWD), which is highly variable and depends on water
vapor content. Although the delay from the wet component is relatively small, typically at
the centimeter level, it exhibits rapid variations, making it more challenging to accurately
model (Hofmann-Wellenhof et al., 2008).
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Various nominal models have been proposed in the literature for correcting tropospheric ef-
fects in GNSS. Examples include the models developed by Hopfield, (1969) and
Saastamoinen, (1973). These models establish separate approaches for estimating dry and wet
tropospheric delays, each incorporating different assumptions based on vertical atmospheric
profiles. Since the tropospheric delay also depends on the relative positions of the transmitter
and receiver, the line-of-sight (LOS) must be considered. This requires the application of a
mapping function, which projects the delays from the zenith direction to arbitrary zenith an-
gles (90°- elevation angle E)) along the transmitter-receiver path.

Introducing the mapping function, the tropospheric Slant Total Delay can be written as:
STD (E) = ZHD mp(E) + ZWD m,, (E). (2.15)

where m (E) and m,,(E) are the mapping functions for the dry and wet part respectively, as
a function of the elevation E at the observation site.

According to Saastamoinen (1973), and revised by Davis et al. (1985), the ZHD can be deter-
mined using pressure measurements at the observation site by the following equation :

0.0022768 p

ZHD = .
1—0.00266 cos 2¢ — 0.28 * 10~/

(2.16)

where p represents the pressure and, ¢ and h,;; denote the latitude and the ellipsoidal height,
respectively. Although the derivation of the ZWD results is more difficult, an approximation
can be given by (Askne & Nordius, 1987):

ZWD = 1076 (k' +E) _ Rae 2.17)
2 Tn/ 9Gm — (A +1) .

where the required parameters are: water vapor pressure e, mean temperature weighted with

water vapor pressure T, and water vapor decrease factor A. k; and k; denote refractivity

constants empirically determined, R, represents the specific gas constant for dry constituents

and g,, is the mean gravity value. Additionally, ray-tracing techniques using numerical

weather models (NWM) are capable of computing precise values for the total tropospheric

delay (Hofmeister & Bohm, 2017).

Regarding the mapping functions m(E) modern approaches, such as the Vienna Mapping
Function 3 (VME3) proposed by Landskron & Bohm (2018) rely on the model initially intro-
duced in (Marini, 1972). The formulation of the mapping function as a function of the eleva-
tion angle is presented in Equation (2.18). The VMF3 is constructed using the coefficients a,
b, and ¢ which depend on integrals of refractivity along the atmosphere derived from models
and ray-tracing data:

1+ ———

m(E) = — lrc (2.18)
sinE + b
sinE + sinE +c¢
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2.3 GNSS Reflectometry

2.3.1 Overview of GNSS Reflectometry

GNSS Reflectometry is based on the bistatic (multistatic) concept (Hall & Cordey, 1988),
where the transmitter(s) and receiver(s) are separated by a distance comparable to the dis-
tance to the target. In 1993, Martin-Neira proposed using reflected GPS signals for ocean al-
timetry. This technique, called Passive Reflectometry and Interferometry System (PARIS), in-
volves utilizing the delay between the direct and reflected signal to determine ocean surface
height. This concept was experimentally tested by NASA in 1997 (Garrison & Katzberg, 1997)
and by ESA in 2001 (Martin-Neira et al., 2001). Since then, GNSS-R has been continuously
developed and has provided valuable data for numerous applications. A detailed description
of the theory, applications using different receiver platforms, and prospects for GNSS-R can
be found in Garrison et al. (2020), Yu (2021) or Jin et al. (2024).

GNSS-R is a versatile and cost-effective implementation technique that can be deployed
across various platforms. Airborne-based reflectometry has played a significant role in ad-
vancing the technique. The first detection of GPS ocean-reflected signals during an airborne
experiment was reported (Auber et al., 1994). Subsequently, multiple studies were conducted
to establish the theoretical framework for specular and diffuse reflection of radio frequency
radiation from rough surfaces (Garrison & Katzberg, 1997). These efforts included numerous
airborne GNSS-R campaigns aimed at validating theoretical models by comparing experi-
mental data with theoretical predictions and deriving surface geophysical characteristics
such as sea surface roughness (Garrison et al., 1998), wind speed (Komjathy et al., 2000), wave
height, salinity, and properties of inland waters (Komjathy et al., 2001). During that period,
these studies also highlighted the potential use of GNSS-R for atmospheric monitoring, spe-
cifically for monitoring ionospheric TEC over ocean regions. Katzberg & Garrison (1996) pro-
posed integrating a GPS receiver into satellite altimeters to estimate ionospheric delay, as-
sessing the feasibility of using reflected signals for this purpose and the impact of surface
roughness.

A schematic representation of the GNSS-R concept using a Low Earth Orbit (LEO) satellite as
a receiver platform is presented in Figure 2.7. This figure illustrates the main components of
GNSS-R, which are also utilized in this thesis. It denotes the direct signal path from the GNSS
satellite transmitter (Tx) to the receiver (Rx). The incident signal path, from the GNSS satellite
to the specular point (SP), is also depicted. The SP is the point where the specular reflection
condition is met, where the elevation angle (E) of the incident ray equals the angle of the
reflected ray that corresponds to the path from the SP to the receiver. This reflected signal is
a composite, originating from numerous scatterers located at and near the specular point. The
contribution area over which the signal reflects towards the receiver is referred to as the glis-
tening zone.
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/

Ionosphere | Troposphere

Figure 2.7 Representation of the LEO GNSS-R concept, illustrating its main components. In this context, the
relative or interferometric delay is defined as the sum of the incident and reflected paths minus the direct signal
path.

The excess path the reflected signal travels with respect to the direct signal, is referred to as
the relative or interferometric path delay. It is defined as Ap = p, — p,;, where p, represents the
combined path length of the incident and reflected rays, while p; corresponds to the direct
path length. This relative delay is influenced by various sources of delay affecting GNSS sig-
nals. Consequently, the extended form of Ap can be expressed as:

Ap = Apgeo + Aptrop + Apiono + Apsurf + Apinstr +n. (2-19)

where, Apg., is the relative geometrical delay, representing the purely geometric contribution
to the path difference. 4py;o, and 4p;on, are the relative tropospheric and ionospheric delay,
respectively. Surface height variations and roughness bias is introduced by the term Apg,,f.
The instrumental delay is represented by Ap;,s:,, while unmodeled errors or noise are in-
cluded in n.

Based on signal acquisition and processing techniques, GNSS-R can be categorized into two
types: Conventional GNSS-R (cGNSS-R) and Interferometric GNSS-R (iGNSS-R). In the
c¢GNSS-R approach, the reflected signal is correlated with a locally generated replica of the
PRN code at the receiver, after compensating for time delays and Doppler frequency shifts.
In contrast, iGNSS-R performs a correlation between the reflected signal and the direct signal
received. Since direct signals contain more noise compared to idealized local clean replicas,
this approach inherently increases noise levels unless highly directive antennas are used to
precisely track both the reflection points and the transmitted signals (Cardellach et al., 2018).

In 2001, the first spaceborne GNSS-R mission was launched as part of the UK Disaster Mon-
itoring Constellation (UK-DMC) program (see Table 2.3). This mission provided the capabil-
ity to retrieve sea surface roughness and physical properties of the reflecting surface. Building
on the success of this mission, the first dedicated GNSS-R Technology Demonstration Satel-

20



2.3 GNSS Reflectometry

lite-1 (TDS-1) was launched in 2014. TDS-1 provided Delay Doppler Map (DDM) data prod-
ucts, setting a benchmark for the practical application of spaceborne GNSS reflectometry.
Since then, numerous scientific, governmental, and commercial institutions have contributed
to the design, development, and launch of various spaceborne GNSS-R missions. Among
them, the GEROS-ISS project, proposed by Wickert et al. (2016) introduced an innovative
remote sensing experiment aimed at performing radio occultation, reflectometry, and scat-
terometry observations onboard the International Space Station (ISS). GEROS-ISS served as
a baseline mission concept, providing a detailed framework for future GNSS-R mission de-
velopments.

More recent advancements in spaceborne GNSS-R include the development of microsatellite
constellations like the Cyclone Global Navigation Satellite System (CYGNSS) mission, oper-
ated by NASA in collaboration with the University of Michigan, as well as CubeSats such as
the ESA PRETTY mission and the commercial constellation LEMUR by Spire Global Inc. Ad-
ditionally, the experimental Nano-Satellte, 3CAT-2, developed by the Universitat Politecnica
de Catalunya (UPC), has contributed to GNSS-R advancements. Table 2.3 provides an over-
view of these missions, including launching date, processing type, frequency band(s), and
polarization as well as the GNSS constellation utilized.

Table 2.3 Overview of spaceborne GNSS-R missions.

Mission Launch Type Band/Pol GNSS

UK-DMC
-R L1/LHCP P

(Gleason et al., 2005) 2003 cGNSS /LHC GPS
UK-TDS-1
(Unwin et al., 2016) 2015  c¢GNSS-R  L1/LHCP GPS
CYGNSS
(C.S. Ruf et al,, 2016) 2016  ¢GNSS-R L1/LHCP GPS
3Cat-2 2016 5811:]122:[[:, L1, L2 /LHCP, GPS, GLONASS,
(Carreno-Luengo et al., 2016) i{GNSS-R RHCP Galileo, BDS
SMAP GNSS-R
(Carreno-Luengo et al., 2017) 2017 GNSS-R - L2/HV GPS
BuFeng-1 A/B
(Jing et al., 2019) 2019  cGNSS-R L1/LHCP GPS, BDS
Spire series )
(Masters, 2019) 2019  <GNSS-R L1/LHCP GPS, Galileo
Fengyun-3 series GPS, Galileo,

2021 c¢GNSS-R  L1/LHCP

(Sun et al., 2023) BDS

3Cat-5 A/B _
Comps et al., 2022) 2020 cGNSS-R  L1/LHCP GPS, Galileo
3Cat-4 2021 ¢GNSS-R  L1,L2/LHCP GPS, Galileo
(Munoz-Martin et al., 2018) ’ !
PRETTY iGNSS-R, ,
(Dielacher et al., 2022) 2023 GNss.R O/ RHCP GPS, Galileo
TRITON

Gaang et al, 2016) 2023  ¢GNSS-R  L1/LHCP GPS
HydroGNSS L1/LHCP + RHCP, _
(Unwin et al., 2021) 2025 cGNSSR o peparucp  OF Galileo
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2.3.2 Specular Point Positioning

In GNSS Reflectometry, the determination of the specular point position relies on the follow-
ing criteria: (i) the SP lies on the Earth's surface, (ii) the total propagation path, comprising
the incident ray from the transmitter to the SP and the reflected ray from the SP to the re-
ceiver, is minimal among all possible paths, and (iii) the reflection law is satisfied, meaning
the incidence angle at the SP equals the reflection angle (Juang, 2023).

For the computation of the SP position, the Earth's curvature must be considered. Early ap-
proaches assumed a spherical Earth model, where the SP location was computed by solving
a quadratic polynomial equation, as proposed by Martin-Neira, (1993). However, since the
Earth is more accurately represented as an ellipsoid, iterative methods are often employed to
refine the SP solution. These methods leverage a spherical approximation to improve accu-
racy in an ellipsoidal Earth model, as described by Gleason, (2006) and Ruf et al. (2022).

During this research, the method used for computing the specular point (SP) position follows
the approach described by Semmling et al. (2016). In this method, the WGS-84 (World Geo-
detic System 1984) ellipsoidal model serves as the reference surface, providing an Earth-cen-
tered, Earth-fixed (ECEF) coordinate system. Figure 2.8 illustrates the representation of the
SP position using a spherical approximation, where the Earth's curvature is approximated by
an osculating sphere near a reference specular point.

From this sphere, a 3D curvature centered system (3D-CCS) is defined with its origin at C.
Positions in the ECEF frame (e.g., transmitter Tx and receiver Rx) can be transformed to the
3D-CCS through coordinate translation, and vice versa. The solution for the SP position is
then expressed in the local reference system, defined by the base vectors U and V which are
aligned with the reflection plane. Using trigonometric relationships, the triangles ATx,C,SP
and ARx,C,SP are employed to establish an equation system that satisfies the specular point
criteria. An iterative numerical method is then applied to refine the SP position until conver-
gence.

Figure 2.8 Representation of spherical surface approximation for SP positioning (not to scale).

22



2.3 GNSS Reflectometry

Once the SP is defined, a geoid undulation correction is applied using the EIGEN-6C2 model
(Foerste et al., 2013). The computed SP location enables the estimation of the excess path (de-
lay) of the reflected signal relative to the direct signal, which is subsequently used in signal
processing.

2.3.3 GNSS-R Observables

The primary observable in reflectometry is the Delay Doppler Map (DDM). When the Dop-
pler frequency is either predetermined, modeled, or a central Doppler slice of the DDM is
extracted, the cross-correlation is performed in the delay domain, resulting in the Delay Map
(DM), also referred to as a “waveform” (Cardellach et al., 2018).

The next sections describe the derivation of the DDM in the GNSS-R process, following the
interaction of the signal with the reflecting surface detailing, as well as the generation and
characteristics of the DM.

Delay Doppler Map (DDM)

In the reflection process, the glistening zone contains numerous scatterers that contribute to
the reflected signal received by the antenna. Given the coordinates of the transmitter
(X7x YTx> ZTx ), the receiver (Xpy, Yry Zry), and the position of the scatterer (xg, v, z5), the dis-
tance between the transmitter, the scatterer and the receiver is expressed as follows:

ds(xs'YS:Zs) = \/(xs - XTx )2 + (ys - yTx)2 + (Zs - ZTx)2 (2.20)
+ \/(xRx - xs)2 + (ny - ys)z + (ZRx - Zs)z-

The specular point (SP) is considered the scatterer where d; is minimal. Signals arriving from
other scatterers will have a delay compared to the arrival time of the signal from the SP. This
delay is given by:

6t = dy(xg, Vs, 25)/C + Tsp. (2.21)

where 15p = dg(xsp, Ysp, Zsp)/c and c is the speed of light. Given the transmitter and receiver
positions, and the differential delay &t the scatterers form an elliptical pattern, known as iso-
delay lines, with the SP lying along the major axis of this ellipse. Consequently, for each
specific delay, the signals reflected off points along this ellipse will reach the receiver simul-
taneously (Yu, 2021).

The Doppler frequency shift (f; ) due to the relative motion between the transmitter and
receiver can be calculated using the following formula:

fa= é((VRx — Vra) - 7): (2.22)
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where f is the transmitted carrier frequency, Vg, and V, represent the velocity vector of the
transmitter and the receiver, respectively. The unit vector pointing from the transmitter to
the receiver is 7. A specific Doppler frequency in this equation corresponds to a hyperbolic
path, called iso-Doppler lines, meaning that signals reflected from points along this hyper-
bola will exhibit the same Doppler frequency. The representation of the iso-Delay and Dop-
pler lines are shown in Figure 2.9.

Transmitter Receiver
(xTx r YTxr ZTx)

/ “.Scatterer
X

(x5, ¥s, Zs)

Figure 2.9 Representation of the scattering geometry, illustrating the Iso-Delay and Iso-Doppler lines, which
indicate areas of equal signal delay and Doppler frequency shift.

The two-dimensional representation of the correlation power distribution as a function of
time delay and Doppler frequency is the Delay Doppler Map (DDM), which is considered the
fundamental observable in GNSS-R. The DDM combines the effects of signal propagation
delay and the relative velocity between the satellite and the reflecting surface. This represen-
tation provides valuable insights into both the height of the reflecting surface and its rough-
ness characteristics, offering a comprehensive analysis of the scattering properties and dy-
namics of the observed region.

A simulated spaceborne DDM (right) without noise and its corresponding representation in
the specular point plane, illustrating the Iso-Delay and Iso-Doppler lines (left), is shown in
Figure 2.10.

X
Y,

x-coordinate delay

Figure 2.10 Left: Iso- Delay and Doppler lines at the specular point plane. Right: Corresponding Delay
Doppler Map illustrating the equivalent cells derived from the SP plane positions (Zavorotny & Voronovich,
2000).
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Delay Map (DM)

Considering a fixed frequency, including the Doppler shift at the specular point, (or integra-
tion over a range of frequencies), the delay is scanned in small increments within the expected
range for the reflected signal (e.g., +several chips around an initial geometric guess) (Garrison
et al., 2020). For each incremental delay, the correlation power is computed. Plotting this
power as a function of delay results in a one-dimensional correlation function, known as the
Delay Map. The DM provides insights into the time delays of reflected signals relative to
direct signals after interacting with the reflecting surface. Figure 2.11 (left) illustrates a code
DM from the PRETTY mission on 11 March 2024, obtained from GPS PRN 11. This DM high-
lights how the reflected signals arrive at varying delays relative to the direct signals with the
highest power response corresponding to a relative delay of approximately 60 meters. The
resulting delay waveform after the correlation process can be visualized by slicing the DM at
a specific epoch, as indicated by line A-A’. This waveform, depicted in Figure 2.11 (right),
represents the correlation power, with the peak indicating the maximum response after the
complex cross-correlation process.
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Figure 2.11 Left: Delay Map (DM) from the PRETTY mission on 11 March 2024 GPS PRN 11. Right: Corre-
sponding delay waveform from line A-A’, where the peak intensity denotes the maximum correlation.

6750 code delay [m]

I/Q Components

The in-phase (I) and quadrature (Q) components of the reflected signal can be obtained as
outputs after the correlation process. These components represent the amplitude and phase
difference of the reflected signal relative to either the direct signal in iGNSS-R or the locally
generated replica in the correlator in cGNSS-R.

The I and Q components form a complex signal, where I represents the real part and Q the
imaginary part. From these components, the amplitude A, which determines the strength of
of the received signal, can be computed as:

A= P+ (2.23)
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And the phase ¢ is given by:
¢ = atan2 (Q,I). (2.24)

The I/Q outputs are particularly valuable for applications requiring high sensitivity to phase
variations and coherence, such as precise geophysical retrievals, where small phase shifts
provide critical information about the reflecting surface and atmospheric conditions. Figure
2.12 present the representation of I/Q in cartesian coordinates, showing the amplitude and
phase (left), along with the I/Q distribution over time of a reflected signal from an airborne
coherent reflection event over calm sea waters in Calais, France (right).
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Figure 2.12 Left: 1/Q components representation in cartesian coordinates. Right: I/Q distribution of the re-
flected signal from airborne coherent event over calm sea waters in July 2019.

2.3.4 Reflectometry and Atmospheric Retrievals

As previously described, delayed GNSS signals traveling through the atmosphere enable the
derivation of critical atmospheric parameters, such as water vapor content in the troposphere
or the Total Electron Content (TEC) in the ionosphere. Ground-based antennas, along with
GNSS-RO satellite missions and airborne campaigns, are well-established techniques that uti-
lize direct signals to retrieve these parameters. These methods have consistently provided
observations suitable for short-term weather forecasting and have generated long-term time
series essential for climate research and monitoring (Elgered & Wickert, 2017).

GNSS-R for atmospheric monitoring is an emerging application that extends the utility of
GNSS signals beyond conventional “direct-signal” techniques. Recent advancements in
GNSS-R technology, including dedicated missions and CubeSat constellations, have created
new opportunities to investigate atmospheric processes with enhanced spatial and temporal
resolution as described in the following sections. This progress contributes significantly to
applications like meteorology, climatology, and space weather research.

One recent successful examples of GNSS-R reflectometry in atmospheric studies for meteor-
ology applications is the CYGNSS Level 2 (L2) wind speed retrievals, which provide the av-
erage wind speed (m/s) and mean square slope (MSS) with a spatial resolution of 25x25 kilo-
meters, derived from Delay Doppler Maps (CYGNSS Level 2 Science Data Record Version 3.0).
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Wind speed, a fundamental atmospheric parameter driven by air movement between high
and low-pressure systems and influenced by temperature gradients, is critical for under-
standing weather patterns and ocean dynamics. Recently, the Spire Global Data Assimilation
team successfully integrated the CYGNSS wind speed product into NOAA’s numerical
weather model through the operational Gridpoint Statistical Interpolation (GSI) system?. This
integration enhances weather forecasting accuracy and provides valuable data for meteoro-
logical and oceanographic applications, highlighting the potential of GNSS-R to complement
and extend traditional atmospheric monitoring techniques.

GNSS-R and the Ionosphere

As in GNSS positioning applications, ionospheric delay is a significant source of error that
affects the accuracy of GNSS-R retrievals, particularly in altimetry applications. To ensure
high-quality height measurements, it is essential to accurately correct all biases introduced
by atmospheric effects.

Ionospheric studies in GNSS-R cover two main objectives. The first focuses on correcting ion-
ospheric delays to improve height retrieval accuracy, particularly in spaceborne platforms.
The second aims to analyze ionospheric phenomena, such as plasma depletions, which intro-
duce irregularities that can cause signal scintillation.

In both cases, the incident and reflected rays traversing the ionosphere provide valuable in-
formation about ionospheric conditions below the LEO satellite. Simultaneously, direct sig-
nals offer insights into ionospheric properties above the platform, as well as through the F-
layer when propagating at very low elevation angles. These studies also involve a compre-
hensive analysis of the spaceborne GNSS-R geometry, as well as the theoretical and empirical
frameworks needed to estimate Total Electron Content (TEC). TEC serves as a fundamental
parameter for quantifying ionospheric delays and Doppler shifts, forming the basis for ad-
vanced ionospheric modeling and correction techniques.

e Jonospheric Delay Characterization

A comprehensive error budget analysis for GNSS-R surface height retrievals was conducted

by Mashburn et al. (2018). This study analyzed a dataset of approximately 100,000 DDMs,
covering global ocean surfaces within +60° latitude, using TDS-1 satellite data at elevation
angles around 60°.

The ionospheric delay was modeled using the International Reference Ionosphere 2012 (IRI-
2012) model (Bilitza, 2015) to compute the vertical total electron content (vVITEC) at iono-
spheric pierce points associated with the direct, incident, and reflected paths. The vIEC val-
ues were then mapped to slant total electron content (sTEC) using an appropriate mapping
function. The results indicate that at elevation angles of 60°, ionospheric delays could reach
approximately 15 m during daytime and 7 m at night under moderate solar activity.

Shttps://spire.com/blog/weather-climate/spires-data-assimilation-breakthrough-enhances-weather-
forecast-accuracy-with-gnss-r/ Accessed: 08.12.2024
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Similarly, the tropospheric delay modeled with the UNB3m model (Leandro et al., 2006),
contributes significantly to the error budget, with delays in the order of 6 m at high elevation
angles (60°). These findings highlight the critical need for accurate corrections of both iono-
spheric and tropospheric delays to improve the precision of GNSS-R altimetry.

Before the CYGNSS launch in 2016, Xing et al. (2015) developed a theoretical model to char-
acterize ionospheric and tropospheric delays on DDM observables. The model accounts for
geometric excess path delay, atmospheric refraction effects (neglecting signal bending), and
noise from unmodeled biases. A global simulation was conducted to compute typical relative
ionospheric delays across various scenarios, including variations in elevation angles, latitude,
and local time.

The model introduces a "virtual ionospheric point," defined as the intersection of the incident
ray with an extension of the receiver’s position (similar to Figure 2.14). From this point, the
relative ionospheric delay consists of contributions below the receiver-to-ionospheric point
altitude and additional variations due to the horizontal offset of the ray path in this segment.
Using the empirical International Reference Ionosphere model IRI-2007 (Bilitza & Reinisch,
2008) under moderate solar activity, the study conclude that ionospheric delays can reach up
to 30 m at elevation angles of 30°.

o Jonospheric Scintillation and Plasma Depletions

Camps et al. (2016) conducted a study to assess the ionospheric impact on GNSS-R observa-
tions, focusing specifically on scintillation effects using TDS-1 data and determining the deg-
radation of the SNR. Ionospheric scintillations are rapid temporal variations in the amplitude
and phase of trans-ionospheric GNSS signals, caused by scattering due to ionospheric irreg-
ularities along the signal propagation path. These effects are most pronounced near the geo-
magnetic equator (within +20°) and at auroral latitudes near the poles, with variability occur-
ring day-to-day (Inside GNSS, 2014).

In that study, total electron content (TEC) and the scintillation index S, were computed along
signal paths using the Global Ionospheric Scintillation Model (GISM) (Béniguel, 2002). A nu-
merical model was developed to quantify the impact of S, on the SNR observable. Results
indicated that scintillation primarily occurs along the incident signal path in regions below
the LEO orbit height (~500 km). The study further highlighted that scintillation effects, which
are associated with phase coherence, are more pronounced under calm water or smooth re-
flecting surface conditions. Additionally, higher standard deviations in SNR were observed
in regions around +#20° from the geomagnetic equator, consistent with areas experiencing in-
tense scintillation and characterized by smooth surface conditions. These findings were fur-
ther investigated by Camps et al. (2018). The results show that fluctuations in the peak of the
DDM are associated with ionospheric scintillation events. These fluctuations are also sus-
pected to correlate with tropical storms and surface roughness, suggesting a potential cou-
pling between atmospheric and surface conditions that influence GNSS-R observations.
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Regarding the retrieval of ionospheric irregularities and parameters, one of the first studies
was presented by Molina & Camps, (2020) who analyzed ionospheric plasma depletions us-
ing spaceborne GNSS-R data. The study focused on observing Equatorial Plasma Bubbles
(EPBs) by leveraging data from the CYGNSS mission to monitor ionospheric activity. The
signal intensity I is utilized as the primary measurement to compute the scintillation index

S, index as follows:
(I1?) = (I)?
= [—— 2.25
5 / (nz - 229

Here, the operator ( .) represents the moving average, calculated using a 12-sample window
along the track. As previously mentioned, scintillation events were identified in regions with
smooth surfaces or calm water, conditions conducive to detecting ionospheric irregularities.
Based on the results S, values between 0.2 and 0.5 were indicative of plasma bubbles, which
were observed to extend over spatial scales of 25 km to 150 km and persist for durations of 5
to 30 seconds. The results were cross validated with geomagnetic and plasma density prod-
ucts from the SWARM satellite mission, showing consistent findings. These results showed
the potential of GNSS-R for ionospheric studies, particularly in detecting and characterizing
plasma depletions and irregularities.

e lonospheric Effects Correction and TEC estimation

In recent approaches aimed at correcting ionospheric effects, Buendia et al. (2023) introduced
an improved correction model utilizing dual-frequency carrier phase data from Spire Global
Inc. GNSS-R observations at grazing elevation angles (5°-30°). This method was applied to
remove the ionospheric delay and retrieve the relative surface height with enhanced accu-
racy. The study employed two methods, the first is the ionosphere-free combination. As ion-
ospheric refraction is inversely proportional to the square of the signal frequency, the iono-
spheric effect can be effectively eliminated using a linear combination of code or carrier meas-
urements in dual-frequency receivers (Jakowski, 2017). The first-order ionospheric delay is
removed, and the ionosphere-free combination can be modeled as:

a0 LAY - f7 A9
iono—free f12 _ f22

(2.26)

where f; and f, represent the center frequencies of the L1 and L2 bands, respectively, and
ALY are the total phase differences between the reflected (R) and direct (D) signals at L1
and L2.

