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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.
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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

@ Springer

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 >
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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
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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 sTEC along each ray path
is computed using three different models: the Neustrelitz
electron density model—NEDM?2020 (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, AsTEC, 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
Apire = +TASTEC )

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)+(Pi—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
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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.

@ Springer

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 h,, 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 h,, 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]  NoleVm®]  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 4.0911 111.61 1.31
2024/07/29 GPS-8 04:45:50 337.49 3.80el11 126.18 1.25

Table 4 F-layer peak height A,,

(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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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 h,, 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 h,, 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] iy [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.
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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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