The second method employed in the study is the frequency-specific ionospheric delay cor-
rection. This approach refines the dual-frequency correction by applying a smoothing tech-
nique using a local robust quadratic regression filter. The filter outputs a moving mean term
over a fixed window, effectively reducing noise and ensuring a stable correction term. The
correction model can be expressed as:
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fir(AtP — 4¢3P)
f12 - fzz l

The mean value of the corrected total phase differences for L1 and L2 is subsequently used

Aplonm,, = ApT2 + (227)

to retrieve the relative surface height. This method demonstrated superior performance com-
pared to the ionosphere-free combination approach, achieving a reduction in RMSE from 24.4
cm to 16.8 cm, a difference of 7.6 cm, when compared against the reference surface model
(WGS84). Although both methods showed significant improvement in ionospheric delay cor-
rection, the frequency-specific approach offered a more precise retrieval of surface heights,
underscoring its efficacy in mitigating ionospheric effects.

For TEC estimation, ionosonde measurements, incoherent scatter radars, and GNSS-based
methods, such as dual-frequency ground-based GNSS stations, tomographic inversion tech-
niques, and GNSS-RO, are well-established approaches (Jakowski, 2017). In the context of
GNSS-R, ongoing investigations aim to refine its capability for providing reliable TEC infor-
mation . Wang & Morton (2022) introduced a sophisticated methodology leveraging coherent
dual-frequency GNSS-R data to estimate slant TEC using pseudorange and carrier phase ob-
servations from CubeSats constellation LEMUR-2 operated by Spire Global Inc. Their study
focused on grazing elevation observations and demonstrated the potential of GNSS-R for
sTEC estimation, particularly over polar regions, highlighting its applicability for monitoring
ionospheric conditions in remote and challenging environments.

This approach involved TEC retrieval by considering the contributions of the incident
(STEC,) and reflected rays (sTEC,). Additionally, the direct ray was utilized to estimate the
TEC above the receiver (sSTECpb) and to determine the receiver’s differential code bias (DCB),
which is crucial for accurate TEC measurements, particularly when addressing ionospheric
corrections using dual-frequency observations. Figure 2.13 illustrates the schematic represen-
tation of the proposed TEC retrieval model contribution from each ray. The ionospheric pierc-
ing point (IPP), typically assumed to be at an altitude between 250 and 450 km, represents
the location where the ionosphere’s electron density is expected to have the most significant
contribution.

Ionosphere Tropoéphere

Figure 2.13 Schematic representation of sSTEC contributions from the incident, reflected, and direct signals.
Based on Y. Wang & Morton, (2022)
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The processing workflow includes detailed steps for retrieving the SNR, pseudorange, and
excess carrier phase by utilizing the in-phase (I) and quadrature (Q) channel correlator out-
puts generated by the Spire satellites. This is followed by carrier phase unwrapping, cycle
slip correction, and noise filtering, which is performed using a technique called SCANF (Sim-
ultaneous Cycle Slip And Noise Filter) as detailed in Wang et al. (2021). The combined iono-
spheric delay term, sTE Cg, representing the contributions from both the incident (sTEC,) and
reflected rays (sTEC>), from linear combination of f; and f, can then be modeled as:

fr - ff
) (¢r2 — Pr1 + Zg — DCBry — DCBry). (2.28)

TEC, = ————————
SR T R03(f7 — f2

where DCBp, r represents the difference in the receiver hardware bias for frequencies f; and
f2 accounting for instrumental delays at both the receiver and transmitter. Additionally, Zz
denotes the carrier phase bias introduced during processing, which includes unwrapping,
cycle-slip correction, and noise filtering. The GNSS-R-based TEC retrieval demonstrated con-
sistency in trends when compared to the Global Ionospheric Maps (GIM), while providing

higher spatial and temporal resolution, revealing finer details of TEC variations related to
ionospheric irregularities.

GIM products are global representations of vertical TEC generated by the International GNSS
Service (IGS). These maps, available in final, rapid, real-time, and predicted versions, are
based on a combination of ionospheric data from various processing centers®. To compare
these products with GNSS-R-based sTEC, a mapping function is applied to convert vertical
TEC at the ionospheric piercing point (IPP) into slant TEC.

A validation of the GNSS-R retrievals was also performed by comparing ocean surface height
estimates against the DTU18 Mean Sea Surface (MSS) model (Andersen et al., 2018) supple-
mented by ocean tide models (Egbert & Erofeeva, 2002). The results showed that GNSS-R
retrievals exhibited better agreement with the MSS model, demonstrating that accurate ion-
ospheric corrections significantly improve height retrievals, achieving centimeter-level pre-
cision. However, challenges persist, particularly due to inconsistent differential code bias
(DCB) estimations caused by antenna gain pattern variations and satellite hardware charac-
teristics, which remain an area for further investigation.

Another approach for TEC estimation was proposed by Ren et al. (2022). This method is based
on the well-established observation-vs-modeled framework, commonly applied in various
disciplines. The approach utilized the DDM data from the TDS-1 mission and the correspond-
ing waveform extracted at the central Doppler slice, focusing on elevation angles greater than
70°. The observed waveform inherently includes all delay biases, such as atmospheric effects
from the ionosphere and troposphere, surface roughness contributions, and instrumental ef-
fects.

The atmospheric delay component, accounting for both ionospheric and tropospheric contri-
butions is included within the DDM. This delay is estimated by fitting a modeled DDM based

¢ https://igs.org/wg/ionosphere/ Accessed: 10.12.2024
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on the Z-V model to observed waveforms using an iterative least-squares approach. To iso-
late the ionospheric delay, the tropospheric contribution is corrected using the GPT2w model
(Bohm et al., 2015). The resulting TEC estimates (20-second resolution) are then compared
with GIM (CODE), empirical models such as NeQuick and IRI, and ground-based GNSS-
derived TEC values. The results demonstrated a notable improvement in mean absolute de-
viation (MAD) when comparing GNSS-R TEC retrievals with ground-based TEC observa-
tions. During periods of low solar activity, the MAD for NeQuick was 11.8 TECU, compared
to 13.5 TECU for GIM, 15.1 TECU for IRL Under high solar activity, GNSS-R showed further
improvement, with MADs of 9.2 TECU compared to 12.3 TECU for GIM and 12.7 TECU for
IRI. However, significant deviations were observed in coastal regions, attributed to poor-
quality GNSS-R products in these areas. This highlights the need for continued research and
refinement of GNSS-R-based TEC retrieval methods.

GNSS-R and the Troposphere

The tropospheric delay is also a major source of error in GNSS-R retrievals, particularly in
low-elevation angle applications such as grazing angle altimetry. Early investigations aimed
to assess the error factors that could impact surface height retrievals, with tropospheric effects
being a key focus. Treuhaft et al. (2001) conducted the first ground-based altimetric demon-
stration using GPS-reflected signals from the surface of a Crater Lake, focusing on identifying
and quantifying fundamental experimental errors. Their analysis of the time series revealed
that tropospheric effects, along with noise from temperature fluctuations, were the major
contributors to the altimetric error budget.

e Tropospheric delay modelling and characterization

Several GNSS-R ground-based experiments did not account for the tropospheric delay, as the
antenna’s height relative to the reflecting surface was relatively small (<10 m), and no signif-
icant tropospheric effects were detected in the data (Williams & Nievinski, 2017). However,
in higher-altitude experimental configurations, tropospheric effects emerged as a critical is-
sue, becoming one of the largest biases in height retrievals. Consequently, various ap-
proaches have been developed to mitigate the impact of tropospheric refraction.

For instance, Treuhaft et al. (2001) estimated the ZTD using a mapping function to adjust the
reflecting surface height. Semmling et al. (2012) employed a ray-tracing tool to account for
tropospheric refraction over a spherical Earth model. Fabra et al. (2012) incorporated Niell’s
mapping function, an exponential vertical decay model for tropospheric scale height, and
zenith delay estimates from GNSS positioning data. Santamaria-Gémez & Watson (2017) in-
troduced a tropospheric correction based on the bending angle, significantly improving re-
sults at low elevation angles.

In 2017, Williams & Nievinski conducted a detailed investigation into tropospheric delays in
GNSS-R at elevations as low as 5°, using data from 20 IGS stations located near water bodies.
Their study examined a relative tropospheric delay model introduced by Fabra et al. (2011),
depicted in Figure 2.14. This model defines an equivalent point along the incident ray path,
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effectively representing a theoretical adjustment to align the delay of the incident-reflected
signal path with that of the direct path, thereby improving the accuracy of tropospheric delay
estimations in GNSS-R.

Figure 2.14 Representation of a theoretical model of the relative tropospheric delay in GNSS-R.

From this scheme, it follows that the relative tropospheric delay can be expressed as Ty + T, =
2T. Using the definition of tropospheric delay as in Equation (2.15) the relative tropospheric
delay is formulated as (Fabra et al., 2011):

Apirop = 2 (ZHD my(E) + ZWD m,, (E)). (2.29)

In their study, the tropospheric delay was determined using the VMF/GPT2 models (Lagler
et al., 2013), along with atmospheric ray tracing based on a basic climatology. The findings
revealed that tropospheric delays introduce significant errors in height retrievals by acting as
scaling factor inaccuracies. Correcting for these delays was shown to improve leveling results
across all antenna heights. Recent approaches include a ray-tracing procedure for ground-
based GNSS-R, defining the interferometric atmospheric delay and decomposing it into
along-path and geometric components, while introducing new subcomponents to improve
atmospheric altimetry corrections (Nikolaidou et al., 2020).

o Tropospheric Effects Correction

The application of various tropospheric correction approaches has been successfully demon-
strated in multiple GNSS-R studies. Li et al. (2017) utilized carrier-phase observations from
the TDS-1 satellite for sea ice altimetry. Tropospheric corrections were applied using the Hop-
field model, leveraging meteorological parameters such as temperature, pressure, and inte-
grated water vapor from the European Center for Medium-Range Weather Forecasts
(ECMWF ) reanalysis data. The retrievals demonstrated consistent results with agreement
between the sea ice height from GNSS-R and the mean sea surface (MSS) model. This ap-
proach showed excellent performance with observations at elevation angles greater than 57°,
validating the effectiveness of the applied tropospheric corrections.

In a similar application, Wang & Morton (2021) employed double frequency Spire Global
Inc. GNSS-R data for sea ice height retrievals using carrier-phase measurements. Tropo-
spheric delays were modeled using the VMFE3/GPT-3 troposphere delay model, with the zen-
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ith tropospheric delay adjusted by fitting to the MSS. The results demonstrated strong con-
sistency with the ICESat-2 model but highlighted that tropospheric delay model errors are a
significant source of uncertainty, contributing up to 30 cm of error in Sea Surface Height
Anomalies (SSHA). Both studies confirmed the effectiveness of tropospheric corrections, with
validation achieved by comparing height retrievals to external models. These findings there-
fore suggest the potential for directly extracting tropospheric parameters from GNSS-R ob-
servations, highlighting an opportunity for advancing atmospheric sensing techniques.

e Tropospheric Parameters Estimations

Investigating on GNSS-R potential, Jaberi Shafei & Mashhadi-Hossainali (2018) explored
ground-based reflectometry observations for tropospheric tomography, a technique compre-
hensively described by Bender & Dick, 2021. This study focused on retrieving water vapor to
enhance the accuracy of tomographic models, which are often constrained by rank deficiency,
a condition where insufficient independent observations prevent the unique determination
of all model parameters. The findings demonstrated that integrating GNSS-R data reduced
rank deficiency by over 90%, particularly when optimizing spatial resolution. While chal-
lenges remain in precisely measuring tropospheric delays from reflected signals, this ap-
proach shows promise, especially in high-humidity environments.

Additionally, Wang (2023) utilized coherent carrier phase observations from Spire Global Inc.
GNSS-R data at grazing angles below ~8° to estimate tropospheric zenith delay and Total
Column Water Vapor (TCWV). These retrievals, validated with Sentinel-3 Ocean and Land
Color Instrument (OLCI) and ERA5 model TCWV data over sea ice and calm water areas,
achieved centimeter-level precision. Based on the definition of the relative tropospheric delay
in Equation (2.29) , and assuming a well-modeled and stable ZHD, the estimation of the ZWD
is expressed as:

1
ZD — 5 Aptrop — ZHD my, — MA. (2.30)

my

where the term M represents the unknown integer associated with the phase ambiguity, and
A the wavelength of the carrier frequency. The TCWYV can then be calculated using the fol-
lowing equation:

106

TCWV = , z
Rq (k3 + k3/Tp)

WD. (2.31)

where Ry, k3, and k3 are the constants defined in Equation (2.17) and T, is estimated using
the relationship T,,, = 70.2 + 0.72T; where T; as the surface temperature obtained from ERA5
model. Figure 2.15 illustrates the agreement between GNSS-derived retrievals and ERA5
TCWV. The results demonstrated that low-elevation spaceborne GNSS-R observations can
provide valuable information on water vapor, further expanding the application potential of
GNSS-R for tropospheric monitoring studies.
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Figure 2.15 TCWYV retrieval from GNSS-R compared against Sentinel-3 OLCI integrated water vapor meas-
urement, ERA5 TCWV (0.25°x0.25° resolution) (Wang, 2023)
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Chapter 3.

Research Contributions

This chapter presents the main results of the dissertation, which are organized according to
the papers discussed in this thesis. As stated in Section 1.1, each paper addresses specific
objectives and research questions outlined in this work.

Paper 1 introduces a novel experimental setup using a moving platform, specifically a gy-
rocopter equipped with a single antenna, to retrieve tropospheric parameters such as Zenith
Total Delay (ZTD) from phase delay measurements over coastal waters (RQ1.1). Given the
environmental conditions of coastal waters, the study also investigates the impact of surface
roughness (sea state) on signal coherence. This is achieved by analyzing the Doppler spread
caused by varying sea states, providing insights into how roughness affects GNSS-R meas-
urements (RQ1.2).

Paper 2 focused on simulations conducted in the context of the new PRETTY mission, estab-
lishing a preparatory ionospheric study ahead of its launch in October 2023. The study ex-
tends the analysis of atmospheric impacts from airborne GNSS-R to spaceborne configura-
tions, focusing specifically on the ionospheric effects at grazing angles (RQ2.1). PRETTY is a
pioneering mission utilizing single-frequency E5/L5 observations with focus on altimetry at
grazing angles. The mission relies on ionospheric corrections derived from empirical models.
This paper investigates the implications of ionospheric model corrections on spaceborne
GNSS-R for altimetry retrievals (RQ2.2), contributing to a deeper understanding of their role
in enhancing retrieval accuracy.

Paper 3 represents the first results based on GNSS-R data observations collected from the
PRETTY mission following its successful launch. The primary objective of this study is to
estimate the relative ionospheric delays using code observations. By applying tropospheric
corrections, the ionospheric contribution can be isolated and quantified. The resulting esti-
mates are compared against established ionospheric models, including IRI, NEDM2020, and
NeQuick, allowing for an evaluation of model performance under the specific conditions ob-
served by PRETTY (RQ3.1). This analysis also builds on the simulations presented in Paper
2, bridging modeled ionospheric effects with in-orbit observations and estimations.

Furthermore, these estimates are utilized for fitting a Chapman layer function to infer the
vertical structure of the ionosphere, providing insights into the F-layer peak height and its
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variability (RQ3.2). This innovative application highlights the potential of PRETTY’s single-
frequency observations to enhance ionospheric characterization and model validation.

3.1 Airborne GNSS-R and Zenith Total Delay Estimation

Tropospheric effects in GNSS-R have been extensively investigated, with most efforts focused
on correcting these effects to enhance the accuracy of surface height retrievals. Despite the
growing interest in this field, relatively few studies have explored the potential of GNSS-R
for directly estimating tropospheric parameters. This study addresses this gap by proposing
an innovative approach to assess the feasibility of estimating Zenith Total Delay (ZTD) from
airborne GNSS-R observations over coastal waters at low elevation angles. It builds upon
previously established methodologies for tropospheric corrections in GNSS-R, adapting
them to enable ZTD retrievals at sea surface levels.

The ZTD estimations in this study relied on coherent carrier phase observations, where co-
herence is closely associated with elevation angles and surface roughness. To complement
this, the study also examines the influence of sea state on coherent observations, utilizing
Doppler spreading as a metric to quantify the relationship between surface roughness and
observation coherence from airborne data collected under distinct coastal water conditions.

The proposed methodology and analysis are applied to GPS L1 tracks collected on different
days along the coast of Calais, France. This study provides insights into the accuracy of ZTD
retrievals and the impact of sea state on coherence, contributing to the broader understanding
of airborne GNSS-R applications in atmospheric remote sensing.

3.1.1 Experiment and Methodology

While GNSS-R dual-antenna configurations are commonly used in airborne missions, this
study implement a novel experimental setup featuring a single right-hand circularly polar-
ized (RHCP) antenna mounted on the front of a gyrocopter. The gyrocopter is an ultralight
and stable aircraft traveling at an approximate speed of ~90 km/h (0.025 km/s). The antenna
is tilted ~43° relative to the zenith direction to optimize signal reception and is connected to
two receivers: one dedicated to recording GPS L1 signals for reflectometry and another for
trajectory solution calculations. The measurement campaign is conducted along the North
Sea coast, between Calais and Boulogne-sur-Mer, covering trajectories at distances of 700 m
and 2,000 m from the shoreline. To ensure reflections are solely from the ocean surface, land
masking was applied. Data collection was performed over four days allowing for observa-
tions under varying sea state conditions as detailed in Table 3.1.

Table 3.1 Overview of observation experimental campaign in Calais, France.
PRNss: GPS: 1,7, 8,10, 11, 16, 18,30
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Elevation Range: 4° to 70° at specular point

Dates: 2019/07/12 2019/07/15  2019/07/17  2019/07/19
Wind Speed [m/s]: 5.49 4.29 2.92 6.50
SWH [m]: 0.30 0.58 0.26 0.55

The proposed methodology is outlined in the flowchart shown in Figure 3.1. It consists of
three main components: signal processing using a software receiver, Doppler spread analy-
sis, and Zenith Total Delay estimation.

Gyrocopter

Software Receiver
(Kucwaj et al.,2017)

Direct Signal Reflected Signal
Tracking Tracking
Excess Path model \
(SP Position)
Retracking
o A
(Semmlingret al.,2016) [
Complex Direct Complex Reflected e ZTD
Signal (1,Q) Signal (1,Q) ¢ | Estimation
—-[ Power Spectral Density (Fabra et al.,2011)
: Doppl Sea Stat
Doppler Shift i I ot

Spread Analysis

Figure 3.1 Flowchart illustrating the proposed methodology for ZTD estimation and Sea state analysis from
airborne GNSS-R observations.

Signal Processing

Signal processing is performed using a model-aided software receiver, which is supported
by the geometrical excess path model. The model incorporates the transmitter and receiver
positions, and specular point positioning as described in Section 2.3.2. It predicts the expected
delay and Doppler shift of the reflected signal relative to the direct signal, enabling accurate
signal tracking. The processing output consist of complex reflected signals, represented by
their in-phase (I) and quadrature (Q) components. A retracking module is integrated to re-
fine Doppler and delay corrections to compensate variations arising from the relative motion
of the transmitter, specular point, and receiver.
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Doppler Spread Analysis

To evaluate sea state conditions, the power spectral density (PSD) of the reflected signal is
analyzed. The PSD characterizes the distribution of power across frequencies, and the stand-
ard deviation of the five highest peaks is computed to quantify the Doppler spread. This
Doppler spread is correlated with sea state conditions, including wind speed (WS) and sig-
nificant wave height (SWH), using ERA5 reanalysis data (Hersbach et al., 2020). Additionally,
the analysis identifies events where coherent observations are obtained, establishing a link
between Doppler spread, surface roughness, and sea state conditions.

Zenith Total Delay Estimation

The relative tropospheric delay model used in this study followed the formulation in the
Section 2.3.4, Equation (2.29). Since the dry component accounts for approximately 90% of
the total tropospheric delay, the wet component was neglected. A decay function is applied
to scale the delay from the receiver to sea surface level, while the Vienna Mapping Function
3 (VME3) (Landskron & Bohm, 2018) is used to compute the hydrostatic mapping factor. The
retracked and unwrapped carrier-phase observations are linked to the mapping factor, decay
factor, and phase ambiguity through a linear regression model, enabling the inversion of the
ZTD over coastal waters.

3.1.2 Results and Discussion

Different sea states conditions were observed during the experiment, with the calmest con-
ditions observed on 2019/07/17 and the roughest on 2019/07/19 (see Table 3.1). The analysis
reveals a direct correlation between the Doppler spread estimates and sea state conditions,
showing that both the mean value and dispersion of the Doppler spread increased with
rougher sea states.

Figure 3.2 illustrates the distribution of Doppler spread values across the four campaign
dates, highlighting its sensitivity to sea state conditions. For instance, on 2019/07/17, the dis-
tribution is concentrated below 1 Hz, with a mean value of 0.5 Hz. This value is empirically
identified as a threshold, indicating conditions favorable for coherent observations, as further

discussed in Figure 3.3 (first row).
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Figure 3.2 Doppler spread distribution. The mean value of the highest sea-state day is 2.5 Hz, while the lowest
sea state represents a mean value of 0.5 Hz.
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Under the conditions of the airborne GNSS-R observations over coastal waters, the loss of
coherence in phase observations is consistently associated with a Doppler spread exceeding
0.5 Hz. The 0.5 Hz threshold corresponds to sea state parameters of SWH around 0.3 m and
wind speeds WS of approximately 3 m/s, particularly when elevation angles fall below 10°.
Figure 3.3 shows an example of four selected events with varying elevation ranges observed
on 2019/07/17, providing further insight into the relationship between coherence and sea state
conditions.

In the first row of Figure 3.3 presents, the Doppler spread remains below 0.5 Hz at low ele-
vation angles, exhibiting reduced variations and aligning with stable, coherent scattering
conditions. However, as the elevation angle increases, greater variability is observed, and the
Doppler spread surpasses the threshold, indicating a transition to less coherent scattering.

Two factors may contribute to reduced sensitivity at mid and high elevation angles in the
experiment: (1) at higher elevation angles, signals arrive closer to nadir, deviating from the
antenna’s upward-tilted boresight, resulting in a decrease in antenna gain. (2) high-elevation
reflection events occur near or directly over the coastline, where the impact of sea state vari-
ations is minimal, reducing the sensitivity to surface roughness effects.

6PRN: 7 (E:8.8 - 4.5) PRN: 30 (E:10 - 8.3) PRN: 11 (E:22 - 28) PRN: 8 (E:62 -70)
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Figure 3.3 First row: Doppler spread or. Second row: Relative tropospheric model compared with observed carrier
phase delay in meters on 2019/07/17.

The second row of Figure 3.2 presents the relative unwrapped carrier phase delay in meters
(green), showing a continuous trend at grazing angles, indicative of coherent observations.
The relative carrier phase delay is compared with the established modeled relative tropo-
spheric delay (purple), demonstrating consistent agreement between the two, with a residual
offset due to the unresolved phase ambiguity. Utilizing the modeled tropospheric delay and
the observed phase delay, the Zenith Total Delay is computed through linear regression.

The regression results reveal that under smooth sea surface conditions (on 2019/07/17) at low
elevation angles (below 10°), the estimated ZTD for PRNs 7 and 30 is 2.437 m and 2.853 m,
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respectively, with an uncertainty of 0.02 m in both cases. These values correspond to differ-
ences of 5% and 24%, respectively, when compared to the expected tropospheric delay value
of 2.3 m for sea-level locations.

These findings validate the feasibility of estimating ZTD from coherent GNSS-R observations
using the proposed methodology and highlight its potential application for atmospheric re-
trievals, such as the estimation of water vapor content.

3.2 Ionospheric Effects on GNSS-R at Grazing Angles from Space

The grazing angle geometry and smooth reflecting surfaces provide an optimal scenario for
coherent observations in GNSS reflectometry. GNSS-R satellites missions, such as ESA’s
PRETTY and the commercial LEMUR-2 constellation operated by Spire Global, have ven-
tured into this spectrum of observation through cost-effective CubeSat platforms. However,
at such extreme geometric configurations, GNSS signals must traverse longer paths through
the atmosphere, resulting in more pronounced ionospheric and tropospheric effects. While
most of previous spaceborne studies have primarily analyzed ionospheric effects on GNSS-
R observations at higher elevation angles, this study aims to extends the understanding of
first-order ionospheric effects on single-frequency spaceborne GNSS-R observations at very
low elevation angles (5°-30°).

The ionosphere exhibits highly dynamic conditions, with electron density varying signifi-
cantly based on geographic location, time, and solar and geomagnetic activity. This study
provides a comprehensive characterization of ionospheric effects under varying conditions,
considering parameters such as elevation ranges, latitude-dependent regions, local time var-
iations, and solar activity: low (LSA) and high solar activity (HSA). The analysis is grounded
in the theoretical foundations on GNSS ionospheric delay (Section 2.2.1) and employs a 3D
electron density model-based simulation to quantify the effects.

The proposed methodology is developed within the framework of the ESA PRETTY mission,
serving as a preparatory study prior to its successful launch in October 2023. To simulate a
real PRETTY-like grazing angle scenario, orbital data from the Spire Global Inc. CubeSat con-
stellation was utilized. Contrary to some prior studies that disregarded the contribution of
the direct signal in GNSS-R observations due to geometric configuration, this signal plays a
critical role in estimating relative ionospheric delays at very low elevation angles. Its impact
is particularly pronounced in Doppler shift and code-delay-based altimetry products, high-
lighting its importance for accurate retrievals in GNSS-R applications at extreme grazing an-
gles.

3.2.1 Data and Methodology

To conduct this study, approximately 1,200 tracks from Spire Global Inc.”s LEMUR-2 CubeSat
constellation on 1 March 2021 are analyzed. The LEMUR-2 constellation comprises over 80
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CubeSats primarily designed for radio occultation, with around 30 configured to collect
GNSS-R measurements. These observations resulted in a dataset of approximately 29,000 re-
flection events (specular points sampled at 10-second intervals along the satellite tracks). The
observations are globally distributed and categorized into three geographic regions: North
Region (latitudes above 40°N), Tropic Region (latitudes between 40°N and 40°S), and South
Region (latitudes below 40°S). A high concentration of observations is present in the polar
regions, primarily due to the constellation’s design, which emphasizes sea ice monitoring.
Additional areas with high data density included tropical regions with calmer ocean waters,
such as the Gulf of Mexico and Southeast Asia, making them valuable for GNSS-R investiga-
tions.

Each CubeSat in the LEMUR-2 constellation is identified by a unique Space Vehicle Number
(SVN). For this study, data from 21 CubeSats configured for GNSS-R observations are uti-
lized, allowing for coverage across different local times. This ensured sufficient spatial and
temporal representation across the defined regions, enabling a comprehensive analysis of
ionospheric effects on GNSS-R observations under varying conditions.

The proposed methodology is outlined in the flowchart shown in Figure 3.4. It consists of
three main retrievals from the modeled electron density: Ionospheric delay, Doppler shift,
and electron density peak height.

Orhit Data
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(Semmling et al.,2016)
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NEDM2020
(Hoque et al., 2022)
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(Nava et al., 2008)
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Figure 3.4 Flowchart illustrating the proposed methodology for ionospheric delay, Doppler shift and peak
electron density height retrievals based on NEDM2020 and NeQuick models.
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Electron Density Retrievals

The electron density for ionospheric estimations are obtained from two 3D electron density
models: the NEDM2020 model and the NeQuick model. Both models require inputs such as
solar activity indices, geographic location, and local time and provide the electron density at
specified points along the ray path.

For this analysis, ray points along the incident, reflected, and direct signal paths are com-
puted at intervals of 10 km. This computation relies on the determination of specular point
positioning (Section 2.3.2). The specular points are sampled every 10 seconds over the ap-
proximately 4-minute duration of each event.

Figure 3.5 illustrates the electron density values derived from the NEDM2020 model for each
ray point along the signal path during a low elevation event. The zoomed-in areas highlight
the separation between computed ray points (red dots), and the interval of specular point
samples (blue stars), providing insight into the spatial distribution along the reflection geom-
etry.
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Figure 3.5 Electron density derived from NEDM2020 model for each ray point along the signal path. Red points
show the distance between ray points, and blue stars show the interval between specular points.

sTEC, Ionospheric Delay and Doppler Shift

The slant total electron content (STEC) for each ray path is computed as described in Equation
(2.9), using numerical integration of the electron density along the path. The relative TEC,
ASTEC, is calculated as the sum of the slant TEC contributions from the incident (sTEC;;,) and
the reflected (sTEC,,) rays, minus the slant TEC of the direct ray (sTECg;). This ASTEC was
used to compute the relative ionospheric delay by applying the factor 40.3/f2%, where f is
the carrier frequency in Hz.
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Variations in the ionosphere’s electron density and its redistribution induce carrier phase de-
lays, leading to Doppler shifts. These shifts can be computed as the time derivative of the
signal’s phase delay. Based on Equation (2.10) the phase delay is first expressed in cycle units
by dividing by the signal’s wavelength. The time derivative of the phase is then taken to
determine the Doppler shift, offering insights into the ionospheric dynamics affecting the
GNSS-R observations.

F-Layer Electron Density Peak Height Changes

The ionosphere exhibits significant variability in both temporal and spatial dimensions, in-
fluenced by factors such as time of day, geographic location, and solar activity. This variabil-
ity affects the height at which the maximum electron density occurs, denoted as H,, occurs.

In this study, H,, is determined for both the incident and reflected rays corresponding to the
point of the electron density peak in the density profile obtained from the NEDM2020 model.
This approach provides a detailed investigation into the vertical dynamics of the ionosphere,
particularly at grazing angles, where GNSS-R observations provide enhanced sensitivity to
electron density fluctuations.

3.2.2 Results and Discussion

The analysis is structured based on grazing elevation ranges categorized into the three
groups: 5°-10° (very-low), 10°-20° (low), and 20°-30° (mid-low). It incorporates the three lat-
itude-defined regions (North, Tropics, and South), while including for local daytime (DT)
and nighttime (NT) classification and variations in solar activity levels, defined as low (F10.7
=75) and high (F10.7 = 180).

Figure 3.6 presents the mean sTEC distribution as a function of local time (hourly intervals)
for the incident, reflected, and direct rays under low solar activity (LSA) using the
NEDM2020 model. This visualization provides insights into the diurnal variation of sTEC,
highlighting its dependence on elevation angles, geographic regions, and external space
weather influences, such as solar cycles and ionospheric dynamics. Additionally, it serves as
a reference for interpreting subsequent figures, which analyze variations in ionospheric de-
lays, Doppler shifts, and peak electron density heights, offering a comprehensive assessment
of the ionospheric effects influencing GNSS-R observations.
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Figure 3.6 Mean sTEC values every hour obtained from NEDM2022 Model. Color-coded according to the
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The results indicate that sTEC peaks occur around midday (12-14 hours local time), with the
most significant increase observed in the tropics. This pattern highlights two key factors: (i)
diurnal ionospheric variations, driven by intensified ionization at midday, and (ii) the
stronger solar radiation in equatorial regions, leading to higher mean sTEC values (~32
TECU) compared to the North (~15 TECU) and South (~18 TECU) regions.

The incident and reflected rays exhibit similar trends across all scenarios, maintaining stable
and comparable values. However, around midday, a small difference emerges, where the
incident ray shows slightly larger values. This discrepancy reflects the geometric influence
since the incident ray traverses a longer ionospheric path, traveling from the transmitter to
the specular point.

In the very-low elevation range (below 10°), geometric effects become increasingly signifi-
cant. At such low elevation angles, the direct signal travels a longer path through the densest
layers of the ionosphere. This results in a more pronounced ionospheric effect, leading to
higher sTEC values across all three regions. However, in the tropics, the direct signal also
exhibits the highest variability, further emphasizing the strong influence of equatorial iono-
spheric dynamics. These geometric effects play a crucial role in computing the relative iono-
spheric delay (in + re — di) and Doppler shift, as they influence the path length differences
between the various signal components.

Figure 3.7 illustrates the median relative ionospheric delay and the standard deviation as a
function of elevation angle (columns) and geographic region (rows). The plot differentiates
between daytime - DT (blue) and nighttime - NT (red), while solar activity levels are repre-
sented by circle for low solar activity and diamond for high solar activity

Consistent with the sSTEC values, the relative ionospheric delay exhibits higher values during
daytime across all scenarios, as solar radiation drives ionization, while at night, electron re-
combination reduces electron density. The tropics show larger delays and higher variability,
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influenced by equatorial ionospheric dynamics. Under HSA, the mean delay values increase
significantly, by approximately 2—4 times compared to LSA, nevertheless the path geometry
introduces non-linear effects.

At very low elevations (<10°) during HSA, negative mean delay values (~-24.5 m) suggest a
dominant direct ray contribution, leading to higher variability (standard deviation ~24.43 m)
and making this the most sensitive region and elevation range. On the contrary, in the low-
elevation range (10°-20°), the combined contributions of the incident and reflected rays is
higher than the direct ray leading to an increase in relative ionospheric delay of up to ~28.45
m. This suggests that geometry-dependent cancellation effects may become dominant under
specific solar and geographic conditions.
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Figure 3.7 Median relative ionospheric delay values and their standard deviations, as a function of region,
elevation range, daytime (DT/NT) and solar activity levels (LSA/HSA).

Doppler shifts driven by ionosphere-induced phase rate changes are also analyzed. Figure
3.8 presents the median Doppler shift values following the same plotting structure as the
delay analysis. Similar to the relative ionospheric delay, the HSA period, during DT, in the
tropical region, and very-low elevation angles (<10°) exhibit the highest Doppler shift values
and the largest variability.

Under HSA, the Doppler shift increases by a factor of 3-10, with its standard deviation in-
creasing by 2-5 times. The peak mean Doppler shift occurs in the tropics during daytime
under HSA, reaching 2.33 Hz, which significantly exceeds the values observed in polar re-
gions. Notably, even during LSA and nighttime, the tropical Doppler shifts surpass those
recorded in polar regions during daytime.

The elevation group analysis confirms that Doppler shift decreases as elevation increases.
This trend aligns with the fact that at higher elevations, the signal path through the iono-
sphere is shorter, reducing the ionospheric impact. On the other hand, at lower elevations,
signal paths extend through denser ionospheric layers, amplifying phase rate gradients and
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leading to higher Doppler shifts. This underscores the challenges in correcting ionospheric
effects for altimetric applications, as uncertainties increase significantly at lower elevation
angles.
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Figure 3.8 Median Doppler Shift magnitude and their standard deviations, as a function of region, elevation
range, daytime (DT/NT) and solar activity levels (LSA/HSA).

Regarding the peak electron density height (H,,), Figure 3.9 illustrates its variation across
regions and elevation ranges, highlighting its dependence on solar activity and diurnal ion-
osphere variations. During HSA, H,, increases by approximately 50-60 km across all regions.
This is attributed to higher ionization rates, which enhance vertical plasma transport, leading
to the uplift of the F2-layer peak. Additionally, the ionospheric diurnal cycle plays a signifi-
cant role, creating a distinct contrast between daytime and nighttime values.

At nighttime, H,, is 20-50 km higher than during the daytime, with the most pronounced
differences observed in the tropical region. This effect is explained by post-sunset recombi-
nation, which depletes the lower ionosphere (E and F1 layers), while the F2-layer persists
longer due to its slower recombination rates (Jakowski, 2017).

The variation in H,, is also crucial for GNSS applications, as a higher F2-layer peak means
that signals traverse a larger portion of the ionosphere, potentially leading to increased delays
and Doppler shifts. These findings provide valuable insights into the vertical structure of the
ionosphere, demonstrating the capability of GNSS-R grazing-angle observations to charac-
terize ionospheric dynamics effectively.
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Figure 3.9 Median electron density peak height values and their standard deviations, as a function of region,
elevation range, daytime (DT/NT) and solar activity levels (LSA/HSA).

3.3 Grazing-angle Ionospheric Delays Observed from PRETTY

Since the beginning of GNSS-R, one of the earliest proposed applications, alongside altimetry,
was ionospheric monitoring, emphasizing its potential to provide valuable insights into the
ionosphere over oceans. Double-frequency GNSS-R missions facilitate ionospheric studies by
leveraging the differential response of signals at distinct frequencies. However, the PRETTY
mission introduces an innovative approach by utilizing single-frequency GNSS-R data,
demonstrating its capability to estimate ionospheric effects with a unique configuration.

This paper focuses on estimating relative ionospheric delays using code delay data collected
from the PRETTY CubeSat in the Artic region. An onboard software module configures the
code generator to account for instrumental biases and model the relative geometric delay,
enabling precise corrections. Since tropospheric effects are significant at low elevation angles,
corrections are applied using ray tracing techniques incorporating pressure, temperature,
and humidity data from the ERA5 reanalysis model. The estimated relative ionospheric de-
lays are then compared against three established models validating the methodology and
highlights its potential for ionospheric delay estimations in GNSS-R applications.

The relative ionospheric delay estimates are subsequently used to fit the Chapman layer
model, enabling the retrieval of key ionospheric parameters such as the F-layer peak electron
density (Ny) and peak height (h,,). Comparisons with independent datasets, including ion-
osonde and EISCAT ground-based observations, show consistent results, with differences in
the F-layer peak height within +15 km. This demonstrates the feasibility of using GNSS-R
code delay observations at grazing angles for characterizing the vertical structure of the ion-
osphere, offering a novel perspective on ionospheric monitoring in regions where conven-
tional techniques are limited.
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3.3.1 Data and Methodology

As of the writing of this thesis, the PRETTY mission has collected approximately 150 obser-
vation tracks across various regions, with a primary focus on the polar regions. These obser-
vations are recorded in both cGNSS-R and iGNSS-R modes.

For this study, six cGNSS-R events over the Artic region are selected due to their higher SNR
responses, which are attributable to smooth surface conditions favorable for coherent signal
reflection. The selected events are recorded in July 2024 with each event lasting on average
six minutes. Table 3.2 provides an overview of the sample dataset, including the GNSS con-
stellation, elevation range, UTC, local time and solar activity variations, represented by the
solar flux index F10.7 on each observation day.

Table 3.2 PRETTY observation overview including the solar flux index.
GNSS - Local Time

Date PRN Ele. Range UTC Date Time F10.7

2024/07/06 GAL -7 7-1 01:35:48  2024/07/05  23:57:32 169.9
2024/07/16 GAL -7 10-1 00:55:51  2024/07/15  21:11:14 2424
2024/07/25 GPS -4 9-0.01 05:05:53  2024/07/24  21:04:56 172.0
2024/07/27 GPS-8 11-0.01 04:55:51  2024/07/26  21:59:57 186.7
2024/07/28  GPS-8 13-0.01 04:50:52  2024/07/27  21:54:43 216.6
2024/07/29  GPS -8 15-0.01 04:45:50  2024/07/28  21:51:20 2242

The proposed methodology is outlined in the flowchart shown in Figure 3.10. It consists of
three main components:

Delay Maps Processing — Used for ionospheric delay estimations from PRETTY GNSS-R ob-
servations.

Modeled Tropospheric Delay — Applied for corrections to account for atmospheric effects at
low elevation angles.

Modeled Ionospheric Delay — Used for comparison with the estimated ionospheric delays,
ensuring validation against state-of-the-art ionospheric models
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Figure 3.10 Flowchart illustrating the proposed methodology for relative ionospheric delay estimations from
PRETTY GNSS-R observations, incorporating tropospheric corrections and state-of-the-art ionospheric models
for comparison.

Delay Maps Processing

The PRETTY observations utilized Delay Maps created in post-processing, which are inco-
herently integrated every second. The delay domain is divided into 200 discrete bins, provid-
ing a resolution of 7.8071 meters. For each waveform within the DM, the peak value is se-
lected to represent the relative delay of the reflected signal with respect to the direct signal.
This delay inherently includes onboard instrumental bias corrections. The resulting dataset
comprises a series of delay along the event track. To effectively capture the trend of the dis-
crete code delay data, an exponential fitting approach is applied. This method smooths the
data while accounting for model uncertainties associated with the fitting process, ensuring
an accurate representation of delay trends across the observed tracks.

Modeled Ionospheric Delay

The methodology for computing the modeled ionospheric delay follows the framework es-
tablished in Paper 2. For each event, the specular point position is determined as described
in Section 2.3.2. Subsequently, a series of ray points is calculated at one-second intervals along
the signals path. Using the NEDM2020 and NeQuick models, the electron density is obtained

51



Chapter 3 Research Contributions

for each ray point. The sTEC is computed by integrating the electron density along the signals
path.

Additionally, model-based ionospheric delay is computed using the IRI model to provide
comparative analysis. The computation of STEC is complemented by tropospheric corrections
applied via a ray tracing based on (Zus et al., 2012), ensuring accurate separation of iono-
spheric and tropospheric effects. Further details on the tropospheric correction methodology
are discussed in the subsequent section, which ensures consistency across all atmospheric
corrections.

Modeled Tropospheric Delay

The calculation of the relative tropospheric delay relies on a ray tracing employing a point-
to-point algorithm. The process begins by determining the ray path between the transmitter,
specular point and receiver and calculating the optical path length through numerical inte-
gration of the refractive index along the ray path. Initially, the algorithm assumes a specular
point position (based on Paper 1 and 2 methodology) and computes the relative geometric
excess path P without incorporating atmospheric effects.

To account for the tropospheric delay, the specular point position is iteratively adjusted. This
iterative process ensures that the reflection law is satisfied, where the incident angle equals
the reflected angle. By including the tropospheric effects, the algorithm refines the specular
point position and recalculates the total relative path length. This corrected path length now
integrates the tropospheric contribution alongside the geometric excess path, referenced as
P,.

Following the determination of the corrected specular point from previous step, the iono-
spheric delay is recalculated using the updated reflection geometry denoted as P;. The final
step involves isolating the contributions of the tropospheric and ionospheric delays from the
total relative path delay, which is expressed as:

P, =P+ (P, —P) + (P, — P,). (3.1)

This separation is achieved by comparing the computed relative path length to the geometric
excess path P, allowing for precise estimation of both tropospheric (P, — P) and ionospheric
(P; — P,) delay components.

3.3.2 Results and Discussion

The computation process for the corresponding tropospheric or ionospheric delay from the
models serves two primary purposes. First, calculating the delay for each ray provides valu-
able insights into the individual contributions of the incident, reflected, and direct rays, al-
lowing for a detailed understanding of their influence on the total delay. Second, these mod-
eled delays are used as a reference for comparing observations to theoretical expectations.
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While the observed delay represents the accumulated relative delay, which inherently in-
cludes contributions from all rays (direct, incident and reflected), ist is challenging to separate
the individual contributions from each ray directly through observations alone. This is due
to the integrated nature of the observed delay, which encapsulates all path-dependent atmos-
pheric effects as a single measurable quantity. Therefore, the modeled delays play a critical
role in separating and understanding the contributions of individual atmospheric compo-
nents. Figure 3.11 presents a two events example of the modeled ionospheric and tropo-
spheric delay for each ray path for two different days under varying solar activity conditions.
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Figure 3.11 Modeled ionospheric and tropospheric delays for incident (in), reflected (re), and direct (di) rays
for two different events observed on separate days with varying solar flux index values, left: 242.4 and right:
172.0.

Based on the tropospheric model presented in Section 2.3.4 (Figure 2.14), the incident and
reflected rays exhibit similar contributions. For the analyzed events, both rays showing an
exponential increase as the elevation angle decreases, reaching approximately 60 m at 1° ele-
vation. The contribution from the direct ray, however, is negligible until the elevation angle
drops below 1°. Below this range, the direct ray tropospheric delay contribution becomes
significant, averaging around 100 m.

In contrast, for the ionospheric delay, the contributions of the incident and reflected rays are
slightly different but remain relatively stable across the elevation angle range. The direct ray,
however, exhibits significant change, with an exponential increase in delay, peaking at ap-
proximately 3° elevation. Beyond this point, the delay contribution begins to decrease grad-
ually as the elevation angle approaches 1°. Solar activity also plays a critical role in these
dynamics, as higher solar activity as presented in Paper 2. High solar activity correlates with
increased TEC, resulting in larger ionospheric delays. This trend is particularly evident on
16/07/2024, a day characterized by elevated solar activity with an F10.7 index of 242.4, corre-
sponding to the highest observed delays during the study.

When combining the modeled tropospheric and ionospheric delays and comparing them
with the exponential-fitted observed code delay, a strong agreement is observed. Minor dis-
crepancies remain, attributed to unmodeled or mis-modeled errors and noise. This alignment
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demonstrates the ability of the models to effectively capture atmospheric effects on GNSS-R
signals. The agreement also enables the removal of the tropospheric delay from the observa-
tions, isolating the ionospheric contribution to estimate the relative ionospheric delay. Figure
3.12 presents the comparison of the ionospheric delay estimates with the NEDM2020, Ne-
Quick, and IRI models for the four analyzed events, highlighting the performance of the mod-
els under varying atmospheric and geometric conditions. Light red area represents the un-

certainty of the fitting process and the tropospheric model correction.
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Figure 3.12 Relative ionospheric delay computed using the IRI, NeQuick, and NEDM2020 models, compared
with the estimated relative ionospheric delay derived from observations. The associated uncertainties from model
fitting and tropospheric corrections are also included in the light red area.

As the relative ionospheric delay estimates effectively capture first-order ionospheric effects,
the next step involves inverting Chapman layer parameters to infer the ionosphere’s vertical
structure. The Chapman layer function (Chapman, 1931) models the electron density N, as a
function of altitude h providing a representation of the ionospheric F-layer as follows:

N.(h) = Ny - exp (% * (1 — (h _Hhm) —exp (— h _Hhm> ))

Where N, represents the peak electron density of the F-Layer, h,, is the height of the F-Layer
peak, and H represents the scale height.

(3.2)

This process aims to determine the set of Chapman parameters, h,, and N, , that best repro-
duce the observed GNSS-R relative ionospheric delays. The results show strong agreement
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between the GNSS-R observations, and the Chapman model estimates across all events. The
fits capture both the overall shape and magnitude of the relative ionospheric delay, including
the local minima typically observed between 2° and 4° elevation as presented in Figure 3.13.
These findings highlight the capability of GNSS-R code delay observations at grazing angles
to retrieve ionospheric vertical profile characteristics in line with the classical Chapman layer

representation.
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Figure 3.13 Comparison between GNSS-R ionospheric delay estimate and the ionospheric F-layer Chapman

layer fitting.

Table 3.3 present the chapman parameters estimations along with the RMSE of the estimates.
The RMSE values of the fits remain below 1.7 meters for all cases, indicating good consistency

between the GNSS-R-derived ionospheric delay and the Chapman model reconstructions.

Table 3.3 Estimated hy, and Ny from Chapman layer fitting process

Date GNSS — PRN h,, [km] Ny [el/m?] RMSE [m]
2024/07/06 GAL-7 315.71 5.35e11 1.47
2024/07/16 GAL-7 307.35 6.34e11 1.66
2024/07/25 GPS -4 323.26 4.33el1 0.83
2024/07/27 GPS -8 310.34 3.64ell 0.74
2024/07/28 GPS -8 361.29 4.09%11 1.31
2024/07/29 GPS -8 337.49 3.80e11 1.25

To compare the peak electron density heights estimations with ionosonde and EISCAT meas-
urements, three stations near the analyzed GNSS-R events were selected: TROMS@ (URSI
code TR169) and EISCAT TROMSO (TR170) in northern Scandinavia, and THULE (THJ76)

55



Chapter 3 Research Contributions

in Greenland. For most events, the differences between the GNSS-R-derived estimates and
the reference values remained within +15 km, which is consistent with expected spatial and
temporal ionospheric variations. These results highlight the capability of GNSS-R code delay
observations at grazing angles to provide meaningful insights into the vertical ionospheric
structure.

Table 3.4 presents a comparison between the GNSS-R-derived h,, estimates (in kilometers)
and those obtained from ground-based ionosonde and EISCAT stations

Table 3.4 F-layer peak height h,, (in km) retrieved from GNSS-R in comparison with ionosonde and EISCAT

stations
GNSS -

Date PRN GNSS-R TR170 TR169 TH]76
2024/07/06 GAL-7 315.71 313.30 309.90 307.60
2024/07/16 GAL-7 307.35 ND 315.30 299.30
2024/07/25 GPS -4 323.26 318.50 307.50 294.10
2024/07/27 GPS -8 310.34 307.20 294.00 300.20
2024/07/28 GPS -8 361.29 350.60 327.50 306.30
2024/07/29 GPS -8 337.49 339.60 297.40 327.30
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Chapter 4.

Conclusions and Future Research

The conclusions provided in this chapter are based on the research conducted throughout
this dissertation. They are guided by the research questions established in the introductory
section, offering a synthesis of the findings and their implications. Additionally, this chapter
includes insights into potential future research, aimed at advancing the field of GNSS-R and
its applications.

4.1 Conclusions

RQ 1.1: How effectively can phase observations from airborne GNSS-R data be utilized to
retrieve atmospheric parameters, such as ZTD, over coastal waters?

Coherent phase observations have proven to be a precise and reliable observable for GNSS-
R altimetry applications, as demonstrated in both airborne (Semmling et al., 2014) and space-
borne studies (Cardellach et al., 2020). In this dissertation, a novel method was developed to
effectively estimate Zenith Total Delay from airborne GNSS-R data over coastal waters,
showing the potential of using coherent phase observations for atmospheric parameter re-
trieval, under specific conditions, particularly in low sea state scenarios and favorable geo-
metric configurations.

The ZTD estimation results showed agreement with theoretical values expected at sea level
of approximately 2.3 m. The events with best performance, which occurred at elevation an-
gles below 10° and under calm sea state conditions, present ZTD estimates of 2.437 m and
2.853 m, corresponding to differences of 5% and 24%, respectively. These results highlight
the capability of coherent phase observations to retrieve atmospheric parameters with nota-
ble accuracy over coastal waters.

These results are achieved under the following considerations: (1) ZTD is approximated by
focusing on the dry component, which accounts for approximately 90% of the tropospheric
delay; (2) precise specular point positioning and platform trajectory data are critical to com-
pute reliable geometric excess path model; (3) the modeled tropospheric delay, calculated
using the Vienna Mapping Function (VMF3), exhibited a linear relationship with the coherent
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unwrapped phase observation, enabling least-squares linear regression with associated un-
certainties of 0.02 m; and (4) while unresolved phase ambiguities persist, they do not influ-
ence the inversion of ZTD solutions. These solutions may include potential hardware delays
from both the satellite and receiver, as well as clock and other systematic biases. These con-
siderations highlight the robustness of the methodology while leaving room for further re-
finement to enhance its accuracy and applicability.

In addition, the proposed methodology employs a cost-effective experimental configuration,
using a single RHCP antenna mounted on a gyrocopter. This setup is not only innovative but
also reproducible and accessible for researchers aiming to adapt it for various applications.
For example, it could be expanded by incorporating an additional LHCP antenna to enable
complementary observations, such as those used in water body detection (Issa et al., 2021).

RQ 1.2: What is the influence of surface roughness (sea state) on airborne GNSS-R meas-
urements, and how does this affect the Doppler spread and phase coherence?

Surface roughness, as influenced by sea state, plays an important role in determining the
behavior of GNSS-R signals, particularly considering Doppler spread and coherent phase re-
trievals. Based on the Rayleigh criterion, the transition from specular reflection to diffuse
scattering depends on factors such as signal wavelength, surface roughness, and elevation
angle. These factors also impact whether phase observations remain coherent or become in-
coherent. The phase observable is fundamentally tied to the Doppler shift, which represents
the rate of change in phase over time and serves as a key metric in this analysis. This disser-
tation demonstrated that Doppler spread from the reflected signal, closely associated with
the randomness of ocean wave facets causing diffuse scattering (Elfouhaily et al., 2002), pro-
vides not only information about sea state conditions but also acts as an indicator of phase
coherence from which the inversion of the ZTD was possible. When Doppler spread exceeds
a certain threshold, it reflects a transition from coherent to incoherent phase observations.
However, it is not only the sea state that influences Doppler spread changes. Residual effects,
such as those coming from trajectory variations of the airborne receiver after geometric path
corrections, can also have a significant impact.

In the context of airborne GNSS-R over coastal waters, this study showed that under wind
speeds of approximately 3 m/s and significant wave heights of ~0.3 m, Doppler spread values
exceeding 0.5 Hz corresponded to segments of phase observations where coherence was lost.
These findings denote the relationship between surface roughness, signal scattering behav-
ior, and phase coherence, emphasizing the importance of understanding and mitigating these
factors to enhance the reliability of airborne GNSS-R observations.

RQ 2.1: How do varying ionospheric conditions, including slant TEC and F-layer peak
height variations, affect spaceborne GNSS-R signal delays and Doppler shifts at grazing
angles?

Regions experiencing higher solar radiation and periods of increased solar activity exhibit
greater variations in ionospheric conditions, particularly in slant Total Electron Content and
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electron density distribution. These variations are influenced by geographic location and di-
urnal cycles, leading to pronounced effects on electromagnetic wave propagation. Such im-
pacts are evident not only in other GNSS-based applications but also in GNSS reflectometry,
where the interaction between ionospheric irregularities and signal propagation is critical.

In GNSS reflectometry, the observation geometry plays a crucial role. This study addresses a
notable knowledge gap in understanding ionospheric impacts at grazing angles observa-
tions.

Each observation involves three primary ray paths: incident, reflected, and direct. Since
GNSS-R signals are inherently relative (the reflected signal relative to the direct signal), the
contribution of each ray path significantly influences the overall retrieval. This study ad-
dresses the knowledge gap in ionospheric impacts at grazing angles. At very low elevation
angles during daytime, the direct signal traverses a longer path through the ionosphere, par-
ticularly through regions with high electron density concentrations, including the F1 and F2
layers that predominantly form during daytime. This geometry results in a more considera-
ble delay for the direct signal compared to the combined contributions of the incident and
reflected rays, showing the complex interaction between ionospheric structure and observa-
tion geometry.

In the very-low elevation range (below 10°), geometric effects become increasingly signifi-
cant, amplifying the ionospheric impact across all analyzed regions. This leads to higher
sTEC values, particularly in the tropics, where the direct signal exhibits the highest variabil-
ity, emphasizing the strong influence of equatorial ionospheric dynamics. As a result, these
regions experience larger relative ionospheric delays, extending from approximately ~22 m
under LSA up to ~75 m under HSA for L1 signals. Similarly, Doppler shifts range from +2 Hz
in LSA to +4 Hz in HSA, reflecting the stronger ionospheric influence depending also on sea-
sonal variations. In contrast, polar regions, which are exposed to less direct solar radiation,
exhibit reduced first-order ionospheric effects on GNSS-R signals. This results in smaller ion-
ospheric delays and less pronounced Doppler effects, highlighting the spatial variability of
ionospheric influence across different latitudes.

These results show the spatial and temporal variability of ionospheric conditions, highlight-
ing the challenges and opportunities for GNSS-R observations at grazing angles across dif-
ferent latitudinal regions. The described dynamics provide insights into how ionospheric var-
iations impact signal delays (Figure 3.7) and Doppler shifts (Figure 3.8), underscoring the
importance of considering regional ionospheric behaviors for accurate GNSS-R retrievals and
atmospheric studies from grazing angle observations.

RQ 2.2: To what extent can ionospheric delay be characterized and modeled to improve
the accuracy of GNSS-R applications at grazing angles?

This dissertation conducted a comprehensive characterization of ionospheric effects on
spaceborne GNSS-R observations at grazing angles, leveraging empirical 3D ionospheric
models for single-frequency applications correction. This foundation was further validated
using PRETTY mission observations, showing consistent agreement between the modeled
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ionospheric delays and the observed data, even under challenging geometric configurations.
The analysis successfully demonstrated that these models, including NEDM2020 and Ne-
Quick could effectively provide valuable tools for mitigating first-order ionospheric effects
on GNSS-R products, provided the associated uncertainties are properly considered.

The study characterized ionospheric effects based on parameters such as geographical re-
gions, grazing elevation ranges, solar activity levels, diurnal variations, and rising or setting
events. These results provide two significant insights:

Extent of lonospheric Correction Feasibility: The findings demonstrated that first-order iono-
spheric delays can be effectively corrected using empirical models, but with inherent uncer-
tainties of approximately 30% (Subirana et al., 2013). Under adverse conditions and extreme
geometries, these uncertainties can lead to altimetric errors at the meter level. However, these
errors can be reduced to decimeter levels as the elevation angle increases. This underscores
the importance of understanding the limitations of ionospheric corrections and their impact
on GNSS-R applications, such as surface height retrievals.

Strategic Data Collection for Future Missions: The results provide critical insights for planning
future GNSS-R missions. For instance, they help identify optimal regions, solar activity peri-
ods, and daytime intervals where ionospheric impacts are minimized, depending on the mis-
sion’s objectives. This is particularly relevant for missions like PRETTY, which focus on ocean
and sea-ice height retrievals and are limited to recording data for only 30 minutes per day.
Strategic planning of data collection is essential to maximize the quality of observations while
minimizing the influence of ionospheric effects to enhance the reliability and accuracy of
GNSS-R products.

RQ 3.1: How accurately can spaceborne single-frequency GNSS-R data be used to estimate
ionospheric delays at grazing angles?

Code delay estimations provide a robust approach for retrieving absolute pseudorange in-
formation. This advantage is particularly favorable when using wideband signals such as the
L5/E5 GNSS signals, which allow for the accurate estimation of relative ionospheric delays.
In this study, relative deviations between grazing angles observations and 3D electron den-
sity models ranged from 0.5% to 18%, depending on solar activity conditions, demonstrating
the reliability of this method.

As expressed in the model of Equation (2.19) the relative delay, expressed in this case as the
observed code delay, comprises contributions from the geometric range, tropospheric delay,
instrumental biases, and unmodeled or mis-modeled errors, as well as noise. Accurate esti-
mation of ionospheric delays requires effective correction for these contributions. This study
demonstrated proper agreement between observations and models, confirming the success-
ful application of atmospheric delay correction methodologies.

Table 4.1 provides an overview of the mean and standard deviation values for the estimated
relative ionospheric delay, the tropospheric delay correction, and the observation error esti-
mation based on the residuals from the fitting process, all expressed in meters. The PRETTY
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observations in the Arctic region enable the collection of data within the sensitive elevation
range of 1°-5°, further emphasizing the importance of grazing-angle observations for charac-
terizing ionospheric and tropospheric effects in GNSS-R.

Table 4.1 Statistics of estimated relative ionospheric delay, tropospheric delay correction and observation preci-
sion by elevation range.

Elevation
1°-5° 5°-10° 10°-15°
Trop. Iono. Obs. Trop. Iono. Obs. Trop. Iono. Obs.
F10.7 mean 73.26 -14.02 - 37.16 0.21 - 2444 10.82 -
<190 std 18.10 407 345 619 407 292 059 067 627
F10.7 mean 73.20 -15.51 - 36.13 0.13 - 2238 10.01 -
>190 std 18.51 534 3.89 612 534 159 175 262 0.65

Corrections for geometric delays using an internal digital elevation model to were needed to
accurately locate the specular point. Additional surface corrections accounted for Earth’s cur-
vature and geoid undulations, ensuring precise geometric modeling. Tropospheric correc-
tions are implemented using a ray tracing approach validated for low uncertainty, effectively
isolating the relative ionospheric delay component. Although, the ionospheric delay estima-
tions still contain some unmodeled errors and noise, they exhibit alignment with values de-
rived from 3 different electron density models, confirming the reliability of the approach.

These findings confirm that single-frequency GNSS-R observations at grazing angles can pro-
vide reliable atmospheric delay estimations, even under extreme geometric configurations.
This capability supports the potential of getting accurate slant TEC estimations, contributing
significantly to ionospheric studies and enhancing GNSS-R applications such as altimetry
and atmospheric monitoring.

RQ 3.2: What insights can be gained into the ionospheric structure from analyzing space-
borne GNSS-R observations at grazing angles?

The initial simulation study in Paper 2, provided a foundational understanding of the ex-
pected ionospheric effects and vertical structure variations at grazing angles ranging from 5°
to 30°, coming from the diurnal variations of the ionosphere. Observations from the PRETTY
mission extended this range, offering data at elevation angles as low as 0.01°. This unprece-
dented capability revealed key aspects of both tropospheric and ionospheric effects on GNSS-
R signals.

From a tropospheric perspective, the direct signal’s contribution to the delay was negligible
above 1° of elevation. Below this threshold, however, its influence became significant, with
the direct ray tropospheric delay reaching values of approximately 100 m. On the ionospheric
side, observations revealed a distinct pattern: the direct ray’s delay increased with decreasing
elevation angle until reaching its maximum at an elevation of 3°. Beyond this point, its con-
tribution began to decrease, while the relative ionospheric delay, dominated by the direct
signal, reaches its maximum (negative value) at the same elevation. At this critical elevation,
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the direct signal accounted for approximately 60% of the total ionospheric delay, highlighting
the significance of its role at very low elevation angles.

Furthermore, by applying Chapman layer fitting to GNSS-R-derived relative ionospheric de-
lays, it is possible to retrieve key parameters of the ionospheric F-layer, including the peak
electron density and peak height, which ranged from 307 to 367 km. These values agree with
expected conditions for high-latitude regions under high solar activity levels (F10.7 = 150-
250). This analysis provides valuable initial insights into the potential of GNSS-R code delay
observations for characterizing ionospheric parameters, as the retrieved peak heights show
strong consistency with ground-based measurements from ionosondes and EISCAT stations.

Finally, as shown in Figure 3.12, a cancellation point is observed in the relative ionospheric
delay, defined as the elevation angle where the contributions from the direct and combined
incident-reflected signal paths cancel each other out. Simulations employing a Chapman
layer model for the F-layer revealed a strong correlation between the elevation angle of the
cancellation point and the height of the F-layer peak. Specifically, higher F-layer peak heights
are associated with higher elevation angles at which the cancellation point occurs. This find-
ing opens new perspectives for utilizing GNSS-R observations at grazing angles to infer the
vertical structure of the ionosphere. Moreover, it suggests that the cancellation point could
serve as a proxy for estimating the F-layer peak height

4.2 Future Research

Airborne experiments remain a crucial and cost-effective tool in GNSS-R research. They ena-
ble the testing of concepts and the refinement of theories or models on moving platforms,
which can then be extended to satellite-based applications. The airborne configuration im-
plemented in this study demonstrated good performance; however, it was performed over
coastal water, limiting its applicability to certain scenarios. To broaden the scope, comple-
mentary and diverse airborne configurations could be implemented to focus specifically on
tropospheric studies. Future research could explore diverse airborne configurations focusing
on tropospheric studies, extending the ZTD estimation methodology to inland water bodies,
rougher seas, or sea ice regions to assess robustness and adaptability

While the ZTD estimations derived during this study accounted for approximately 90% of
the tropospheric delay by considering only the dry component, future efforts could focus on
integrating and validating models for the wet component of the tropospheric delay. This
would allow for a more comprehensive estimation, especially under varying meteorological
conditions, such as high humidity or extreme weather events.

For ionospheric studies, the empirical models used in this dissertation are climatological, de-
scribing the average behavior of the ionosphere under quiet geomagnetic conditions. To ex-
tend the understanding of ionospheric effects in GNSS-R and establish the technique as a
reliable tool for atmospheric monitoring, future research could explore geomagnetic influ-
ences and scintillation at low elevation angles. Spaceborne GNSS-R observations, with their
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rapid movement and broader coverage, offer a unique opportunity to investigate irregular
electron density structures, such as traveling ionospheric disturbances.

The temporal and spatial evolution of the ionosphere could also be studied using longer-term
data from GNSS-R constellations like CYGNSS or Spire. This would enable the analysis of
seasonal effects and events under high space weather conditions. Additionally, PRETTY’s
data could be refined further by incorporating precise orbit solutions for GNSS and low-Earth
orbit (LEO) satellites, GNSS satellite clock corrections, and high-resolution ocean and sea ice
surface height models. Complementary validation against ground-based observations, such
as GNSS-TEC measurements or ionospheric data from ground stations in another geographic
location, would strengthen the reliability of the derived ionospheric delays. PRETTY’s pro-
grammable observation capability allows for collocation with ground-based observations or
other spaceborne GNSS-R missions, offering opportunities for comparison and validation.

The ionospheric parameters derived from the Chapman layer fitting approach and the ob-
served cancellation point in the relative ionospheric delay were examined under specific con-
ditions, such as similar local times in Arctic regions. Future studies could explore their
broader applicability by considering factors such as diurnal and seasonal variations in the F-
layer peak height (h,,), horizontal ionospheric gradients, and the sensitivity to GNSS-R ge-
ometry. These aspects are particularly relevant, as they can influence the accuracy of estimat-
ing the cancellation point and its potential as a proxy for retrieving the vertical structure of
the ionosphere.

Further investigations into h,, could also contribute to its integration into ionospheric models
through data assimilation techniques. Given the findings of this dissertation, which reveal,
for instance, the sensitivity of relative ionospheric delays and cancellation points to variations
in h,,, incorporating the GNSS-R-derived estimates into 3D electron density models could
enhance their predictive capabilities. Future studies could focus on refining retrieval methods
for estimates h,, from GNSS-R observations, particularly at grazing angles, and developing
assimilation strategies to integrate these estimates into ionospheric models. Additionally, an-
alyzing seasonal, latitudinal, and solar activity-dependent variations in h,, would help to
assess its impact on GNSS signal propagation. Validation against independent datasets, such
as ionosonde and radio occultation measurements. Integrating F-layer peak height variations
into ionospheric models would improve ionospheric delay corrections for GNSS-based ap-
plications, including remote sensing, space weather monitoring, and precise positioning tech-
niques.

Another promising avenue for research involves combining PRETTY single-frequency
GNSS-R code and carrier phase observations to estimate TEC, which is currently under in-
vestigation. This approach could be compared or validated against dual-frequency data to
assess accuracy and enhance reliability.

Finally, as demonstrated in this dissertation, both the ionosphere and troposphere exhibit
complex interactions with GNSS signals. Although theoretical and physics-based founda-
tions provide a solid basis, long-term datasets and advancements in machine learning (ML)
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and deep learning (DL) could bring significant advantages. For example, physics-informed
ML models could be employed to investigate residual biases in atmospheric estimations, and
address unmodeled errors and noise. These innovative approaches may unlock new possi-
bilities for enhancing GNSS-R applications in atmospheric and geophysical studies, as
demonstrated in ocean wind speed retrievals (Asgarimehr et al., 2022) or soil moisture esti-
mation (Roberts et al., 2022) using DL approaches. However, achieving these advancements
requires the availability of large, stable, and consistent datasets to effectively train and vali-
date data-driven models.
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Abstract: High-precision GNSS (global navigation satellite e system) measurements can be used
for remote sensing and nowadays play a significant role in atmospheric sounding (station data,
radio occultation observations) and sea surface altimetry based on reflectometry. A limiting factor of
high-precision reflectometry is the loss of coherent phase information due to sea-state-induced surface
roughness. This work studies airborne reflectometry observations recorded over coastal waters to
examine the sea-state influence on Doppler distribution and the coherent residual phase retrieval.
From coherent observations, the possibility of zenith total delay inversion is also investigated,
considering the hydrostatic mapping factor from the Vienna mapping function and an exponential
vertical decay factor depending on height receiver changes. The experiment consists of multiple
flights performed along the coast between the cities of Calais and Boulogne-sur-Mer, France, in
July 2019. Reflected signals acquired in a right-handed circular polarization are processed through
a model-aided software receiver and passed through a retracking module to obtain the Doppler
and phase-corrected signal. Results from grazing angle observations (elevation < 15°) show a
high sensitivity of Doppler spread with respect to sea state with correlations of 0.75 and 0.88 with
significant wave height and wind speed, respectively. An empirical Doppler spread threshold of
0.5 Hz is established for coherent reflections supported by the residual phase observations obtained.
Phase coherence occurs in 15% of the observations; however, the estimated zenith total delay for the
best event corresponds to 2.44 m, which differs from the typical zenith total delay (2.3 m) of 5%.

Keywords: GNSS reflectometry; sea state; Doppler spreading; zenith total delay; coastal zones

1. Introduction

Climate change is one of the foremost topics of study within many fields in the scientific
community. Different studies have been carried out in recent decades to determine the
possible risks and hazards and their impact on humans and their environments. One of the
most important parameters for climate change monitoring is the variability and changes in
oceanic waters, particularly in coastal areas. There are two main parameters investigated
in coastal sea surface variability. First, the sea-level change is primarily caused by global
warming, which generates thermal expansion due to increasing seawater temperatures, the
melting of sea ice and glaciers, and the loss of the terrestrial ice mass in Greenland and
Antarctica [1]. Second, the sea state is the description of waves generated by the wind,
including their height, direction, and period [2], where the wind—wave component can
represent considerable changes in sea level along coasts [3,4].
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Common techniques for sea-level and sea-state monitoring comprise tide gauges
and buoys that generate precise in situ observations but sparse coverage and, therefore,
limited spatial resolution. For global scale, satellite altimetric missions with temporal
resolution between 6 and 12 days allow high-accuracy sea-level data in open water but
reduced performance in coastal zones due to specific wind—wave influence on the sea
surface and the combination of sea waters and land at shorelines [5]. In 1993, the European
Space Agency (ESA) proposed a multistatic radar concept that relies on the use of global
navigation satellite system (GNSS) signals with an interferometric approach, combining
the direct signal with the signals reflected off the Earth’s surface to retrieve sea surface
height [6]. This technique is called nowadays GNSS reflectometry (GNSS-R). Figure 1
depicts a schematic representation of GNSS-R.

—p Direct Signal

Tx - = Reflected Signal

- Path Difference

GNSS Satellite
Rx

Receiver

Figure 1. Scheme of GNSS-R configuration. Ty is the GNSS satellite transmitter. Ry is the receiver
installed in a ground-based or moving platform. E;;,. and E,, 71 are the satellite incident and reflected
elevation angles. The reflection point where the incident and reflected angle are the same is called
the specular point SP. A is the excess path that the reflected signal travels with respect to the
direct signal.

Currently, GNSS-R has shown the capability of retrieving not only sea surface height [7-9],
but also further applications, such as sea ice [10-12] and soil moisture detection [13-15]. For
sea-state retrievals, represented by wind speed (WS) and significant wave height (SWH),
different methods have been proposed in the literature. For example, in [16], the WS is
retrieved by relating the waveforms (delay mapping) of the reflected signals to mean square
slopes, which are comprised in a theoretical model from a bistatic radar equation (BRE).
As the Doppler spreading effect impacts significantly the sea-state retrievals, for more
accurate measurements, the paper also suggested the use of one of the main observables
in GNSS-R, the delay-Doppler map (DDM), which represents the scattered power as a
function of the time delay and Doppler frequency shift. Consequently, multiple studies have
investigated the relation of the DDM and the sea surface roughness from ground-based
experiments [17,18] or using satellite reflectometry data [19,20].

Water-surface-level monitoring is also a topic widely studied in GNSS-R. Mainly,
determining the reflecting surface height requires modeling the interaction of the reflected
signal with the water surface, modeling the signal propagation when passing through the
atmosphere, and comparison between the observations and the modeled or ancillary data.
The signal propagation modeling comprises a signal delay as electromagnetic waves pass
through the atmosphere due to changes in medium density. The troposphere accounts for
approximately 80% of the atmospheric delay, which is referred to as tropospheric delay.
For coastal sea-level studies, from ground-based data, the tropospheric delay has been
commonly disregarded apparently because of the lack or insignificant tropospheric effect
seen in the data due to the small height of the reflecting surface. However, based on
the results in [21], the correction of tropospheric delay is strongly advised regardless of
the antenna height with respect to the sea surface, as it represents a scale error in the
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measurements. The correction of tropospheric delays has been applied in GNSS-R altimetry
retrievals in different studies. In [22], tropospheric correction was carried out by ray tracing
using atmospheric refractivity profiles. A complementary approach was used in [23] for
ray tracing the tropospheric refraction over a spherical Earth. In [24], a combination of
zenith delay from GNSS positioning and Neill’s mapping function was implemented for
tropospheric delay corrections. From airborne data, an improvement of about 0.7 m was
found in the sea surface height inversion in [25] after removing the tropospheric delay
based on the model proposed in [26].

This study examines the occurrence of high-precision phase delay information for
airborne reflectometry based on the Doppler spreading estimations under the condition of
various sea states in coastal waters. In addition, the paper investigates the possibility of
inversion of the zenith total delay at the reflecting surface level from coherent observations
and using the Vienna mapping function. Multiple flights were conducted along Opal Coast
between the cities of Calais and Boulogne-sur-Mer, France, in the North Sea. A software
receiver based on [27] processes the direct and reflected signals. The reflected signals
are retracked, aided by the signal path difference between the direct and reflected links
retrieved from a specular reflection geometrical model [28]. The residual phase observable
is computed from the I and Q components of the retracked signal, and the power spectral
density (PSD) allows us to obtain the residual Doppler shift to estimate the Doppler spread,
which is closely related to the randomness of ocean waves [29]. The inversion of the zenith
total delay comprises the linear regression of the coherent residual phase on the hydrostatic
mapping factor multiplied by an exponential vertical decay part depending on height
receiver changes.

The paper is organized as follows: Section 2 describes the experiment conducted in
July 2019. It includes the study area description and the used platform and antenna setup.
Section 3 contains the data set collected, the methods implemented, and the processing
steps. Section 4 presents the result analyzing the sea-state conditions and the Doppler
spread limit considered for coherent observations. Finally, Section 5 discusses the findings,
limitations, and possible further applications based on the presented methodology.

2. Experiment

An airborne GNSS-R measurement campaign was carried out in July 2019. Four
flights following the same trajectory were performed on the 12th, 15th, 17th, and 19th
along the Opal Coast in the North Sea between the cities of Calais and Boulogne-sur-Mer,
France. The total length trajectory over the ocean was ~95 km with a duration of ~1 h
each flight. To ensure a transmitter-surface-receiver geometry that includes most of the
reflection measurements over the sea surface and near the coast, GPS signals coming from
the westward direction (azimuths between 180° and 360°) were selected for the analysis.
Besides, due to the loss of most of the GPS satellites in the tracking step along the west-to-
east flight segment or insufficient reflection events over the sea surface, the north-to-south
segment was analyzed in this study (highlighted in orange in Figure 2, right). In the
north-to-south flight segment, it was possible to retrieve continuous reflection tracks from
the chosen satellites G1, G7, G8, G10, G11, G16, G18, and G30.

The sea-state variations in the study area, given by the mean value of wind speed
(WS), wind directions, and significant wave height (SWH), are presented in Table 1. These
parameters are obtained from the ECMWEF ERA5 model along the flight trajectory. The
lowest sea state can be observed on 17 July 2019.
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Figure 2. (a) GPS satellites” sky plot at Cap Gris-Nez on 17 July 2019. (b) Experiment location and
flight trajectory from Calais to Boulogne-sur-Mer. The flight trajectory consisted of two legs, one at
700 m from the coastline and the second at 2000 m.

Table 1. Sea-state parameters during the measurement campaign.

Date Wind Speed (m/s) Wind Direction (deg) SWH (m)
12 July 2019 5.49 117 0.30
15 July 2019 4.29 67 0.58
17 July 2019 2.92 204 0.26
19 July 2019 6.50 240 0.55

The used platform was a gyrocopter, an ultralight and very stable aircraft. The flight
altitude was ~780 m above sea level at a speed of ~90 km/h. The setup consisted of one
antenna to acquire the direct and the reflected signal in a right-handed circular polarization
(RHCP) similarly as presented in [30]. The antenna was linked to two receivers: a Syntony
Echo-L receiver for the record of raw GPS L1 signals used for reflectometry and a Javad
Delta GNSS receiver for the record of RINEX messages for precise trajectory solution in
postprocessing. The antenna was mounted on the aircraft tilted ~43° with respect to the
zenith direction, as it is shown in Figure 3.

Figure 3. Antenna setup on board of the aircraft. (1) Right-hand circular polarized GNSS antenna,
(2) receiver for reflectometry, (3) receiver for navigation, and (4) Extra GPS+INS Drone flight control.

3. GNSS-R Data and Methods
3.1. Data and Processing

The receiver Syntony Echo-L is capable of recording GPS L1 signals sampled at a
frequency of 16.368 MHz. Four raw datasets were obtained for each day and classified
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as data level 0. The duration of each set was ~18 min, which corresponded to the north-
to-south segment of the trajectory to obtain reflection points on the sea surface from GPS
satellites located in the west-side sky. Data level 1 included the complex direct and reflected
signals, that is, the in-phase (I) and quadrature (Q) components after the tracking and
retracking process at a rate of 50 Hz. Data level 2 comprised the power peak, and relative

Doppler shift and Doppler spread (Uf) estimates of the residual reflected signal every 10 s
from the power spectral density. The processing flowchart is shown in Figure 4.

Path difference
modeling [m]

Direct signal tracking | Delay, Doppler,| Model-aided reflected signal L Delay

(20ms integration) tracking (20ms integration)

l

I Direct signal filtering I

Doppler (phase
Retracking (Doppler removal) «----- ppler (phase)

Complex Direct signal (1,Q) I Complex Reflected signal (1,Q)
I |

Co-Polar Reflectivity PSD retrieval (10s) |

[
) ) '

Doppler shift Doppler spread PSD peak power

Figure 4. Signal processing flowchart.

3.1.1. Geometrical Path Difference Model

The specular point positions and the path difference between the direct and reflected
signals are derived according to [23]. A geometrical model is implemented to characterize
specular reflections considering surface curvature. This model requires the transmitter
(Ty) and receiver (Ry) positions in an Earth-centered Earth-fixed (ECEF) frame. The Ty
position is calculated from the broadcasted ephemeris. The R, position is calculated
by postprocessing using the nearby permanent GNSS antennas of the French National
Institute of Geographic and Forest Information (IGN) network as reference stations. The
Earth’s curvature is modeled assuming a spherical surface. The latter is associated with
the osculation sphere tangent to the ellipsoid World Geodetic System 1984 (WGS-84) in a
reference specular point. From this point, an iterative process using different concentric
sea levels (osculating spheres radii) is set until finding the sphere that best fits with the
ellipsoid and satisfies that the incident angle equals the reflected angle (specular reflection).
Once the final specular point (SP) is defined, a geoid undulation correction is applied using
the EIGEN-6C2 model [31]. The link Ty — SP — R, is established as the reflected path LR.
The direct path is modeled from the Ty — Ry link and is defined as LD,

The path difference is given by the residual between the reflected and direct path,
Ap(t) = LR(t) — LP(t), with changes over time mainly influenced by the passage of the
GNSS satellite changing its elevation and the aircraft trajectory. Tropospheric and iono-
spheric delay corrections are disregarded for the geometrical path model. The optical path
considering tropospheric delay using the International Standard Atmosphere parameters
is implemented for the residual phase analysis in Section 4.2. Figure 5 shows the tracks
of specular points retrieved from the geometrical difference path model on July 17 for the
8 satellites analyzed.
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Figure 5. Specular point tracks for satellites 1,7, 8, 10, 11, 16, 18, and 30 in the north-to-south segment
from Cap Gris-Nez and Boulogne-sur-Mer on 17 July.

Considering a smooth reflecting surface, the spatial resolution of GNSS-R measure-
ment can be linked to the first Fresnel zone [32]. The footprint associated with the first
Fresnel zone is the active scattering region where most of the energy is reflected. The size
of this ellipsoidal footprint is given by its major and minor axes, depending on the GPS L1
wavelength, satellite elevation, and receiver height [33]. In this experiment, the major and
minor axes correspond to 950 and 55 m, respectively, for satellite elevation angles of 4°. For
elevation angles of 70°, the axes correspond to 14 and 13 m, respectively.

3.1.2. Tracking and Retracking

The software receiver is constructed according to [27] to derive the in-phase and
quadrature components of the reflected signal , IX and QF, after the tracking stage
(Equations (1)—(8) may be found in [27] with changes in notation). The direct and reflected
signal, SP and SR, respectively, are defined by:

D = ADCA(t - TD(t)) sin(anDt - 4>D(t)) +4P(t) )

SR = ARCA(t=7P(t) = A (1) /c) sin (27 fPt — 9P () — (1)) + 1R (1) )

where the amplitudes of the direct and reflected signal are given by AP and AR. CA is
the code-division multiple access (CDMA) broadcasted by the GPS satellites. The code
delay of the direct signal is represented by T2, and fP and ¢P are the frequency and phase
delay. 7P and #R are zero-mean Gaussian noises. The path difference between the direct
and reflected signal is represented by A, and c is the speed of light. The difference in the
phase between the direct and reflected signal is denoted by 1.

The tracking module processes the signals by means of delay, phase, and frequency
locked tracking loops (DLL, PLL, and FLL) with an integration time of 20 ms. Refined
estimates of T2, f D and 4)D are provided after the tracking of the direct signal. With the
estimates, the local replica of the direct signal is constructed and expressed by the in-phase
and quadrature components as follows:

plP(t) = CA (t - TD(t)) sin(anDt - ng(t)) 3)

pQP(t) = CA (t - TD(t)> cos(Zrcht - ¢D(t)> )
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After the demodulation of the reflected signal with the local replica of the direct signal,
its components, I(If and Q(If, can be obtained by:

(k+1)T,

f= [ sRwptP (tar ©)
k T,
(k+1)Te

Q=) SHHpOP (6)

where k is the measurement index, and T; corresponds to the coherent integration time used
in the direct signal tracking stage (20 ms). Making use of the geometrical path difference
model, the I} and QX components are finally given in Equations (7) and (8), where 17,£

and 77]((2 are two independent zero-mean Gaussian noises and A( ) models the normalized
correlation function of the CDMA code.

AR

Iy = 7A(—Ap,k/c) cos(—1) + 11 @)
AR

Qf = S-A(=Bpu/e) sin(~) + 1 ®

The removal of the data bits on I} and QF components is performed by using the sign
function of the in-phase component of the direct signal [28] as follows:

D = sign (1(?),15 = I’D, QR = QRD ©)

The complex representation of the resulting reflected signal is given by its phasor,
R = IR +iQR. Subsequently, a moving mean filter is applied to extract the higher
frequency component of the reflected signal and remove the low-frequencies contribution
of the direct signal. The complex reflected filtered signal is given by vX = IR +iQR.
The phasor R is passed through a retracking module based on [28] to correct the time
variations of the transmitter and receiver trajectory, the elevation angle, and the reflecting
surface height.

The signal retracking starts by modeling the phase difference ¢ from the path differ-
ence model A,. With A as the wavelength of the GPS L1 signal (~0.1904 m), the phase
difference is obtained by:

27TAP
1pp:mod< 5 ,271) (10)

The phasor representation of the phase difference is built from:

Tp = exp (i) (11)
Finally, the retracked reflected signal denoted as the residual phasor R reads:
=1 (12)
= R =1R+iQR
where * denotes the complex conjugate of the modeled phasor of the residual phase.

3.1.3. Spectral Retrievals

In addition to the signal as amplitude in the time domain, the PSD is used to reveal
the power distribution of the residual retracked signal in the Doppler domain. We proceed
as described in [34], and the PSD is defined by the Fourier amplitude as a function of
the Doppler shift f of the reflected signal, I'(f) := |§{ 7R} (f)|, where §{} denotes the
Fourier transformation.
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The power spectral density is computed every 10 s for each satellite. Figure 6 shows
the PSD of the reflected signal after the filtering (yX) and after retracking step (7R) for the
GPS satellites PRN 30 (E: ~ 9°) and PRN 8 (E: ~ 65° ) on two different days, 17 July
2019 and 19 July 2019, the lowest and highest sea state, respectively.

2019/07/17 2019/07/19
x10°  PRN:30 (E:10°—8°) %102 PRN:30 (E:9.7°—7.3°)
* R _____ R
15 Ia . 15 3 !a r
AR R
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Figure 6. Power spectral density for low- and high-elevation satellites. The blue dot denotes the
locations of the peak maxima. The wide distribution of the observed Doppler shift (red line) has been
corrected in the retracking step (yellow line), yielding a narrower Doppler shift distribution.

In satellites with low elevations, a sharp spectrum with a noticeable peak is depicted.
In contrast, high-elevation satellites show a spread spectrum with resulting peaks in the
noise level. The effect of the sea state can be seen in PRN 30 on 19 July. In the presence of a
higher sea state, the spectrum gets wider, losing its defined peak even when the elevation
of this satellite is lower than on 17 July.
From each spectral retrieval integrated over 10 s, the five highest peaks of the spectrum
fj ( f]) are selected, and the respective Doppler frequencies f; are retrieved from the x-axis
location of the peaks in the spectrum. The Doppler spread oy is estimated by computing the
standard deviation of the five frequencies obtained in the step before. Figure 7 shows the
power and the residual Doppler frequencies of the retracked signal on a logarithmic scale,
including the elevation of the 8 satellites for each day. Low-elevation satellites concentrate
in the center of the spectrum toward the relative frequency much more prominently on
days of the lower sea state. The opposite is the case with high-elevation measurements,
which become more distant. In addition, there is a reduction of peak power on days when
the sea state is higher.
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Figure 7. Doppler shift and power of the residual retracked signal. Elevations are represented by
the color bar. The lower the elevation and the sea state, the lower the Doppler shift and the higher
the power. The higher the elevation and the sea state, the higher the Doppler shift and the lower the
signal power. The mean f and standard deviation s ¢ of the Doppler shift are shown in the upper-right
corner for each day.

3.1.4. Residual Phase Retrieval and Tropospheric Residual Model

Based on the phasor 9® in Equation (12), a residual phase path after retracking is
obtained. The observed residual phase Ay of the retracked reflected signal is computed
as follows:

Ap = % («farg{+*}} +N) (13)
where arg{} denotes the phase argument (defined between —7 and + ) and U{ } is the
unwrapping operator to reconnect the phase argument by adding £27r when jumps greater
than 77 occur. The ambiguity N remains unknown, and the factor % is applied to obtain the
residual phase in path difference representation. The phase residual has been corrected for
geometric components of the differential path (reflected signal relative to a direct one). It
can be expected that troposphere residuals remain in the phase after retracking. Especially,
the rather long propagation paths in the troposphere at grazing elevation (<15°). The
modeled tropospheric residual Ay, is obtained by the difference of the optical difference
path, Agpt, using ray tracing as described in [23], assuming here the refractivity of a standard
atmosphere [35] and the geometrical path difference A,.

Atro = Aopif - Ap (14)

3.1.5. Zenith Total Delay Inversion

Similarly, as in GNSS processing for positioning and navigation applications, tropo-
spheric propagation delay is an error source in GNSS-R. As presented in [36], the difference
path delay between the path length of the reflected and the direct signal includes the zenith
tropospheric delay that, multiplied by a mapping function, gives the differential tropo-
spheric delay. According to [24], the tropospheric delay at position P can be expressed as:

pho = my,-ZHD + myy-ZWD ~ my,,-ZTD (15)

where my,, and my,, are hydrostatic, and the wet mapping functions, ZHD and ZWD, are
the zenith hydrostatic and wet delays. Therefore, p!, can be approximated by the product
of the hydrostatic mapping factor and the zenith total delay, ZTD, as the hydrostatic part
accounts for 80-90% of the total delay. Assuming spherical symmetry in the atmosphere,
the differential tropospheric delay pf, is twice the delay experienced between the specular
point and the receiver [24]. An estimation of the delay at the specular point level is needed
since there is no receiver in that location. Therefore, it is assumed that receiver height
variations imply variations in the ZTD, so a height-dependent factor with exponential
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vertical decay, /i, is included in the modeling. Finally, the approximation of the differential
tropospheric delay is given by:

__H
Pivo = 2 ZTD — N= 2my,, (1 — e Ticae ) ZTD — N (16)

where H is the height of the receiver, and hg.,, is the scale height of the troposphere,
assumed to be ., = 7160 m [24]. The hydrostatic mapping factor my,, has been calcu-
lated from the Vienna mapping function (VFM3) [37,38], a discrete mapping function that
employs the zenith distance (90° — E), coordinates of the receiver, and day of the year.

As stated above, after the retracking step, troposphere residuals are expected in the
residual phase from coherent observations. Thus, phase observations are used to inverse
the ZTD by using the linear regression approach in the form y = ax + b. The dependent
variable y corresponds to phase observations Ay. From Equation (16), the term 2m, ;¢
represents the independent variable x; the ZTD is represented by a, which is the slope of
the fitting line after the regression; and b is the intercept, which is linked to the unknown
phase ambiguity N (see Equation (13)).

4. Results
4.1. Results on Residual Doppler Spread

The distribution of the Doppler spread on the four respective days is shown in Figure 8.
For WS and SWH higher than 2.92 m/s and 0.26 m, respectively, the mean values of the
Doppler spread are between 1.64 and 2.53 Hz with a dispersion that increases as the sea
state increases. On the other hand, on 17 July, the mean Doppler spread value is 0.5 Hz,
and the estimates are located close to this value, that is, a relatively low Doppler dispersion
according to a calm sea for that date.

10k oy = 1.64 a; = 2.30 a; = 0.50 o; = 2.53
Sop = 1.60 Sq, = 1.94 Sqp = 1.10 Sop = 1.67
CO | | I
= 6f | | -
o) 4 4
2r / \ 3‘\‘ I .
!_7_,/) 6‘\\_‘7 <

2019/07/12  2019/07/15  2019/07/17  2019/07/19

Figure 8. Doppler spread distribution for each flight day. Mean values of the Doppler spread 7y and
the standard deviation s,;, are shown above each violin plot for each day. The mean value of the
highest sea-state day is 2.53 Hz, while the lowest sea state represents a mean value of 0.5 Hz.

As discussed in Figure 7, there is a dependence between the Doppler shift and sea
state depending on satellite elevation. Similarly, as presented by [39], to reduce the satellite
elevation effect and represent sea-state impact on the residual Doppler shift, f is multiplied
by a mapping factor of 1/ sin(E) to obtain the mapped Doppler shift f,. Figure 9 shows the
mapped Doppler spread oy, for each day of measurements in the study area. The results
show agreement between 0y, and the sea state for each of the days. On 17 July, a blue
response is shown for most of the satellite’s tracks, which corresponds to relatively low
oy, levels (0 Hz < 0y < 2 Hz). The mapped Doppler spread for the other days is higher,
reaching values up to 10 Hz for some satellites.
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Figure 9. Mapped Doppler spread on the reflection point tracks of the eight GPS satellites analyzed
along the coast for each day.

The mapped Doppler spread is the estimate to correlate with the ancillary data from
the ERA5 model for determining the relationship between the sea state and the Doppler
spreading. To compute the Pearson correlation coefficient between 0y, and the ancillary
data, the mean value of o, over 120 s is considered. The corresponding values of the ERA5
model parameters WS and SWH are interpolated at the specular point location from the
grid files downloaded from Copernicus Climate Change Service (C3S) [40] with a spatial
resolution of 25 and 50 km, respectively.

The Pearson correlations are presented in Table 2. The events are classified depending
on the elevation. Low events are satellites with E < 10°, mid events are satellites with
10 < E < 30°, and high events are satellites with E > 30°.

Table 2. Pearson correlations between ERA5 parameters and mapped Doppler spread.

Parameter Low Mid High
Wind Speed 0.88 0.66 0.58
SWH 0.75 0.58 0.56

Low-elevation satellites show a high correlation between 0. and sea-state parameters.
Although for mid- and high-elevation events, the degree of correlation remains moderate,
it is significantly reduced with increasing elevation. Two aspects of our experiment may
reduce the sensitivity at mid and high elevations: 1. The antenna gain decreases towards
higher-elevation events that arrive at the aircraft closer to the nadir far off the antenna’s
upward tilted boresight. 2. The high-elevation events lie close to or even on the beach
where the sea-state effect is small.

4.2. Results on Carrier Phase Retrieval

In addition to the sea-state impact on Doppler spread, also a coherent carrier phase
retrieval can be affected by sea state. As shown in [41], coherent GNSS-R observations tend
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to have continuous carrier phase measurements. The first analysis consists of examining the
observed residual phase angle of the retracked signal computed as Ag, = atan2(QR, IX).
Figure 10 depicts the Ay, of the satellites PRN 7, 30, 11, and 8 on two different days,
including in the title the elevation angle range for each satellite. The first row shows the
observations on 17 July, and the second row on 15 July. From initial inspection, PRN 7 and
30 show a continuous residual phase retrieval on 17 July. Continuous phase observations
are lost when the elevation increases. At higher sea state (15 July), visual inspection suggests
that no coherent observations are present except for the segment in the minute of the day
from 760 to 763 for PRN 11, which corresponds to elevation angles between 5.9° and 7.5°.

PRN: 7 (E:8.8-4.5)  PRN:30 (E110 - 8.3)  PRN: 11 (E:22 - 28) PRN: 8 (E:62 - 70)
2 \
0 e
800 805 810 800 805 810 800 805 810 800 805 810
PRN: 7 (E:17 - 15) PRN: 30 (E:11 - 11) PRN: 11 (E:5.9 - 10) PRN: 8 (E:43 - 48)

Ao A [rad]

Aq‘)a [rad]
o N

762 764 766 768 770 762 764 766 768 770 762 764 766 768 770 762 764 766 768 770
GPS Time [mod]

Figure 10. Observed residual phase angle of the retracked signal for PRN 7, 30, 11, and 8 on 2 different
days. The first row is on 17 July 2019, and the second row is on 15 July 2019.

The relation between Doppler spread and residual phase retrievals is presented in
Figures 11 and 12, on 17 and 15 July, respectively. As above, the same satellites with low,
mid, and high elevations are analyzed on both days. The first row contains the Doppler
spread over time of in blue for PRN 7, 30, 11, and 8. The red line is an empirical threshold
established as 0.5 Hz based on the ¢y mean value of the day with the lowest sea state.
The second row contains the modeled and observed path differences. Ay, denotes the
tropospheric residual model calculated in meters, and Ay is the observed residual phase
converted into a path as illustrated in Equations (14) and (13), respectively. The offset
between the modeled and the observed path difference is due to the unknown ambiguity
of the retrieved phase.

With a calm sea on 17th July, the low-elevation events (E < 10°) have Doppler spread
below 0.5 Hz (PRN 7 and 30). These events present a smooth Ay that shows agreement
with the tropospheric residual Ay, in the path model, indicating coherent reflections. For
satellites with mid and high elevations (PRN 11 and 8), this behavior does not remain and
Ay is noisier, indicating a lack of coherent reflection.

On the other hand, with a rougher sea state on 15 July, the Doppler spread is signifi-
cantly higher even for events below 10° elevation. Coherent phase retrieval fails except for
a short period at the beginning of the event PRN 11 when the smooth phase appears at the
lowest elevations (~ 6°).
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Figure 11. Doppler spread and tropospheric residual model compared with observed path difference
from the residual phase on 17 July 2019. The satellite PRN number and the elevation angle range are
indicated in the title of each column.
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Figure 12. Doppler spread and tropospheric residual model compared with observed path difference
from the residual phase on 15 July 2019. The satellite PRN number and the elevation angle range are
indicated in the title of each column.

4.3. Results on Zenith Total Delay Inversion

From the coherent residual phase results, an agreement with the tropospheric residual
model is found in the observations on 17 July 2019 at events with grazing elevation angles.
Based on the observations and model correspondence, the ZTD is estimated from linear
regression as explained above. Figure 13 shows the residual phase observation versus the
independent variable (scale factor) computed by using VFM3 and the height variation
factor on 17 July 2019 and on 15 July 2019. The figure includes the linear fitting equation
after the regression and the model uncertainty, which is the standard deviation of the
observed minus predicted values.
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Figure 13. Residual phase (path difference representation) versus independent variable (scale factor)
from the differential tropospheric delay approximation using the VFM3 and the height variation
factor on 17 July 2019 (top row) and 15 July 2019 (bottom row). The linear regression equation and
model uncertainty is presented in the top-left corner for each satellite.

The typical zenith total delay is about 2.3 m for a receiver located at mean sea level [42].
With smooth sea surface conditions (on 17 July 2019) at low-elevation angles, the estimated
ZTD for PRN 7 and 30 is 2.437 and 2.853 m, respectively, with an uncertainty of 0.02 m
in both cases. Those events correspond to phase-coherent observations from which the
estimated ZTD only exceeds the expected value at 14 and 55 cm, respectively. Once the
elevation angle increases and the phase coherence is lost, the ZTD is far from the regular
value. On the other hand, for events on the rougher sea surface (on 15 July 2019), there is
no signature of phase coherence for a complete satellite track, so the slope of the fitting
line after regression differs completely from the typical ZTD value even for low-elevation
observations (PRN 11).

5. Conclusions

The results show that loss of coherence in phase observations is accompanied by a
Doppler spread of more than 0.5 Hz. The results also indicate a major influence of sea
state in this respect depending on the elevation angle. As surface roughness and elevation
angles increase, diffuse reflections dominate, and coherence in observation is lost. These
findings apply to the here studied conditions of airborne observations over coastal waters.
Similarly, as presented in [43] for reflectometry satellite measurements, it can be seen in this
study that coherent observations respond to very calm waters and low-elevation angles.
A Doppler spread oy beyond 0.5 Hz causes a loss of coherent observations. In the given
setup, the 0.5 Hz threshold is reached for SWH of ~0.3 m, and wind speeds of about 3 m/s
when elevation angles go beyond 10°.

However, even under coastal conditions, the coherent observations from airborne
platform results are limited. For the 4-day measurement campaign, a total of 2646 Doppler
spread estimations (every 120 s) are obtained. Out of these estimates, only 15% correspond
to coherent observations below the o threshold. These retrievals are distributed as 10%
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and 5% for events at low and mid elevations, respectively, as shown in Table 3. None of the
observations at high-elevation angles present coherence.

Table 3. Total of coherent reflections below the Doppler spread threshold at low, mid, and high eleva-
tion.

Threshold
of < 0.5 Hz

Mid
5%

Low

10%

High
0%

Nevertheless, it appears that even beyond the threshold, the Doppler spread carries
information on sea state. By analyzing the Doppler spread of PRN 8 on 17 July, it is
important to note the dependence on surface roughness even for high-elevation angles.
Figure 14a shows oy plotted with a vertical time axis aligned to the specular point track
on the map. The highlighted section in yellow, which corresponds to the minute of day
806 until 809, represents a part of the track that crosses over very calm water near the
port of Boulogne-sur-Mer (b) created by the breakwater built at the port location (c). Even
though the elevation angle is ~ 70° in this track section, the smoother surface produces
a significant reduction in the Doppler spread, nearly reaching the threshold of 0.5 Hz for
coherence, allowing us to identify sensitive changes in sea state.

PRN: 8
...... &5
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Figure 14. (a) Doppler spread of PRN 8 on 17 July 2019 plotted with vertical time axis aligned with the
track on the map. (b) Specular point track crossing the pond created by the structure on the Google
Earth satellite image. (c) Breakwater structure in the Boulogne-sur-Mer port located at 50°43'53'N
01°34/19"E. How the sea state changes from rough water on the left side to calm water on the right
side can be observed.

We found that the Doppler spread is an indicator for coherent observations, and it
can furthermore carry sea-state information. However, it is not only the sea state that can
affect the Doppler spread but also residuals that remain after correction with the geometric
path model, in particular, variations of the receiver trajectory, which could have an effect.
As discussed in the results sections, phase retrieval is possible under coherent reflection
conditions below the 0.5 Hz threshold. Coherent phase observations over the sea surface
are suitable for altimetric inversion. As described in [9,44], phase-coherent observations
in GNSS-R allow altimetric retrievals from the carrier phase altimetry technique. Those
studies have shown promising results in open ocean waters with high precision. This
study may lead to potentially obtaining altimetric retrievals from airborne GNSS-R in
coastal zones. However, when phase measurements are used, cycle slips caused by a low
signal-to-noise ratio, ionospheric conditions, or aircraft dynamics need to be considered.
Methods for cycle-slip correction are discussed in [24,39] by using airborne and satellite
reflectometry data, respectively.

The standard GNSS antennas and receivers are capable of receiving RHCP signals
only. At grazing angles, the reflected signal maintains its RHCP polarization. However, the



Remote Sens. 2022, 14, 4628 16 of 18

reflected signal will change its polarization to left-hand circular polarization (LHCP) when
it is coming from close to the nadir. A different antenna(s) setup, such as uplooking RHCP
and downlooking LHCP antennas, as configurated in [32], may help capture the direct and
reflected signals as they have a better field of view that may improve the final results.

GNSS reflectometry coherent phase observations also have the potential for atmo-
spheric and ionospheric sounding, for example, to retrieve total electron content [45]. In
this study, the comparison of coherent phase residuals and excess path model (tropospheric
contribution) shows agreement. However, an offset remains due to phase ambiguity. The
ZTD estimations from linear regression and the expected zenith total delay value present
differences at a centimetric level. Therefore, at low-elevation angles and smooth sea surface
conditions, it is possible to retrieve zenith tropospheric delay from reflectometry airborne
measurements. The literature suggests that the typical zenith total delay is approximately
2.3 m at mean-sea-level locations. On coastal calm waters (SWH: ~0.3 m, WS: 3 m/s), for
elevation angles from 4.5° to 8.8°, the ZTD estimation exceeds only 5% of the expected
value. Once the elevation increases, from 8.3° to 10°, the difference is up to 24%. Fu-
ture studies may use the sensitivity of phase observations to tropospheric contribution to
retrieve parameters, for example, atmospheric water vapor, based on coherent reflectome-
try observations.
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Abstract: Coherent observations in GNSS reflectometry are prominent in regions with smooth re-
flecting surfaces and at grazing elevation angles. However, within these lower elevation ranges,
GNSS signals traverse a more extensive atmospheric path, and increased ionospheric effects (e.g., de-
lay biases) are expected. These biases can be mitigated by employing dual-frequency receivers or
models tailored for single-frequency receivers. In preparation for the single-frequency GNSS-R ESA
“PRETTY” mission, this study aims to characterize ionospheric effects under variable parameter
conditions: elevation angles in the grazing range (5° to 30°), latitude-dependent regions (north, tropic,
south) and diurnal changes (day and nighttime). The investigation employs simulations using orbit
data from Spire Global Inc.’s Lemur-2 CubeSat constellation at the solar minimum (F10.7 index at 75)
on March, 2021. Changes towards higher solar activity are accounted for with an additional scenario
(F10.7 index at 180) on March, 2023. The electron density associated with each reflection event is
determined using the Neustrelitz Electron Density Model (NEDM2020) and the NeQuick 2 model.
The results from periods of low solar activity reveal fluctuations of up to approximately 300 TECUs
in slant total electron content, 19 m in relative ionospheric delay for the GPS L1 frequency, 2 Hz
in Doppler shifts, and variations in the peak electron density height ranging from 215 to 330 km.
Sea surface height uncertainty associated with ionospheric model-based corrections in group delay
altimetric inversion can reach a standard deviation at the meter level.

Keywords: GNSS reflectometry; grazing angles; ionospheric delay; ionospheric Doppler shift;
NEDM2020 model; NeQuick model; PRETTY mission

1. Introduction

The ionosphere, situated between 60 and 2000 km above the Earth’s surface, plays
a vital role in electromagnetic wave propagation, influenced by solar-radiation-induced
ionization [1]. The speed at which the transmitted electromagnetic signals from the GNSS
(global navigation satellite system) satellites propagate through the ionosphere depends
on the electron density along the line of sight between the satellite and the receiver. Upon
traversing the ionosphere, GNSS signals may encounter two distinct forms of perturbations:
Firstly, the introduction of an error in the estimated range due to the signal’s delay that is
proportional to the integrated electron density (slant total electron content—sTEC), and
secondly, the occurrence of signal characteristic fluctuations resulting from irregularities in
the ionosphere’s electron density distribution [2].

The use of GNSS signals, renowned for their global availability and signal propa-
gation characteristics, has been widely investigated and exploited as a powerful tool for
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ionospheric studies across diverse spatial and temporal scales. Ground-based atmospheric-
sounding techniques employing continuously operating reference station (CORS) networks
and GNSS receivers, which operate on low Earth orbit (LEO) satellites for the analysis of
refracted radio signals via GNSS radio occultation (GNSS-RO), provide key observations
for improving global weather forecasts [3]. To further broaden the observations, GNSS
reflectometry (GNSS-R) has emerged as a complementary technique that leverages signals
reflected off the Earth’s surface. This approach not only facilitates the retrieval of reflecting
surface properties but also serves as an atmospheric-sounding tool.

In order to understand ionospheric ranging delays within space-borne GNSS-R, sim-
ulations are conducted as detailed in [4]. The simulation is based on the Cyclone GNSS
(CYGNSS) [5] mission and encompasses different elevation angles, latitudes, and solar
activities. The results reveal an inverse relationship between the satellite elevation angle
and ionospheric delay, with a larger ionospheric influence at low latitudes. In [6], the
impact of scintillation effects on reflectometry has been explored using data from UK
TechDemoSat-1 [7]. These effects lead to a degradation of the signal-to-noise ratio that
can be utilized for altimetry and scatterometry performance assessments. More recently,
studies have been carried out to retrieve the total electron content (TEC) from coherent
reflectometry observations. In the work presented in [8], a methodology was introduced
for sTEC estimation along the paths of incident and reflected signal rays. This estimation
is based on coherent dual-frequency GNSS-R measurements obtained from Spire Global
low Earth orbit (LEO) CubeSats. The outcomes have demonstrated a favorable alignment
between reflectometry sTEC estimations and the global ionospheric TEC maps (GIM).
Furthermore, an algorithm outlined in [9] combines sTEC observation from space-borne
reflectometry using CubeSats and data collected from ground-based GNSS stations to
generate vertical TEC (vTEC) maps in the Arctic region. Simulations conducted within this
study under diverse conditions, involving variations in temporal resolution, solar activity
levels, and the number of reflection events, have demonstrated enhanced accuracy in vIEC
estimations when coherent GNSS-R observations are incorporated.

In the domain of GNSS-R, it has been empirically established that coherent observa-
tions are more frequently observed in the presence of smooth reflecting surfaces, such as
sea ice, regions with low sea states, or inland waters, and at low grazing angles [10-12].
Nonetheless, within this range of elevation angles, it is important to note that the trajecto-
ries of the LEO GNSS-R rays entail a longer path through the ionosphere. This extended
path results in a more pronounced ionospheric impact on the signals themselves. The
representation (not to scale) of the LEO GNSS-R configuration along the grazing angle rays’
paths and its interaction with the ionosphere are illustrated in Figure 1.

=]

GNSS
Transmitter

(Tx) EO -
Receiver GNSS
Transmitter
(Tx)

Ioné\sphere

Figure 1. (a) LEO GNSS-R representation at 30° elevation angle at specular point. (b) LEO GNSS-R
representation at 5° elevation angle. sTEC, denotes the slant total electron content. Subscripts dr,
in, and re correspond to the direct ray (transmitter T to receiver Ry), incident ray (transmitter to
specular point SP), and reflected ray (specular point to receiver), respectively. Hm, represents the
peak electron density height for the incident and reflected ray paths.
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As described in [13], dual-frequency receivers possess the capability to mitigate these
first-order ionospheric effects through the utilization of a linear combination (ionosphere-
free) of either code or carrier measurements. Conversely, single-frequency receivers must
rely on applying a model to correct for ionospheric refraction, which can introduce delays
of several tens of meters. For the Galileo GNSS constellation, the European GNSS Open
Service has adopted the Neustrelitz Total Electron Content Model NTCM [14] (NTCM-G)
or NeQuick 2 [15] (NeQuick-G) models to provide real-time ionospheric corrections for
single-frequency receivers [16].

This study is in preparation for the European Space Agency’s GNSS-R CubeSat mission
“PRETTY” (passive reflectometry and dosimetry) [17]. The mission’s primary goal is to
retrieve sea surface height using grazing angle observations. Since PRETTY operates
at a single frequency (L5), it requires model-based ionospheric corrections. This study
provides a comprehensive characterization of ionospheric effects, at the grazing angle range
(5°-30°), considering satellite geometry, latitude-dependent regions, temporal variations,
and solar activity. It analyzes variability in the ionospheric group delay, Doppler shift, and
peak electron density height. Additionally, the uncertainty in model-based ionospheric
corrections for GNSS-R group delay altimetry is assessed.

The analysis is based on utilizing the sTEC obtained from three-dimensional, time-
dependent models. To assess model uncertainty, the sTEC values computed using the
Neustrelitz Electron Density Model (NEDM2020) [18] are used as a reference and compared
with the sTEC retrievals from NeQuick 2. Simulations are conducted to replicate conditions
similar to those of the PRETTY mission, utilizing orbit data from the GNSS-R Spire Global
Lemur-2 constellation. To provide a comprehensive analysis, the results are categorized
into three elevation angle ranges: very-low (5°-10°), low (10°-20°), and mid-low (20°-30°).
These categories are further grouped by latitude into three distinct regions: north, tropics,
and south. Additionally, this study considers variations in local time and solar activity.
Low solar activity (LSA) is represented by F10.7 = 75 in March 2021 and high solar activity
(HSA) by F10.7 = 180 in March 2023.

The structure of this paper is outlined as follows: Section 2 presents the GNSS-R
data descriptions, reflection events, and ray point settings for the simulations. Section 3
illustrates the methodologies utilized for the determination of parameters such as sTEC,
relative ionospheric delay, Doppler shift, and ionospheric piercing points. Subsequently,
Section 4 presents the results and analysis of the parameters explained in Section 3. Finally,
in Section 5, a discussion of the findings is presented along with the conclusions in Section 6.

2. GNSS-R Data and Reflection Events
2.1. LEO Data

The LEO data used in this study consist of a total of 1188 reflection events on
1 March 2021, sourced from Spire Global Inc. Currently, the Spire Lemur-2 constella-
tion comprises more than 80 GNSS radio occultation CubeSats, out of which about 30
have been adapted to acquire GNSS reflectometry measurements at grazing angles [19].
The Lemur-2 satellites follow a Sun-synchronous orbit, with altitudes ranging from 400 to
600 km and varying orbit inclinations. This orbital configuration enables them to conduct
GNSS-R measurements, encompassing all latitudes of the Earth.

The Spire grazing angle GNSS-R products are collected with a focus on specific regions,
including the polar areas, the Gulf of Mexico, and southeast Asia. These regions are selected
due to their favorable characteristics, such as sea ice surfaces and calm ocean surfaces,
which enable the best performance of coherent reflectometry measurements [10]. Figure 2
displays the track positions of the specular points distributed across both polar regions,
as well as in the mid-latitude and tropical regions at different local times. Given the
geographical distribution of the events, the dataset has been categorized into three distinct
regions: north, covering latitudes between 40°N and 90°N; tropics, spanning latitudes
between 40°N and 40°S; and south, covering latitudes between 40°S and 90°S.
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Figure 2. Specular point tracks provided by the Spire Lemur-2 CubeSats on 1 March 2021, color-coded
according to coordinated universal time (UTC) in hours.

Each Lemur-2 satellite event lasts an average of 4 min, resulting in a total of about 80 h
of recorded data. The recording durations vary, with a minimum of 1 min and a maximum
of 6 min. Table 1 shows the number of events per region (north, tropics, and south) along
with their corresponding durations in minutes.

Table 1. Total number of events per region and durations.

Region Number of Events Total Minutes
North 474 1704

Tropics 168 760
South 546 2335
Total 1188 4798

A total of 21 CubeSats from the Spire constellation are evaluated. The metadata include
the space vehicle number (SVN) of the Lemur-2 satellite, as well as information about the
GNSS satellite and constellation from which the CubeSat receives the reflected signals. For
the simulation in this study, the GNSS constellation employed is GPS (global positioning
system). Upon analyzing the Spire data, it is found that each Lemur-2 satellite receives the
reflected signal from 4 to 19 GPS satellites during different time windows, depending on
the positions of the transmitters and the receiver. The Spire SVN and GPS pseudo-random
noise code (PRN) are presented in Table 2.

Table 2. Space Vehicle Numbers of Lemur-2 CubeSats and GPS Satellite PRNs on 01/03/2021.

Spire SVN GPS PRN

79, 84,99, 100, 101, 102, 103, 104, 106,
113, 115, 116, 117, 119, 120, 121, 122, 124,
125,128,129

Total 21 19

1,3,5,6,7,8,9,10,12, 15,17, 24, 25, 26,
27,29, 30, 31, 32

2.2. Specular Point Positions and Ray Points

The specular point positions and the ray tracing of the direct, incident, and reflected
signals are calculated based on the methodology presented in [11,20]. A geometrical model
is employed to characterize specular reflections and determine the specular point position,
considering the Earth’s surface curvature. For this model, the transmitter (Ty) and receiver
(Ry) positions are needed in an Earth-centered Earth-fixed (ECEF) frame. The Ry position
is extracted from the Spire data files. To obtain this position, the Lemur-2 satellites are
equipped with a zenith dual-frequency (L1 and L2) antenna, which facilitates precise orbit
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determination (POD). The T, position is derived from the broadcasted GPS ephemeris.
The Earth’s curvature is modeled with an osculating spherical surface with respect to the
WGS-84 ellipsoid at a reference specular point. An iterative solution is employed to find the
best-fitting sphere that satisfies the condition of equal incident and reflected angles (specular
reflection) [20]. The specular point positions are calculated at 10 s intervals on the receiver
trajectory. A ray-tracing module is set to compute ray points every 10 km along the three
ray paths: Ty to SP (incident), SP to Ry (reflected), and Ty to Ry (direct). The positions of the
ray points (latitude, longitude, and ellipsoidal height) are subsequently utilized to obtain
the electron density from the ionospheric electron density models. Figure 3 illustrates an
example of the electron density retrieval from the NEDM2020 model depicting the change
along the specular point tracks every 10 s (blue stars), and the ray points change every
10 km (red dots) along the incident (in), reflected (re), and direct (dr) ray paths.

1x10"
35
> £
= —
= 9
® 24
— [}
~
3 13
= [}
0

Figure 3. Representation of the specular point change along track (blue stars) for the SVN 79 and
PRN 30 every 10 s (~45 km) and the ray points every 10 km along the direct, incident, and reflected
ray paths (red dots).

Following the ray tracing, a total of 28,790 reflection events are obtained. The total
number of reflection events by region is depicted in Figure 4a. Additionally, Figure 4b
illustrates the distribution of reflection events concerning the elevation angle by region.
Notably, the south pole region exhibits a higher number of events; however, all regions
show similar behavior, with a higher concentration of events in the elevation range between
5° and 20°.

North Tropics South
14,000
350+ r

w 12,000 2 300l
& 10,000} ]
g 10 3 250}
- 8000 o
g §
° 6000+ 0O 150}
9 9
% 4000} = | g ke
& &) 100

2000+ 50

0 : 0 5 5 |
North  Tropics South 10 20 30 10 20 30 10 20 30
Region Elevation [deg]
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Figure 4. (a) Total number of reflection events on 1 March 2021 by region. (b) The number of reflection
events across grazing angles, ranging from 5° to 30°.
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SNV:103/PRN:8 (E:5°-9°)

2000

3. Methodology
3.1. Electron Density Models

The electron density in this study is obtained from two three-dimensional and time-
dependent electron density models: the Neustrelitz Electron Density Model (NEDM2020) [18]
and the NeQuick 2 model [15]. For both models, the input values depending on solar activity
are the solar radio flux index F10.7, month, geographic latitude and longitude, height, and
universal time (UT). The output obtained is the electron concentration at the specified location
and time.

The NeQuick 2 model was developed at the Aeronomy and Radiopropagation Lab-
oratory of The Abdus Salam International Centre for Theoretical Physics (ICTP), Trieste,
Italy, and at the Institute for Geophysics, Astrophysics, and Meteorology IGAM) of the
University of Graz, Austria. This model comprises vertical profiles consisting of multiple
Epstein layers, and it derives essential electron peak density and height parameters through
spatial and temporal interpolation from a comprehensive set of global maps. Consequently,
NeQuick 2 incurs significant computational demands in terms of time and processing
power [14].

On the other hand, the NEDM2020 model was developed at the German Aerospace
Center in the Institute for Solar-Terrestrial Physics (DLR-SO), Neustrelitz, Germany. In-
cluding the NTCM model, this model relies on about 100 model coefficients and a set
of empirically fixed parameters. Remarkably, the electron density values can be directly
computed for any specified location and time without the requirement for the specialized
temporal or spatial interpolation of parameters, making it faster than the NeQuick 2 model
in terms of computational efficiency [21].

A model comparison of electron density profiles is presented in Figure 5 featuring
one example at very low (first row) and mid-low (second row) elevation angle events. The
first column displays the electron density per ray mapped along the specular point change
using the NEDM2020 model. The subsequent columns (second, third, and fourth) illustrate
the electron density profile comparison between the NEDM2020 and NeQuick 2 models for
the incident, reflected, and direct rays, respectively.
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Figure 5. Electron density variations along the change and model profile comparison for the incident,
reflected, and direct rays at very low and mid-low elevation angles (F10.7 = 75).



Remote Sens. 2023, 15, 5049

7 of 19

3.2. Ionospheric Group Delay Computation

The GNSS electromagnetic signal propagation speed in the ionosphere depends on
electron density (N,), which is influenced by daytime ionization and nighttime recom-
bination processes. According to [13], when considering the signal code measurements,
the difference between the measured range (using a signal of frequency f in Hz) and the
Euclidean distance between the satellite and receiver is expressed as follows:

Ao — +4](()f’ / N,dl 1)

Aéo,"" is the term used for the group ionospheric refraction, and the integral is known
as the slant total electron content (sTEC), representing the numerical integration of the
electron density along the ray path. f corresponds to the GNSS signal frequency, and in this
study, the GPS L1 frequency is 1575.42 MHz. The sTEC is computed for each ray, including
the incident (sTEC;,), reflected (sTEC,), and direct (sTECy, ) rays, respectively. The sTEC
is expressed in total electron content units (TECUs) where one TECU corresponds to 10
electrons per square meter (e//m?). Finally, the group ionospheric delay in meters (for
each ray) is obtained from:

40.3 % 1016
Iin,re,dr = "’"TSTECin,re,dr (2)

As presented in [22], the relative delay between the direct and reflected signals is
denoted as A, = p, — ps, where p; is the cumulative path of the incident and reflected
rays, while p; corresponds to the direct path. The relative delay can be influenced by
various contributing factors, such as the standard sources of delay within the GNSS signals.
Therefore, the extended version of A, can be written as:

AP = Apgeo + Aptrup + Apiano + Aprgh + Apinstr +n (3)

where Ap,,, represents the relative geometrical delay, and Ap,,, and A, correspond
to the relative tropospheric and ionospheric delays, respectively. Ap, , is a bias induced
by the surface roughness. The instrumental error is denoted by Ay, ., and n represents
unmodeled errors.

GNSS-R Group Delay Altimetry and Ionospheric Delay Uncertainty

Based on the analysis conducted in [23], the ionospheric delay constitutes a signifi-
cant component within the error budget associated with GNSS-R ocean surface altimetry
retrievals. At elevation angles above 60°, the uncorrected ionospheric delay can reach
~15 m during daytime and ~7 at nighttime. The ionospheric group delay bias propagates
to an altimetric bias based on the relation between the height offset A, and the signal path
Ap. Consequently, when considering only the ionospheric altimetric error, where E is the
elevation angle, it can be expressed as:

A h _ Apiono 4
1012 % sinE @
Assuming a relative uncertainty of 30% for the ionospheric delay bias, as established

in [20], we introduce normally distributed random errors with a respective standard
deviation (6,04, = N(0,0.3%)).

3.3. Doppler Shift Computation

The Doppler shift of a GNSS signal is predominantly influenced by the relative velocity
between the transmitter satellite and the receiver, along with a common offset that is
proportional to the error in the receiver clock’s frequency. However, as demonstrated
in [24,25], various ionospheric effects, such as changes in the redistribution and density
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of electrons in the ionosphere, lead to frequency variations in the electromagnetic waves
emitted by a stable transmitter. These variations are manifested as the Doppler shift and
can be quantified as the time derivative of the phase path of the signal. When considering
only the ionospheric delay term in the carrier phase observation model [26], the residual
phase path expressed in units of cycles can be given by:

_ Apionn (5)
= A
where A is the wavelength of the GPS L1 frequency (0.1905 m). As the Doppler shift (f ;)
of a given signal corresponds to the rate of change of its carrier phase over time, it can be
computed using the following equation:

_d¢
fa= ar (6)

3.4. Peak Electron Density Height

Diurnal variations significantly impact the ionosphere, where daytime and nighttime
conditions manifest contrasting characteristics. The properties of the ionosphere, such as
height, ionized particle concentration, and the presence of distinct layers, change dynam-
ically over time. Regions characterized by high electron densities are designated as the
D, E, and F layers. In diurnal cycles, the F layer undergoes separation into two distinct
layers termed the F1 and F2 during daytime, while the D layer experiences complete
dissipation throughout the nocturnal period [27]. This shifts the height at which the high
electron concentration is found. In order to analyze changes in the ionospheric altitude, the
height corresponding to the maximum peak of the electron density profile (Hm) is used
as the reference point. Hm is obtained for both the incident and reflected rays using the
NEDM2020 model.

The LEO GNSS-R space-borne configuration, which enables the simultaneous collec-
tion of data from multiple reflections, presents several advantages for ionospheric studies.
Firstly, thanks to the fast trajectory change of the LEO satellite, the GNSS-R signal rapidly
scans along the ionospheric layers, providing a snapshot view of ionospheric structures [8].
Secondly, the ability to obtain peak electron density points at different locations within a
short time interval allows for the mapping of ionospheric structures at varying distances.
Assuming the Earth’s radius is 6371 km, with a maximum electron density ionospheric
shell at a 300 km height, the distance between the incident and reflected Hm points varies
depending on the elevation angle as observed in Figure 6.

3940 km

2984 km

| 1774 km
969 km

Hmye
1498 km
1976 km
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Figure 6. Distances between peak electron density height points depending on the elevation angle
change at 300 km height.

4. Results
4.1. Slant Total Electron Content Analysis

The computed sTEC, obtained from the NEDM2020 and NeQuick 2 models, serves
as the foundational parameter for the subsequent derivations of the relative ionospheric
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group delay and Doppler shift. The assessment of the sTEC is presented across different
grazing elevation ranges: 5°-10° (very low), 10°-20° (low), and 20°-30°(mid-low), along
with the distinct regions of north, tropics, and south. The outcomes of the NEDM2020 and
NeQuick 2 sTEC computations during LSA are depicted in Figures 7 and 8, respectively.
While discrepancies of up to ~60 TECUs between the two models are noticeable in the
tropics region at very low angles for the direct ray, both models consistently demonstrate
similar behavior across all analyzed scenarios.
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Figure 7. sTEC obtained from NEDM2022 model. Color-coded according to the direct (dr), incident
(in), and reflected (re) rays.
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Figure 8. sTEC obtained from NeQuick 2 model. Color-coded according to the direct (dr), incident
(in), and reflected (re) rays.

The highest sTEC is prominently observed at elevation angles ranging from 5° to
10° within the tropics region, and to a lesser extent in polar regions, but with lower
magnitudes, specifically for the direct ray. This behavior occurs because, at such elevation
angles, the direct ray traverses a longer path through the ionosphere than the incident and
reflected rays. This effect diminishes as the elevation angle increases. At low elevations,
the magnitudes of the sTEC are relatively similar for each ray, while at mid-low elevations,
the contribution of the incident and reflected rays becomes more prominent in comparison
to the direct ray.
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Across all scenarios, local time, representing solar radiation, plays a pivotal role in
sTEC retrievals. Figures 7 and 8 illustrate how the sTEC values exhibit a progressive
increase as the noon-time period approaches, with the highest peaks occurring between
12:00 and 13:00 h. Following sunset, the electron density and consequently the sTEC values
gradually decrease accordingly.

Table 3 provides a comparative analysis of both models, presenting the mean and
standard deviation values for each ray in the distinct regions. To facilitate interpretation in
terms of local time, the events have been categorized into two distinct periods: daytime
(DT), spanning from 06:00 to 18:00, and nighttime (NT), encompassing the interval from
18:00 to 06:00. Notably, the range of sSTEC magnitude for the direct ray is broader for the
NeQuick model computations in the tropics region. However, the NEDM2020 computations
consistently yield a higher mean sTEC in most cases except for the direct ray at very low
elevations in the tropics during daytime. Particularly higher differences in mean values
between the two models are evident in the south region (~6 TECUs), while comparatively
smaller differences are observed in the tropics region (~2 TECUs).

Table 3. sTEC mean and standard deviation value comparison between NEDM2020 and NeQuick
2 models for F10.7 = 75.

sTEC NEDM (TECU) sTEC NeQuick 2 (TECU)
Ele.: 5°-10° Ele.: 10°-20° Ele.: 20°-30° Ele.: 5°-10° Ele.: 10°-20° Ele.: 20°-30°

dr in re dr in re dr in re dr in re dr in re dr in re

North
DT mean 28 26 23 8 20 18 3 14 13 21 19 17 6 15 13 3 11 9
std 13 8 11 3 8 7 1 6 5 12 8 9 3 7 6 1 5 4
NT mean 21 16 13 7 13 11 3 9 8 14 8 7 4 7 5 2 6 4
std 10 4 3 3 4 2 1 3 1 7 3 2 2 2 2 1 2 1
Tropics
DT mean 121 72 63 33 62 52 16 48 39 126 63 60 31 57 49 14 43 37
std 55 16 11 17 16 12 6 14 10 67 20 19 16 22 17 6 19 14
NT mean 43 29 20 17 27 18 10 22 15 40 26 16 14 27 17 8 21 16
std 25 9 7 7 7 6 3 6 4 35 16 12 10 16 11 6 12 10
South
DT mean 43 34 32 13 28 25 6 22 18 31 26 25 10 22 20 5 17 14
std 16 8 6 5 7 5 1 5 4 14 7 5 3 6 4 1 4 3
NT mean 29 20 16 10 17 14 5 13 11 15 10 7 5 8 6 2 7 5
std 10 4 3 4 3 2 1 2 2 8 4 3 2 3 2 1 2 2

4.2. Relative Ionospheric Group Delay Analysis

The relative ionospheric group delay (A, ) denotes the additional delay caused
by the ionosphere along the aggregated path of the incident and reflected signals, in
comparison to the direct signal. The mitigation of ionospheric delay holds significant
importance in reflectometry LEO single-frequency missions, particularly within altimetry
applications. The analysis of the relative ionospheric delay follows a similar approach to
the sTEC analysis, encompassing the established regions, elevation angle ranges, local time
variations, and the change in solar flux index. Figure 9 illustrates the potential ionospheric
delays that arise from utilizing the sTEC derived from the NEDM2020 and NeQuick 2
models in conjunction with the GPS L1 frequency and F10.7 = 75.

Consistent with the sTEC analysis outcomes, it is observed that A, . ~exhibits greater
magnitudes within the tropics region, with the highest values occurring at very low eleva-
tion angles for both models. The occurrence of negative values in the relative ionospheric
delay is attributed to the dominance of the direct signal contribution in the computation
of Apiuno'
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Figure 9. Relative ionospheric delay in the distinct regions and grazing angle elevation ranges along
with local time variations.

While the outcomes from both models exhibit very similar behavior in terms of relative
ionospheric delay, including their dependence on region, elevation angle, and local time,
there are noticeable relative differences across the established groups. Taking as a reference
the NEDM2020 model, the mean relative difference is computed as follows:

iono Piono

NEDM2020
mean (‘Apiono D

mean (‘ APNEchk 2 _ A NEDM2020

%RD = D 100 @)

Table 4 presents the mean relative differences between low- and high-solar-activity
conditions. During LSA, the most significant relative differences occur at very low elevation
angles in both the north and south regions during nighttime, showing a notable 64%
variation between the two models. This difference decreases as the elevation angle increases.
Conversely, during daytime, the differences in the polar regions remain relatively consistent
across all scenarios, while variations are more pronounced in the tropics region. During
HSA, during nighttime in the north region, the differences can reach up to 98% at very low
elevation angles, while in the south region, the differences remain relatively similar when
comparing low and high solar activity. In the tropics, an increase in the F10.7 index leads
to a higher relative difference between the models during nighttime. However, during
daytime, this difference decreases compared to the low-solar-activity condition (F10.7 = 75).

Table 4. Mean relative difference in the relative ionospheric delay between NEDM2020 and NeQuick
2 during high and low solar activity.

LSA (F10.7 = 75) HSA (F10.7 = 180)

Ele.: Ele.: Ele.: Ele.: Ele.: Ele.:
5°-10° 10°-20° 20°-30° 5°-10° 10°-20° 20°-30°
North
DT 30% 28% 26% 59% 17% 15%
NT 64% 49% 46% 98% 38% 28%
Tropics
DT 48% 17% 17% 27% 16% 14%
NT 58% 35% 38% 88% 76% 48%
South
DT 19% 21% 23% 41% 21% 24%

NT 64% 53% 51% 66% 56% 51%
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The sTEC outcomes obtained from the NEDM2020 model, utilized as the reference
model in this study, form the basis for the following analysis. Figure 10 illustrates the
ionospheric delay distribution during low solar activity, categorized by elevation angles,
regions, and local time distinguishing between daytime and nighttime. Atlow and mid-low
elevation angles, the contribution of each ray to the delay remains relatively similar in
magnitude, resulting in positive values for the relative ionospheric delay. Overall, during
daytime events, the A, is on average 120% greater compared to nighttime events.
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Figure 10. Distribution of relative ionospheric delay depending on elevation, daytime (DT), and
nighttime (NT) using NEDM2020 sTEC retrievals with F10.7 = 75.

During HSA periods (F10.7 = 180), the relative ionospheric delay range can increase
by up to 200% with respect to low-solar-activity periods, as seen in Figure 11. In low-
and mid-low-elevation scenarios, the distribution of A, behaves similarly to LSA but
with higher magnitude values. Notably, in the tropics region at very low elevations, the
distribution is more widespread, with relative delays primarily consisting of negative
values. This highlights the higher influence of the direct ray on A, .=~ compared to low-
solar-activity periods.
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Figure 11. Distribution of relative ionospheric delay depending on elevation, daytime (DT), and
nighttime (NT) using NEDM2020 sTEC retrievals with F10.7 = 180.
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Group Delay Altimetry and Ionospheric Delay Uncertainty Analysis

As a single-frequency GNSS-R mission, PRETTY relies on ionospheric correction
models to ensure precise sea surface height measurements, introducing a level of model
uncertainty in the correction process. Figure 12 presents the altimetric uncertainty at grazing
elevation angles. Figures 10 and 11 depict the distribution of the relative ionospheric
delay, showing a noticeable diurnal cycle effect where daytime observations exhibit higher
relative ionospheric delays compared to nighttime observations. This diurnal variation
is also reflected in the sea surface height uncertainties. Furthermore, it is evident that
ionospheric uncertainties have a significantly greater impact on sea height retrievals in the
Tropics region, where the general level of ionization is higher. In this geographical area, we
observe a higher altimetric uncertainty dispersion, particularly in the mid-low elevation
angle regime (during daytime, 0.22 m mean and 4.08 m std), where the combined delay of
the incident and reflected rays surpasses that of the direct ray. Consequently, this leads to
higher relative delays and, by extension, a more pronounced impact on GNSS-R altimetric
retrievals within this specific elevation range and region.
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Figure 12. Altimetric uncertainty due to uncertainty in ionospheric delay model depending on
elevation, daytime (DT), and nighttime (NT) using NEDM2020 during LSA.

4.3. Doppler Shift Analysis

The analysis extends to the Doppler shift observed at the GPS L1 frequency across
varying ranges of elevation angles, while considering effects during both day and night
periods. Figure 13 illustrates the distribution of the Doppler shift during low solar activity.
The electron density variations in grazing angle reflectometry can induce a maximum
Doppler shift of £2 Hz in the GPS L1 signal during daytime. The attenuation in the
Doppler shift demonstrates a strong correlation with diurnal cycles, resulting in a reduction
during nighttime periods. This phenomenon can be attributed to the decrease in the rate of
electron density changes, which in turn leads to a corresponding decrease in the magnitude
of the Doppler shift.

The Doppler shift histograms reveal a symmetrical distribution centered around ap-
proximately 0 Hz with a distinct separation in very-low-elevation cases. The distribution
is also influenced by the transmitter motion relative to the specular point elevation angle.
In Figure 14, it becomes evident that at very low elevation angles, a rising transmitter
(ascendant elevation) induces a positive Doppler shift, while a setting transmitter (descen-
dant elevation) results in a negative Doppler shift. However, at higher elevation angles
(20° to 30°), the relationship may vary or even reverse.
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Figure 13. Distribution of Doppler shift depending on elevation, daytime (DT), and nighttime (NT)
using NEDM2020 sTEC retrievals with F10.7 = 75.
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Figure 14. Distribution of Doppler shift depending on elevation and rising or setting event using
NEDM?2020 sTEC retrievals with F10.7 = 75.

The distribution of the Doppler shift for F10.7 = 180 exhibits an increase in dispersion,
approximately doubling in all scenarios. In the elevation range of 5°~10° within the tropics
region, the range of f; is more extensive during daytime, reaching maximum values of up
to £4 Hz. The rising and setting event analyses present similar behavior, with negative
magnitudes primarily observed during rising events and positive magnitudes during
setting events.

4.4. Peak Electron Density Height Analysis

The NEDM2020 model is employed to determine the height at which the maximum
electron density peak Hm is observed along the paths of both the incident and reflected
rays. This altitude is significant as it represents the point of maximum ionization within
the ionosphere that the signals traverse.

From a geometrical standpoint within the grazing GNSS-R configuration, variations in
elevation angles directly correspond to changes in the segment of the signal ray that travels
along the ionosphere. Furthermore, throughout the diurnal cycle, electron densities within
the E and F layers exhibit greater magnitudes during daylight hours compared to nighttime,
with the F layer generally obtaining higher electron concentrations. These fluctuations are
examined to comprehend the intricate ionospheric interactions that the signals undergo
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during their propagation. This phenomenon results in variations in the height of the
maximum electron density peak, as depicted in Figure 15 for both day and nighttime.
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Figure 15. Peak electron density height variations depending on elevation ranges, regions, and day
and nighttime using NEDM?2020 sTEC retrievals with F10.7 = 75.

The overall average of the Hm during the LSA period is 270 km. Nevertheless,
noticeable variations are evident with respect to daytime and nighttime. In general, during
nighttime, the Hm is on average 10% higher than during daytime. The tropics region
stands out as one of the most dynamically changing areas within the ionosphere. In this
zone, the distribution of Hm during daytime exhibits a spread ranging from 236 to 326 km,
lacking a distinct peak value. However, during nighttime, Hm reaches its maximum value
at approximately 305 km. This highlights the substantial variations in electron density
within this region, particularly during daytime. During HSA, the Hm exhibits a consistent
increase of 21% across all scenarios.

5. Discussion

The analysis provides valuable insights into how ionospheric parameters such as slant
total electron content, relative ionospheric delay, Doppler shift, and peak electron density
height vary in response to different conditions. These findings are crucial for optimizing
the accuracy of space-borne GNSS-R applications, particularly in altimetry, aiding in the
development of robust models, and enhancing the interpretation of data acquired through
grazing GNSS-R configurations.

Under low-solar-activity conditions (F10.7 = 75), the resulting sTEC values from
NEDM2020 and NeQuick 2 reveal that both models exhibit similar behavior across different
scenarios. However, it is important to note that while an extensive evaluation of the
models is not carried out in this study, differences in the sSTEC computations and the
relative total delay are observed. Significant differences of ~60 TECUs and up to 64% in
relative ionospheric delay are observed in polar regions at very low elevation angles during
daytime when comparing NEDM2020 and NeQuick 2. Under high-solar-activity conditions
(F10.7 = 180), the relative differences can reach values up to 98%.

Grazing elevation angles, local time, regions, and solar activity emerge as the crucial
factors determining ionospheric effects in GNSS-R. The observed elevation angle signifi-
cantly influences the path traversed by GNSS signals through the ionosphere, while electron
density variations rising from ionospheric diurnal cycles and geographical location con-
tribute to fluctuations in the sTEC computation. The sTEC values exhibit a noticeable
increase as the elevation angle decreases (very low to mid-low angles) in all regions during
both daytime and nighttime.
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Daytime events consistently result in higher sSTEC values, larger relative ionospheric
delay values, and higher Doppler shift magnitudes compared to nighttime events across
all regions and elevation angles. The tropics region consistently displays the highest sSTEC
values across all elevation angle ranges, indicating the presence of higher electron densities.
To provide a comprehensive synthesis of the study’s findings based on the electron density
retrievals from the NEDM2020 model, Tables 5 and 6 provide a summary of the results by
presenting the median and standard deviation for each parameter outlined in the Section 4
for F10.7 = 75 and F10.7 = 180, respectively. The parameters provided by the summary
tables are the relative ionospheric delay (A, ) in meters, absolute value of Doppler shift

(If 41) in Hertz, and peak electron density height (Hm ) in kilometers.

Table 5. Overview of ionospheric parameters from the NEDM2020 sTEC computations during low
solar activity (F10.7 = 75).

Very Low: 5°-10° Low: 10°-20° Mid-Low: 20°-30°
BDpiono If! Hm Dpiono Ifs! Hm Bpiono If! Hm
(m) (Hz) (km) (m) (Hz) (km) (m) (Hz) (km)
North
DT median 3.10 0.133 251.7 4.35 0.022 252.3 3.33 0.026 252.2
std 1.96 0.142 11.7 1.81 0.019 10.5 1.44 0.021 8.5
NT median 1.38 0.097 274.0 2.61 0.009 271.9 227 0.011 268.3
std 1.19 0.067 12.9 0.60 0.014 11.6 047 0.006 9.7
Tropics
DT median 3.96 0.729 287.9 13.50 0.048 287.4 12.12 0.067 285.3
std 7.57 0.415 214 2.61 0.070 224 2.87 0.028 23.8
NT median 1.63 0.219 302.6 4.95 0.016 305.4 4.74 0.014 305.4
std 2.82 0.195 13.1 1.18 0.033 9.1 1.05 0.013 7.3
South
DT median 3.98 0.220 252.2 6.49 0.030 252.2 5.63 0.014 253.1
std 2.26 0.138 52 1.15 0.021 52 1.02 0.022 49
NT median 1.41 0.145 289.0 3.36 0.012 288.8 3.17 0.015 289.1
std 1.27 0.073 11.2 0.48 0.021 9.8 0.40 0.007 9.2

In general, as the F10.7 index increases, notable observations emerge: (1) There is a
compensation effect, attributed to the direct signal contribution, leading to a decrease in
the median level of relative ionospheric delay as elevation decreases, particularly at very
low elevations. (2) The absolute Doppler shift exhibits a substantial increase in median
values, scaling up to one order of magnitude, as elevation angles decrease to their lowest.
(3) Notably, in tropical regions characterized by higher density peak heights, there is a more
pronounced compensation by direct signal contribution in A, at the lowest elevations,
resulting in negative median delay values.

For a LEO GNSS-R mission employing the GPS L1 frequency, findings show that
relative ionospheric delays can reach ~19 m during periods of LSA and ~70 m during
HSA, equivalent to about 120 and 430 TECUs. The forthcoming ESA PRETTY mission
will pioneer grazing altimetry at the L5 frequency, which, with its longer wavelength
(~0.2548 m), is more sensitive to ionospheric group delays. Using 120 and 430 TECUs
as benchmarks, relative ionospheric corrections of approximately 35 and 125 m can be
expected for group delay altimetry during low and high solar activity.
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Table 6. Overview of ionospheric parameters from the NEDM2020 sTEC computations during high
solar activity (F10.7 = 180).

Very Low: 5°-10° Low: 10°-20° Mid-Low: 20°-30°
Dpiono If] Hm Bpiono If! Hm BDpiono Ify! Hm
(m) (Hz) (km) (m) (Hz) (km) (m) (Hz) (km)
North
DT median 2.77 0.516 306.8 9.18 0.075 307.6 8.09 0.049 307.5
std 6.00 0.496 13.9 4.24 0.085 12.7 3.79 0.043 10.4
NT median 0.03 0.330 333.8 5.11 0.051 331.7 5.31 0.015 327.2
std 3.90 0.148 15.9 1.64 0.066 14.4 1.16 0.011 12.0
Tropics
DT median —21.45 2.329 349.5 25.56 0.246 348.4 28.45 0.139 345.2
std 24.43 0.698 26.7 9.30 0.377 27.3 5.96 0.068 28.9
NT median -5.21 0.817 368.1 8.82 0.144 3719 11.55 0.022 371.9
std 9.88 0.352 15.7 3.74 0.173 10.9 2.40 0.024 8.8
South
DT median 1.46 0.812 307.2 13.57 0.084 306.9 13.97 0.037 307.9
std 7.58 0.333 6.5 3.39 0.109 6.4 2.62 0.043 6.0
NT median —1.98 0.472 351.7 6.26 0.081 351.2 7.17 0.015 351.8
std 3.99 0.146 141 1.84 0.092 12.3 0.92 0.015 11.4

6. Conclusions

In this paper, we have analyzed ionospheric effects in GNSS-R at grazing angles. This
study encompasses the characterization of slant total electron content, relative ionospheric
delay, the influence of ionospheric correction model uncertainties on GNSS-R group delay
altimetry retrievals, the Doppler effect, and peak electron density height changes. Vari-
ous factors have been considered such as satellite geometry, latitude-dependent regions,
temporal variations, and solar activity.

When analyzing the results during LSA (low solar activity) and HSA (high solar activ-
ity), it becomes evident that as the elevation decreases into the grazing regime below 20°,
the median relative ionospheric delay decreases due to the compensation from the direct
signal contribution. However, it is important to note that the standard deviation of the
delay, especially in terms of the Doppler shift, undergoes a substantial increase. This
behavior poses a significant challenge for the model-based correction of ionospheric delay
in GNSS reflectometry altimetry at grazing elevation angles.

While model uncertainties do affect group delay sea height estimates it is important to
highlight that these effects are not uniform across all GNSS-R observations. Coherent phase
observations, for instance, offer a remarkable level of precision, down to the centimeter
scale. Along reflection tracks characterized by consistent ionospheric bias, relative altimetry
at a centimeter precision level can be achieved. This means that even in the presence of
ionospheric delay bias, LEO space-borne GNSS-R systems, as reported in [26], can still
provide precise results in the altimetric inversion.

Total electron content, a crucial ionospheric parameter, exhibits complex variations
spanning diurnal, monthly, seasonal, and 11-year solar cycles. Extended temporal coverage
is essential for deciphering these patterns, especially in dynamic regions allowing anal-
ysis of seasonal trends. This study highlights the importance of spatially extended data,
particularly in tropical areas with substantial ionospheric variability. Such data is key to
comprehending ionospheric parameter evolution across different time scales and regions,
influenced by factors like solar activity and geomagnetic storms.

GNSS-R (global navigation satellite system reflectometry) stands as a valuable and
complementary remote sensing tool in ionospheric studies, effectively addressing areas
not covered by alternative methods. This capacity offers significant contributions to the
modeling, prediction, and comprehension of ionospheric effects.
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Abstract

Spaceborne GNSS reflectometry (GNSS-R) has emerged as a valuable technique for surface and atmospheric remote sensing,
particularly under grazing-angle geometries where atmospheric effects are amplified. Single-frequency missions such as
ESA passive REflecTomeTry and dosimetrY (PRETTY) rely on model-based corrections to account for ionospheric and
tropospheric delays. In this study, we exploit PRETTY’s capabilities to perform observations down to 1 degree (at the specular
point) to investigate ionospheric effects at very low angles. We analyze six GNSS-R events recorded over the North Polar region
in July 2024, focusing on the estimation of the relative ionospheric delay using code delay observations. Comparisons with
model-based ionospheric delays from NEDM2020, NeQuick, and IRI show close agreement, with NEDM2020 consistently
exhibiting the lowest residual differences, ranging from 1.28 to 4.39 m across all events. This supports the ability of GNSS-
R code delay observables to capture the first-order ionospheric delay with reasonable fidelity. Uncertainty analysis reveals
that the observed delay fitting process dominates the overall error budget, with additional contributions from tropospheric
correction and surface height uncertainty. Furthermore, inversion of the fitted delays using the Chapman layer model yields
plausible F-layer parameters, with peak heights ranging from 307 to 367 km and a mean delay RMSE of approximately
1.2 m (~ 4 TECU). Comparisons with ionosonde and EISCAT measurements show differences within &= 15 km. These results
demonstrate the potential of single-frequency GNSS-R missions for retrieving ionospheric structure, particularly in remote
regions where conventional techniques are limited or unavailable.

Keywords PRETTY - GNSS reflectometry - Ionospheric delay - Grazing angles - Code delay - NEDM?2020 model

1 Introduction

The increasing use of CubeSats in a wide range of applica-
tions, including Earth observation and atmospheric science,
reflects the growing versatility, reduced cost, and adapt-
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ability of these small satellite platforms. CubeSats are
now contributing to advanced remote sensing techniques,
including Global Navigation Satellite Systems Reflectome-
try (GNSS-R), which has demonstrated significant potential
for monitoring Earth’s surface and atmospheric properties.
GNSS-R leverages signals from GNSS, reflected off Earth’s
surface, to derive information on surface characteristics and
atmospheric conditions. Beyond its well-established use in
sea surface altimetry (Cardellach et al. 2020) and sea ice mon-
itoring (Alonso-Arroyo et al., 2016; Cartwright et al. 2019),
GNSS-R is also emerging as a valuable technique for iono-
spheric and tropospheric studies, particularly in spaceborne
Low Earth Orbit (LEO) platforms, enabling applications such
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as total electron content (TEC) estimation (Ren et al. 2022)
or water vapor retrievals (Wang 2023b).

A critical atmospheric effect that needs to be accounted
for spaceborne GNSS-R missions is ionospheric delay. As
the GNSS signals traverse through the ionosphere, the
TEC induces delays that affect the direct (GNSS-to-LEO),
incident (GNSS-to-specular point), and reflected (specular
point-to-LEO) paths. This effect is especially pronounced
at lower elevation angles, which are typical of spaceborne
GNSS-R observations under grazing geometries.

The importance of accounting for ionospheric delays in
spaceborne GNSS-R has been highlighted in earlier works.
Prior to the Cyclone Global Navigation Satellite System—-
CYGNSS mission (Ruf et al. 2013a, b) launched in 2016,
Xing et al. (2015) conducted simulations using the Interna-
tional Reference Ionosphere (IRI) Model (Bilitza et al. 2022)
to quantify ionospheric delay effects on the Delay Doppler
Map (DDM) observables. Their results indicated that the
ionospheric delay is inversely proportional to satellite ele-
vation and can reach up to 30 m for elevations as low as 30°.
Based on the GNSS-R geometry considered in that study, the
relative ionospheric delay was found to be primarily influ-
enced by the contributions of the incident and reflected signal
paths.

In another study Camps et al. (2016), used data from the
single-frequency TechDemoSat-1 (TDS—1) mission (Unwin
et al. 2016) and showed that at 55° elevation, ionospheric
delays can range between 1 and 3 TECU (0.16-0.5 m in
L1), with signal-to-noise ratio (SNR) fluctuations driven by
ionospheric scintillation, especially within & 20° latitude of
the geomagnetic equator. However, neither of these studies
addressed ionospheric effects at grazing geometries where
atmospheric effects become even more pronounced and com-
plex.

Recent developments in GNSS-R spaceborne missions
have advanced the ionospheric corrections and retrievals,
particularly through the use of dual-frequency observations
Wang and Morton, (2022). used dual-frequency coherent
GNSS-R observations from Spire CubeSats to retrieve rela-
tive TEC over sea ice and calm oceans at grazing angles,
demonstrating high precision for ionospheric disturbance
monitoring. However, these techniques rely on carrier phase
observables and are limited in rough ocean regions where
coherent reflections are not sustained.

To address these limitations Wang (2023a), introduced a
novel approach to estimate ionospheric delay using single-
frequency GNSS-R pseudorange measurements, especially
leveraging the wideband GPS L5 and Galileo ES signals. This
method aims to extract ionospheric TEC from the residual of
modeled pseudorange, correcting for geometric range, clock
biases, surface height, and tropospheric delays. Wang pre-
sented that with proper corrections, pseudorange-based TEC
retrieval can achieve sub-meter precision (2-3.4 TECU) for
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GPS L5 under moderate sea surface conditions. However,
the study used simulations and L.1/L.2 data due to the lack of
actual L5/ES data at the time.

The ESA PRETTY (Passive Reflectometry and Dosime-
try) CubeSat mission (Dielacher et al. 2022), launched in
October 2023, represents a novel approach to GNSS-R
by utilizing the L5/E5 signal bands for altimetric appli-
cations at grazing angles. Developed by Beyond Gravity
Austria GmbH, Graz University of Technology, and Seibers-
dorf Laboratories, PRETTY aims to measure sea surface
height and related geophysical parameters such as signifi-
cant wave height, sea ice type, and concentration, primarily
in polar regions, using single-frequency observations. Due to
its reliance on a single frequency, PRETTY applies model-
based corrections to compensate for atmospheric delays.

PRETTY’s onboard software supports observations at
very low-elevation angles—down to 0.01°—allowing pre-
cise analysis of atmospheric effects on reflected signals. The
satellite can operate in both clean replica GNSS-R (cGNSS-
R) and interferometric GNSS-R (iGNSS-R) modes. The
c¢GNSS-R mode uses a locally generated reference signal
for correlation, while the iGNSS-R relies on the direct signal
received by the satellite as the reference for interferometric
processing (Cardellach et al. 2018) .

PRETTY mission also provides both code delay and phase
observables, offering valuable opportunities for atmospheric
and geophysical studies. However, at the time of this study,
the phase data and the iGNSS-R observations are still under-
going validation and verification by the mission team and are
not yet available for scientific analysis.

In this study, we focus on the estimation of ionospheric
delay using PRETTY code delay observations. Previous
GNSS-R missions have focused either on correlation maps
over delay doppler maps in near-nadir geometry with inci-
dence at the reflection point below 60° (e.g., TDS-1,
CYGNSS) or on a single coherent correlator sampling in
grazing geometries with respective incidence angle above
60°, as in the spire constellation. The PRETTY mission pro-
vides correlation maps highly resolved in delay, even under
grazing geometries. It allows us to study atmospheric effects
using code delay observations in the grazing-angle regimes
where atmospheric effects are especially variable.

We analyze six events collected over the Northern Polar
region during July 2024 and estimate the ‘relative’ iono-
spheric delay—here defined as the difference in ionospheric
delay between the reflected and direct signal paths in
the GNSS-R geometry. Based on these estimations from
PRETTY, we assess the feasibility of retrieving the verti-
cal ionospheric structure by fitting a Chapman layer model
to the observed delay profiles, aiming to derive key F-layer
parameters such as the peak electron density, peak height,
and scale height.
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This paper is structured as follows: Sect. 2 details the
methodology, describing the data used and the approach
to compute relative ionospheric and tropospheric delays.
Section 3 presents the results, including the delay maps,
the correction and estimation of relative ionospheric delay,
and Chapman layer parameter inversion. Finally, Sect. 4 con-
cludes with key takeaways and outlines directions for future
work, including opportunities enabled by using PRETTY
data.

2 Data and methodology
2.1 GNSS-R PRETTY data

The ESA PRETTY CubeSat is a GNSS Reflectometry mis-
sion launched in October 2023 into a sun-synchronous polar
LEO orbit at 560 km in height and an inclination of 97.66°.
The mission’s primary objective is to measure the sea surface
height and other sea ice properties, particularly at grazing
angles (Dielacher et al. 2022). PRETTY is a pioneering mis-
sion in the field of GNSS reflectometry, utilizing E5/L5 signal
bands from the European Galileo and U.S. GPS satellites. Its
system is highly adaptable and capable of conducting obser-
vations across a wide range of elevation angles, from 30°
down to as low as 0.01°, offering flexibility for diverse data
acquisition scenarios. As of September 2024, the PRETTY
mission has conducted multiple measurements across vari-
ous locations, with a primary focus on the North Polar region.
These observations have been carried out using signals from
both the GPS and Galileo constellations, covering a wide
range of grazing-angle elevations. The distribution of reflec-
tion point tracks recorded by PRETTY is shown in Fig. 1.

A total of six events were selected for this study. These
observations represent the cases with the highest signal-to-
noise ratio (SNR) levels, computed as the peak signal power
relative to the noise level in decibels (dB), and featuring ele-
vation grazing angles down to 1° or lower. The selected events
also cover different levels of solar activity, as indicated by
the variability in the solar flux index F10.7.

Table 1 summarizes the key information for each selected
event, including the date, GNSS constellation and PRN,
observation start time in UTC, elevation range, duration
of the analyzed event, SNR range, and the corresponding
F10.7 index value (in solar flux units, sfu), obtained from the
National Research Council and Natural Resources Canada.

In Fig. 2, the left panel displays the locations of the
selected events, color-coded by the date of recording, with
markers indicating the GNSS constellation, stars for Galileo,
and circles for GPS. The right panel illustrates the corre-
sponding SNR levels for each event.

2.2 Delay maps and code delay

The raw data from the PRETTY receiver is recorded as com-
plex waveforms sampled at 1 ms intervals. From this raw
data, the next-level data product, known as the Delay Map
(DM) observable, is derived. The DM is a time-delay rep-
resentation of the reflected GNSS signals, offering insight
into how these signals arrive at different delays relative to
the direct signals, after bouncing off the reflecting surface.
In the DM, the y-axis shows the signal delay, representing
the excess path length of the reflected signal relative to the
direct signal, while the signal intensity is color-coded. The
DM has been employed in GNSS-R for applications such
as ice sheet altimetry, as demonstrated in Rius et al. (2017)
using TDS—1 data.

The PRETTY DM is generated during postprocessing in
two steps. First, the signal is coherently integrated every
20 ms. This is followed by an incoherent integration every
second, allowing for longer integration periods since it does
not depend on maintaining phase information. The location
of the peak intensity on the y-axis for each power waveform
in the DM represents the relative observed code delay. The
PRETTY DMs are configured into 200 taps along the delay
axis, with each tap corresponding to a resolution of 7.8071 m.
This offers a finer delay range resolution compared to the
37.5 m resolution of the TDS-1 mission (Foti et al. 2015)
and the 25 m resolution of the CYGNSS mission (Ruf et al.
2013a, b).

The ability to observe GNSS-R signals down to 1° of
elevation is a key advantage of the PRETTY mission. At
such grazing angles, the reflected signal paths traverse longer
atmospheric segments, significantly amplifying atmospheric
delay signatures, particularly those related to ionospheric and
tropospheric effects. This geometry enables greater sensi-
tivity to the vertical structure of the atmosphere, especially
the ionosphere. Moreover, surface roughness effects become
less dominant at very low elevations, favoring conditions for
coherent reflections, especially over calm ocean or ice sur-
faces. These coherent returns enhance the detectability of
systematic delay trends.

As illustrated in the Delay Maps in Fig. 3, when the ele-
vation falls below approximately 4°, the relative code delay
exhibits a marked drift (i.e., a nonlinear increase), continuing
until it reaches the lowest elevation of ~ 1°. This delay cur-
vature is indicative of the influence of atmospheric refraction
and dispersion at low-elevation angles. These features would
remain undetectable at higher elevation regimes (e.g., > 5°).

As shown in Table 1, all observations correspond to set-
ting events (i.e., decreasing elevation angles). The events on
06 July and 16 July extend down to 1° in elevation (at the
specular point location), whereas the events from 25 July
onward reach as low as 0.01°. However, in the Delay Maps
from these latter events, it becomes evident that below 1° of
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Fig. 1 Location of reflection
point tracks recorded by
PRETTY as of September 2024 60°N >
using cGNSS-R (orange) or
iGNSS-R (magenta) and Galileo

(stars) or GPS (dots) system 30°N
O R e R
30°S iIGNSS-R (GPS) |
iGNSS-R (GAL)
60°S cGNSS-R (GPS)
CGNSS-R (GAL) [ IR RO cet™ i
A ! ! : o o
180°W 120°W 60°W 0° 60°E 120°E 180°E
Table 1 Overview of the selected ]
events, summarizing key Date GNSS-PRN  UTC Ele.[deg] ~ Duration  SNR [dB] F10.7
observational parameters [mm:ss] [sfu]
2024/07/06 GAL-7 01:35:48 7-1 03:09 5.10-9.44 169.9
2024/07/16 GAL-7 00:55:51 10-1 04:12 5.25-9.11 242.4
2024/07/25 GPS—4 05:05:53 9-0.01 03:58 6.31-12.09 172.0
2024/07/27 GPS-8 04:55:51 11-0.01 06:34 5.96-10.26 186.7
2024/07/28 GPS-8 04:50:52 13-0.01 07:21 5.61-11.59 216.6
2024/07/29 GPS-8 04:45:50 15-0.01 08:10 5.88-12.11 224.2
180°
06/07/2024 (GALT) N
16/07/2024 (GAL7) || e
120°wW| 25/07/2024 (GPS4) | [120°E 120°W)
27/07/2024 (GPS8) 10
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g

Fig.2 Left: Specular points tracks, color-coded by date (stars: Galileo events, and circles: GPS events). Right: SNR levels of the selected events.
The Tromsg ionosonde (EISCAT station) is located near the observed events

elevation, the relative code delay becomes noisier, and the
direct signal delay starts to appear with increased intensity,
making it more challenging to identify the relative code delay
peak. As a result, all event samples have been truncated at
the 1° elevation limit to ensure reliable analysis.

@ Springer

2.2.1 Code delay fitting

After the Delay Map is computed, the peak value of each
power waveform is selected, and the corresponding code
delay over time is extracted. In this step, it is necessary to
remove outliers to ensure the consistency of the retrieved
code delays. These outliers, such as signal power dissipation
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Fig.3 PRETTY Delay Maps from 16, 25, and 28 July. The x-axis represents the seconds of the track, while the y-axis indicates the relative code

delay converted to meters

in the DM, typically correspond to locations where the spec-
ular point crosses over land or rougher surfaces. For instance,
in the DM from 28 July (Fig. 3, right), a power drop (or gap)
is observed before the 100 s mark of the track, coinciding
with the specular point crossing over Ellef Ringnes Island in
Canada.

As presented in Fig. 4, the observed code delays exhibit a
discrete stepped behavior, resulting from the delay resolution
of the DMs. This quantization effect arises from the discrete
tap configuration of the correlator, where each step corre-
sponds to one delay bin (7.8071 m). To capture the underlying
trend in the code delay, a fitting process is applied to the obser-
vations over the entire duration of each event. The model that
best captures this trend is an exponential function of the form
y=a- e + ¢, where y represents the code delay, and x is
the independent variable, which in this case is time.

After the fitting process, the coefficient of determination
R? is found to be close to 1, indicating a strong fit between
the model and the observed code delay data. The uncertainty
envelope associated with the fitting is derived using the 5th
and 95th percentiles of the residuals, corresponding to the
range within which 90% of the observations are expected to
fall. The typical uncertainty range associated with the fitting
is approximately + 2.6 m.

Figure 4 presents the observed code delays along with the
fitted curves and associated uncertainty bounds for the events
on 16, 25, and 28 July.

2.3 Atmospheric delays

In GNSS-R, the relative path delay Ay, also referred to as the
interferometric path delay, represents the difference between
the reflected path delay, p, (which includes both the incident
and reflected rays), and the direct path delay, p; (Cardellach
et al. 2004). Considering the common sources of delay that
affect GNSS signals, the relative delay can be expressed as
follows:

Ap = Apgeo + Aptmp + Api()no + Aprgh + Apinstr tn (1)

where Apgeo represent the geometrical delay, Aplrop accounts
for the relative path delay caused by tropospheric refraction,
and A, corresponds to the relative ionospheric path delay.
Additionally, there is an induced bias due to surface rough-
ness, denoted as Aprgh’ while instrumental and unmodeled
errors are represented by A, and n, respectively.

Due to the geometry of spaceborne GNSS-R at graz-
ing angles, the signals traverse a longer path through the
atmosphere, resulting in a larger atmospheric impact. In this
study, we focus on correcting and analyzing the two major
atmospheric contributions: the relative tropospheric delay
Apm)p and the relative ionospheric (group) delay Ap, . Since
PRETTY is a single-frequency (E5/LS5) mission, it relies on
atmospheric models to account for the delays introduced
along the direct, incident, and reflected signal paths. Cor-
rections for geometric and instrumental delays are handled
by the mission’s onboard processing. The following section
describes the methodologies used to compute the model-
based tropospheric delay applied for correction, as well as
the ionospheric delays used for comparison with the esti-
mates derived from the observations.

2.3.1 Model-based relative ionospheric delay

The ionosphere, a layer of the upper atmosphere composed
of charged particles, induces delays in GNSS signals that
depend on the TEC (Morton et al. 2020). The slant TEC
(sTEC) refers to the total number of electrons per square
meter (electron density) along the signal path between a
GNSS satellite and a receiver, and it is commonly measured
in total electron content uits (TECU), where one TECU is
equivalent to 10! electrons per square meter.

In this study, the model-based sSTEC along each ray path
is computed using three different models: the Neustrelitz
electron density model—NEDM2020 (Hoque et al. 2022),
the NeQuick model (Nava et al. 2008), and the Interna-
tional Reference Ionosphere Model (IRI) (Bilitza et al. 2022).
These sTEC values are used to compute the modeled rela-
tive ionospheric delay. The resulting modeled delays are then
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Fig.4 Code delay observations with the exponential model fit, the coefficient of determination R, and its corresponding model uncertainty bounds

compared with the corresponding delay estimated from the
PRETTY code delay observations.

The computation methodology follows the approach
described by Moreno et al. (2023). The positions of the trans-
mitter, receiver, and specular reflection point are obtained
from PRETTY mission metadata, with the specular point
already corrected for surface elevation using a digital ele-
vation model integrated into the onboard system. Based on
these positions, ray points are defined every 10 km along the
ray paths of the direct (di), incident (in), and reflected (re)
signals.

The electron density for each ray point is obtained from
the respective three models. Both NEDM2020 and NeQuick
provide electron density values directly for any 3D coor-
dinate using inputs latitude, longitude, altitude, date, local
time, and solar flux index. For the IRI model, electron den-
sity profiles are extracted from IRI-2016 and assembled into
a 3D electron density field with a horizontal resolution of
2° x 2°. By integrating the electron density along each ray,
the sSTEC for the direct, incident, and reflected signals is
obtained. The relative sSTEC, AsT EC, is then computed
as sTECi, + sT ECye — sT ECy;. Finally, the model-based
relative ionospheric delay (in meters) can be determined as
follows:

40.3 % 100
Apine = +TASTEC 2)

where f represents the GNSS carrier frequency in Hertz. For
the PRETTY mission, this applies to the GPS L5 and Galileo
ES5 frequency bands, which operate at 1176.45 MHz.

2.3.2 Model-based relative tropospheric delay

The lowest layer of the Earth’s atmosphere is the troposphere.
The troposphere induces delays in GNSS signals that depend
on variations in temperature, pressure, water vapor, and the
relative positions of the transmitter and receiver (Hofmann-
Wellenhof et al. 2012). To account for this effect, we retrieve
model-based tropospheric corrections using ray-tracing tech-
niques supported by numerical weather model data.
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Specifically, we use the ERAS reanalysis data (Hersbach
et al. 2020) from the European Centre of Medium-Range
Weather Forecasts (ECMWF), which provides atmospheric
fields on 37 pressure levels at a horizontal resolution of 0.25°
x 0.25°.

The computations are based on the point-to-point algo-
rithm developed by Zus et al. (2012), which determines the
signal path between transmitter and receiver and integrates
the refractive index along that path to compute the optical
length.

The process begins by computing the geometric path
length P. Following the methodology described by Semm-
ling et al. (2016), this path is first computed under the
assumption of no atmospheric effects, using the known posi-
tions of the GNSS transmitter and the PRETTY receiver,
thereby deriving an initial reflection point. The reflection
point is then iteratively adjusted until the incident and
reflected rays satisfy the law of reflection (i.e., the inci-
dence angle equals the reflection angle). With the troposphere
included, the new path length is computed and denoted as P;.
Finally, the ionospheric delay is added using the same reflec-
tion geometry, yielding the total atmospheric path length P;.
The total path length P; can be expressed as:

P=P+ (P —P)+(P—P) 3

In this approach, A P, = (P — P) represents the model-
based relative tropospheric delay, and AP, = (P, — P)
represents the relative ionospheric delay.

3 Results
3.1 Model-based atmospheric delays analysis

The model-based relative tropospheric and ionospheric
delays are computed for each ray individually for all six
selected events. Figure 5 illustrates three examples, show-
ing the ionospheric delay (dashed lines) retrieved from the
NEDM2020 model, and the modeled tropospheric delay



Grazing-angle ionospheric delays observed during the GNSS-R PRETTY mission

Page7of15 89

GAL 7 - 2024/07/16 00:55:51

GPS 4 - 2024/07/25 05:05:53

GPS 8 - 2024/07/28 04:50:52

iono. delay in. iono. delay in. iono. delay in.
60 iono. delay re. 60 iono. delay re. 60 — = iono. delay re.
iono. delay di. iono. delay di. —~ ~ = iono. delay di.
~
—_ trop. delay in. —_ trop. delay in. —_ SN trop. delay in.
é 40 trop. delay re. é 40 trop. delay re. é 40 N = trop. delay re.
. . N )
E\ trop. delay di. 5 trop. delay di. E\ trop. delay di.
()] [} ()]
T 20 T 20 T20{ e
0 0 0
0o 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0o 2 4 6 8 10 12 14

elevation [deg]

elevation [deg]

elevation [deg]

Fig.5 Ionospheric (NEDM?2020) and tropospheric delays for each ray —incident (in), reflected (re), and direct (di)— during the events on 16 July

(GAL 7), 25 July (GPS 4), and 27 July (GPS 8)

(solid lines) for the events on 16, 25, and 28 July, color-coded
to indicate the respective rays: incident, reflected, and direct.
The event on 16 July corresponds to the day with the highest
solar activity among the analyzed events (see Table 1).

Regarding the tropospheric delay in the three examples
in Fig. 5, the contributions from the incident and reflected
signals are similar, in agreement with the tropospheric correc-
tion approach presented by Fabra et al. (2011). Both exhibit
an exponential increase as the elevation angle decreases,
reaching values close to 60 m at an elevation of 1°. In con-
trast, the direct signal does not contribute within this elevation
range. The ionospheric delay, however, shows more dynamic
behavior across the three rays, with variations influenced by
the solar activity level on each respective day. Ionospheric
delay values are notably higher on days with increased solar
flux. Moreover, the direct ray exhibits a pronounced increase
in ionospheric delay across all days, peaking at around 3° of
elevation in all cases, after which the delay contribution from
the direct signal delay begins to decrease.

The model-based relative ionospheric and tropospheric
delays are calculated as described in Sect. 2.3. When apply-
ing the modeled total atmospheric delay correction, i.e., the
sum of the tropospheric and ionospheric delays, an offset
remains between the observations and the model. This off-
set is primarily due to the configuration of the onboard code
generator in the field-programmable gate array (FPGA) on
the PRETTY satellite during clean replica observations. In
this mode, processing begins by determining the direct sig-
nal delay to configure the code generator and compensate for
any instrumental delays. Initially, the software estimates the
delay error of the direct signal in an open-loop process by cor-
relating it with a code delayed by an initial value, accounting
for the discrepancy between the peak and estimated taps.

This initial compensation includes the geometric, iono-
spheric, and tropospheric delays at the first epoch of the
observation. A correction using the first epoch of the total
modeled atmospheric delay for the direct signal is applied to
align the observed code delay with the modeled. Since the

tropospheric delay is absent from the direct signal, the cor-
rection relies solely on the ionospheric delay. Applying this
correction improves the alignment between the observations
and the model, as shown in Fig. 6. The figure shows the mod-
eled atmospheric delays alongside the observed code delay
and the fitting curve. The orange curve represents the relative
tropospheric delay, the blue curve is the relative ionospheric
delay from NEDM?2020, and the green curve is the total atmo-
spheric delay. A clear trend agreement between the observed
and modeled delays is evident, with both showing an expo-
nential increase, particularly below 5° of elevation, indicating
that the models reasonably capture the atmospheric delay
dynamics.

3.2 Relative ionospheric delay estimation

To estimate the relative ionospheric delay, the modeled tro-
pospheric delay is subtracted from the fitted code delay
observations, as the geometric and instrumental delays are
already corrected during onboard processing. This step iso-
lates the ionospheric contribution by effectively removing
the tropospheric influence. Focusing solely on the iono-
sphere enables a detailed examination of its impact on signal
propagation and allows for direct comparison between the
estimated and model-based relative ionospheric delays, help-
ing to identify potential anomalies or discrepancies.

Figure 7 shows the relative ionospheric delay computed
using the three different models: NEDM?2020, NeQuick, and
IRI. It also includes the estimated relative ionospheric delay
(red curve), with associated uncertainty derived from model
fitting errors and a tropospheric correction uncertainty of
less than 1% (Zus et al. 2012). This uncertainty estimate
for the tropospheric correction is based on statistical com-
parisons between weather model-based and GNSS-derived
tropospheric delays. Therefore, it is a conservative estimate
as it also includes the uncertainty of the GNSS estimates.

Overall, the relative ionospheric delay estimations align
well with the selected models, with the NEDM2020 model
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Fig.6 Observed code delay with its fitting curve after applying the correction based on the first epoch total modeled atmospheric delay, along with
the modeled relative ionospheric and tropospheric delays and their sum, representing the total modeled delay
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Fig.7 Relative ionospheric delay computed using the IRI, NeQuick, and NEDM2020, along with the estimated relative ionospheric delay and its
associated uncertainties from model fitting and tropospheric correction
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Table 2 Residual standard

deviations (in meters) between Date GNSS-PRN UTC NEDM2020 NeQuick IRI
the GNSS-R estimated relative
ionospheric delays and the 2024/07/06 GAL-7 01:35:48 3.75 5.49 3.82
corresponding values from each  >04/07/16 GAL-7 00:55:51 4.39 6.20 5.46
ionospheric model
2024/07/25 GPS—+4 05:05:53 1.79 2.82 4.86
2024/07/27 GPS-8 04:55:51 1.55 2.88 3.11
2024/07/28 GPS-8 04:50:52 1.39 242 3.27
2024/07/29 GPS-8 04:45:50 1.28 1.99 2.90
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Fig. 8 Uncertainty contributions to the estimated relative ionospheric
delay as a function of elevation angle

consistently exhibiting the lowest residual standard devi-
ations across all events, as shown in Table 2. This close
alignment suggests that NEDM2020 more accurately cap-
tures the slant delay variations observed under the specific
conditions of each event. The reduced spread of residuals
further supports that the estimation effectively retrieves the
first-order ionospheric delay, which is directly proportional
to the total electron content.

Notably, the largest deviations across all three models
occur on 16 July, coinciding with the highest solar activity
levels. This underscores the limitations of empirical models
in capturing ionospheric variability under disturbed space
weather conditions.

Figure 8 presents the uncertainties associated with the
relative ionospheric delay estimations arising from the expo-
nential fitting process, the model-based tropospheric delay
correction, and including the reflecting surface height. Each
contribution is evaluated as a function of elevation angle.

The uncertainty from the exponential fitting is approxi-
mately £ 2.6 m, as derived from the residual statistics during
the curve fitting process. This value reflects the influence of
PRETTY’s delay map resolution and the discrete nature of
peak tracking, which limits the precision in capturing con-
tinuous delay variations.

The uncertainty in the tropospheric delay correction is pri-
marily based on ray-tracing simulations using ERAS profiles

and is estimated to contribute a standard deviation of approxi-
mately 0.5 m at 1° elevation, decreasing to below 0.2 m above
10°, corresponding to relative errors of 1% or less (Zus et al.
2012).

The uncertainty related to the surface level comes from
residual biases or unmodeled errors in the onboard correc-
tion using the digital elevation model. A conservative 0.5 m
surface height uncertainty translates to an increasing delay
error with elevation, contributing more significantly at higher
elevation angles due to the steeper signal geometry.

As shown in Fig. 8, the overall uncertainty budget is dom-
inated by the fitting process. While PRETTY offers a higher
delay resolution compared to previous missions, the quanti-
zation of the Delay Map still imposes limitations on tracking
precision.

3.3 Estimation of chapman parameters from GNSS-R
relative ionospheric delay

As the estimations of the relative ionospheric delay have
demonstrated the capability to capture the first-order iono-
spheric effects with good agreement, a further step involves
the inversion of Chapman layer parameters from the
reflectometry-based ionospheric delay estimates. The goal
is to retrieve information about the vertical structure of the
ionosphere.

The Chapman layer function (Chapman 1931) models the
electron density N, as a function of altitude & providing a
representation of the ionospheric F-layer. This model helps
to understand how ionospheric conditions influence GNSS
signal propagation at different altitudes.

The electron density profile as a function of height % is
described by the following expression:

1 h — hy,
Ne(h) = Ny - exp(z * (1 — < i )
_exp<—h _Hhm>>> @

where Ny represents the peak electron density of the F-layer,
hm 1is the height of the F-Layer peak, and H represents the
scale height.
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The objective of the inversion is to determine the set of
Chapman parameters iy, Ng and H that best reproduce
the observed GNSS-R relative ionospheric delays. For each
set of parameters, the electron density is computed along
the ray point heights derived from the direct, incident, and
reflected paths. These values are then integrated to calculate
the Chapman-based sTEC per ray, from which the modeled
relative ionospheric delay is obtained.

To fit the model to the observations, a cost function is
defined as the root mean square error (RMSE) that minimizes
the difference between the GNSS-R-derived ionospheric
delay estimates and the Chapman-modeled delays:

1 2
RMSE = N Z(Apiono((’bS)’i - Apiono(Chp)’i(hm’ No, H)>
i
(5)

Here, Apiono(obs) Tepresents the GNSS-R-based relative
ionospheric delay estimates, and Apjono(chp) 18 the corre-
sponding delay computed using the Chapman model for a
given parameter set.

The inversion is carried out using a constrained optimiza-
tion procedure, with the following parameter bounds: Ay, €
[150, 4501 km, Ny € [lel1, 1.5e12] el/m3, and H < [30, 150]
km, based on Cushley et al. (2017).

The comparison between the GNSS-R-derived relative
ionospheric delay estimates and the Chapman model fits
is presented in Fig. 9. The blue curve shows the GNSS-
R-based ionospheric delay estimation, while the red-dashed
curve represents the Chapman delay computed using the fit-
ted parameters.

The results show a strong agreement between the GNSS-
R observations, and the Chapman model estimates across
all events. The Chapman fits successfully capture the over-
all shape and magnitude of the relative ionospheric delay,
including the location of the local minima typically observed
between 2° and 4° of elevation. In most cases, the fitting
reproduces both the curvature and the steep increase in delay
at lower elevations, which is primarily driven by the longer
ionospheric path lengths and increased sensitivity to the F-
layer structure.

Some slight discrepancies are observed near the lowest
elevations, where the GNSS-R estimations show more rapid
changes than the Chapman model. This could be attributed to
local ionospheric irregularities, the influence of the E-layer
(the lower the elevation, the tangent point can fall below the
F-layer), and limitations in resolving fine vertical structure
using a simplified Chapman formulation.

Overall, the inversion demonstrates that GNSS-R code
delay observations at grazing angles are capable of retrieving
ionospheric vertical profile characteristics consistent with the
classical Chapman layer model.
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The fitted Chapman layer parameters for each event are
summarized in Table 3. The fitting results demonstrate sta-
ble retrievals across the six events, with £, ranging from
approximately 307 to 361 km and.

H varying between 100 and 126 km. These values are
in agreement with typical F-layer parameters reported in
high-latitude regions under conditions of high solar activity
(Bilitza et al. 2011).

The RMSE values of the fits remain below 1.7 m for all
cases, indicating good consistency between the GNSS-R-
derived ionospheric delay and the Chapman model recon-
structions. The highest RMSE (1.66 m) corresponds to the
16 July event, which also had the highest solar flux level
(F10.7 = 242), potentially reflecting enhanced ionospheric
variability that is not fully captured by the smooth analytical
Chapman model.

The retrieved F-layer peak heights (h,,) from GNSS-
R observations are compared with ionosonde and EISCAT
measurements reported in the global Ionospheric radio obser-
vatory (GIRO) database (Reinisch and Galkin 2011). The
GIRO database provides access to ionograms from ionosonde
and incoherent scatter radar stations, which probe the iono-
sphere to derive electron density profiles and associated
parameters, including the F-layer peak height. For compari-
son, three stations located near the analyzed GNSS-R events
were selected: two stations in Tromsg, northern Scandi-
navia—TROMS®@ (URSI code TR169), EISCAT TROMS®
(TR170), and THULE (THJ76) in Greenland. Table 4
presents a comparison between the GNSS-R-derived £,
estimates (in kilometers) and those reported by the GIRO
database.

The results show that the GNSS-R retrieved F-layer peak
heights are generally in good agreement with those reported
by nearby ionosonde and EISCAT stations. For most events,
the differences between the estimates and the reference val-
ues remain within &= 15 km, which is consistent with expected
spatial and temporal variations in the ionosphere. Notably,
the event on July 28 exhibits the highest retrieved peak
value (361.29 km), closely matched by EISCAT TROMS®
(TR170) at 350.60 km, suggesting enhanced ionospheric
activity under elevated solar flux conditions. The largest
discrepancies, such as the difference between the GNSS-
R estimate and THJ76 on July 28, may be attributed to
dynamic ionospheric conditions that introduce localized vari-
ability, spatial separation between the GNSS-R events and
the ground-based stations, as well as limitations in model
resolution or temporal collocation.

While the F-layer peak height A, retrieved from the
Chapman inversion provides valuable insight into the ver-
tical ionospheric structure, further analysis is necessary to
assess the horizontal consistency of this estimation across
the GNSS-R geometry. In particular, the horizontal separa-
tion between the peak electron density points of the incident
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Fig.9 Comparison between GNSS-R-derived relative ionospheric delay estimates from PRETTY observations (blue) and Chapman model estima-

tions (red dashed) for six events in July 2024

Table 3 Retrieved Chapman

layer parameters for cach Date GNSS-PRN  UTC hwlkm] — Nolem®]  H[km]  RMSE [m]

analyzed event, including the 4,,,

No, H, and the RMSE between 2024/07/06 GAL-7 01:35:48 315.71 5.35e11 123.48 1.47

the GNSS-R estimated and 2024/07/16  GAL-7 00:55:51  307.35 6.34el11 120.81 1.66

Chapman-modeled relative e

jonospheric delays 2024/07/25 GPS—+4 05:05:53 323.26 4.33ell 115.22 0.83
2024/07/27 GPS-8 04:55:51 310.34 3.64el1 100.81 0.74
2024/07/28 GPS-8 04:50:52 361.29 4.0%11 111.61 1.31
2024/07/29 GPS-8 04:45:50 337.49 3.80el1 126.18 1.25

Table 4 F-layer peak height 4,,

(in km) retrieved from GNSS-R Date GNSS-PRN UTC GNSS-R TR170 TR169 THI76

in comparison with stations from

the GIRO database 2024/07/06 GAL-7 01:35:48 315.71 313.30 309.90 307.60
2024/07/16 GAL-7 00:55:51 307.35 ND 315.30 299.30
2024/07/25 GPS—4 05:05:53 323.26 318.50 307.50 294.10
2024/07/27 GPS-8 04:55:51 310.34 307.20 294.00 300.20
2024/07/28 GPS-8 04:50:52 361.29 350.60 327.50 306.30
2024/07/29 GPS-8 04:45:50 337.49 339.60 297.40 327.30

and reflected rays can span from approximately 2000 km at
14° elevation to over 3800 km at 1° elevation. This is rel-
evant because such large distances imply that the two ray
paths sample different regions of the ionosphere, where hor-
izontal gradients and localized structures may influence the
reliability of the inversion.

Figure 10 illustrates the relationship between the horizon-
tal distance separating the h,, locations of the incident and
reflected rays and the vertical difference in their respective

peak heights. The data are color-coded by elevation angle
and correspond to all six analyzed events. The h,, values
are extracted from the NEDM2020 model as the altitude at
which the maximum electron density occurs along each ray.
From those peak points, the vertical height difference and
geographic distance are computed.

Although the horizontal distances are considerable, the
vertical differences in %, remain within a relatively narrow
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Fig. 10 Horizontal distance between the F-layer peak locations along
the incident and reflected ray paths versus the corresponding vertical
difference in peak height 4,,

range of 18 to 37 km. This suggests that, despite the large sep-
aration between ionospheric penetration points, the retrieved
h,, values are relatively stable, with limited vertical variabil-
ity, partly because the climatological models used resolve
rather smooth features. Nevertheless, the Chapman-based
estimation of F-layer peak height can be reasonably inter-
preted as representative of the ionospheric structure along
the GNSS-R track under the analyzed conditions, as further
supported by the agreement with nearby ionosonde and EIS-
CAT data.

3.4 Relative ionospheric delay cancelation point
and the f-layer structure

In addition to the Chapman-based inversions, we identify a
cancelation point in the relative ionospheric delay, defined as
the elevation angle where the contributions from the direct
and combined incident-reflected signal paths cancel out,
resulting in a net delay of zero. This point is evident in Fig. 7
across all of the events, where the delay curve intersects the
zero line. To explore the physical basis of this phenomenon,
Chapman layer simulations are performed, varying the Ny
with values of 0.5e12 m~3, 1.0e12 m~3, and 1.5e12 m~,
while assigning &, values of 250 km, 300 km, and 350 km.
The results of the different scenarios are presented in Fig. 11.
The color-coded lines represent variations in the F-layer peak
height, while the dashed line styles represent variations in
peak electron density.

As shown in Fig. 11, there is a clear relationship between
the elevation angle of the cancelation point and the F-layer
peak height. For example, a cancelation point at approxi-
mately 6.83° elevation (July 06) corresponds to an ki, of
317 km, while a shift to 8.29° (July 28) aligns with an &,
of 367 km. Table 5 present the retrieved &, using the cance-
lation point method. While some discrepancies remain, the
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results show good agreement with the %, values obtained
from Chapman-based fitting. These findings suggest that this
cancelation point could serve as a proxy for estimating the
F-layer peak height. Future work will further investigate its
applicability, considering factors such as horizontal iono-
spheric gradients and the sensitivity to GNSS-R geometry.

4 Conclusions

This study demonstrates that, after accurately correcting for
the tropospheric delay, it is possible to successfully esti-
mate the first-order relative ionospheric delay using code
delay observations at grazing angles from the ESA PRETTY
mission. These findings highlight the potential of single-
frequency GNSS-R missions like PRETTY to capture iono-
spheric delay effects accurately, even at very low-elevation
angles, using model-based atmospheric corrections.

Thanks to PRETTY’s extended observation capabilities
down to 1° of elevation, we determined that the relative iono-
spheric delay reaches its maximum negative value at around
3°, averaging — 20 m across the six events analyzed in the
North Pole region, with variations influenced by solar activ-
ity. This elevation coincides with the peak delay contribution
from the direct signal, which accounts for approximately
60% of the total ionospheric delay at 3°, with the remain-
ing 40% from the combined incident and reflected paths. At
higher elevations (e.g., 10°), this proportion shifts, with the
direct ray contributing only about 40%. This highlights that
ionospheric effects, particularly from the direct signal path,
must not be neglected in GNSS-R applications operating at
low elevations, consistent with the conclusions of Camps
et al. (2016).

The uncertainty analysis shows that the dominant source
of error in the relative ionospheric delay estimation comes
from the delay fitting process. While PRETTY offers
improved delay resolution (~ 7.8 m) compared to previous
missions, the discrete sampling of the Delay Map and the
peak detection method lead to uncertainties of 4= 2.6 m. Nev-
ertheless, the exponential model used in the fitting process
provides a high degree of confidence, with R? values near 1
for all events.

The uncertainty from the relative tropospheric delay cor-
rection is smaller, ranging from ~ 0.2 m at 15°to~ 1 m at 1°,
and the uncertainty due to surface level bias or unmodeled
errors remains below ~ 0.25 m. These sources must be con-
sidered when interpreting delay estimates for the purpose of
retrieving ionospheric parameters.

The application of a Chapman-based inversion to GNSS-
R code delay observations shows promising potential for
retrieving the vertical structure of the ionosphere. F-layer
peak heights £, estimated from the fitted Chapman model
ranged from 307 to 367 km, in agreement with expected
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Fig. 11 Chapman layer simulation for the events of 16 and 27 July. Color-coded lines present variations in peak height (%,,), while dashed style
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Table 5 Estimated F-layer peak

heights derived from the Date GNSS-PRN UTC Elevation. [deg] hpy[km]

elevation angle of the relative

ionospheric delay cancelation 2024/07/06 GAL-7 01:35:48 6.83 317

point 2024/07/16 GAL-7 00:55:51 6.41 303
2024/07/25 GPS—4 05:05:53 7.20 330
2024/07/27 GPS-8 04:55:51 6.85 318
2024/07/28 GPS-8 04:50:52 8.29 367
2024/07/29 GPS-8 04:45:50 7.44 338

values for high-latitude regions under high solar activity con-
ditions (F10.7 = 150-250). The inversion process yielded
a mean RMSE of 1.2 m (approximately 4 TECU) across
all analyzed events, indicating strong consistency between
GNSS-R-derived ionospheric delay and the modeled Chap-
man reconstruction.

This concept of inverting Chapman parameters is simi-
lar to that applied in GNSS radio occultation (GNSS-RO)
studies, such as (Elvidge et al. 2024), where a flexible
Chapman function (Vary-Chap) was implemented within a
one-dimensional variational framework to reconstruct elec-
tron density profiles from bending angle measurements.

While the observables and geometries differ, GNSS-R,
relying on reflected code delays and GNSS-RO using limb-
sounding bending angles, both techniques aim to retrieve key
parameters of the ionospheric F-layer, namely, peak electron
density (Np), peak height (h,,), and scale height (H'), through
Chapman model fitting. These findings reinforce the notion
that GNSS-R reflectometry is a valuable and complemen-
tary technique for ionospheric characterization, particularly
in regions and conditions, such as polar or oceanic areas,
where traditional ground-based methods are unavailable or
limb-sounding techniques are limited.

Comparison with independent measurements from nearby
ionosonde and EISCAT stations shows generally good agree-
ment. For most events, the differences between the GNSS-
R-derived h,, values and those reported by the ground-based
stations remain within = 15 km, which is within the expected
range of spatial and temporal ionospheric variability. Smaller
differences were observed with respect to the EISCAT
TROMS@ (TR170) station, while larger discrepancies were
noted when compared with THULE (THJ76), likely due to
dynamic ionospheric conditions, increased spatial separa-
tion, or the lack of precise temporal collocation.

Accurate characterization and correction of ionospheric
delays are essential for achieving high-precision positioning,
satellite altimetry (including reflectometry), and atmospheric
sounding. The results indicate that GNSS-R can retrieve
first-order ionospheric delays at grazing angles and pro-
vide valuable input for multi-technique ionospheric studies,
enhancing the understanding of the spatiotemporal behav-
ior of the F-layer peak and electron density profiles. This
work contributes to space geodesy by introducing an alter-
native technique for retrieving ionospheric parameters under
challenging low-elevation geometries, potentially extend-
ing global ionospheric mapping capabilities beyond those
offered by ground-based networks and radio occultation.

@ Springer
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Future work could delve deeper into the relationship
between the relative ionospheric delay cancelation point and
the F-layer peak height, as well as assess the sensitivity of
these estimations to GNSS-R geometry and horizontal iono-
spheric gradients. In addition, residual discrepancies between
the estimated and modeled delays may also reveal second-
order ionospheric effects, including geomagnetic effects.
Once PRETTY’s phase observables complete their ongoing
verification and validation and become available to the sci-
entific community, their combination with code observables
could enable absolute TEC retrievals, further enhancing iono-
spheric characterization through GNSS-R reflectometry at
grazing angles.
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