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Abstract. The ground-wave signals of terrestrial radio nav-
igation systems, which operate in the medium and low fre-
quency band, are sensitive to changes in the electrical pa-
rameters of the Earth’s surface between the transmitter and
receiver. Sea ice affects the electrical parameters of the sea
and leads to an additional signal phase delay compared to
the propagation over salt water. To ensure the uniform perfor-
mance of the navigation receivers for these systems through-
out the year, the impact of sea ice on the signal has to be
known. A challenge here is the high spatial and temporal dy-
namic of sea ice in some regions. Earth observation data can
be used to obtain information regarding the world-wide sea-
ice coverage and further electrical ground parameters. In this
paper, our proposed model for the ground-wave propagation
and Copernicus data are used to compute the impact of vary-
ing conditions on the signal propagation. Simulation results
for a real-world scenario show that the signal propagation de-
lay caused by sea ice can lie in the order of 20 ns with respect
to sea water.

1 Introduction

Terrestrial radio navigation systems are important com-
ponents for resilient Positioning, Timing, and Navigation
(PNT) in maritime applications. Both modern and histori-
cal terrestrial radio navigation systems often operate in the
medium frequency (MF) and low frequency (LF) range. The
signals propagate as ground waves, following the curvature
of the Earth along the surface. The signal is subject to a delay
depending on the electrical parameters of the ground, which
is generally regarded as signal delay compared to the propa-
gation in the vacuum. The change of the electrical ground pa-
rameters can cause an increase or decrease of the delay. One

example is sea ice, which shows a highly temporal and spatial
variation in some regions and different electrical parameters
than sea water. It was shown (Hill and Wait, 1981a, b) that the
formation of sea ice causes a significant increase in the sig-
nal delay after formation. This effect has to be considered to
keep the navigation receiver performance on the same level.
Because the signal delay is directly related to the phase of
a continuous-wave signal, we also use the term phase delay
in the paper. Due to the dynamics of ice formation in the af-
fected regions, predicting signal phase delay over frozen sea
areas is challenging. So far, it has been modeled in a one-
dimensional scenario by Hill and Wait (1981a, b) but not in
two dimensions based on realistic sea-ice maps derived from
Earth observation products in order to make theoretical state-
ments regarding its influence on signal propagation for navi-
gation applications and to evaluate the associated impacts on
the performance of respective systems.

A contemporary and prominent example for terrestrial ra-
dio navigation systems is the medium frequency Ranging
Mode (MF R-Mode) system, which uses existing maritime
differential GPS beacons and operates in the MF band be-
tween 283.5 and 325 kHz. To obtain ranges, the phase of two
continuous-wave aiding carriers that accompany the legacy
signal is estimated (Johnson and Swaszek, 2014; Swaszek
et al., 2014; Johnson et al., 2017; Grundhofer et al., 2022).
The position is determined by estimating the ranges to at
least three MF R-Mode transmitters (Johnson et al., 2020;
Grundhofer et al., 2021).

Ground-wave phase delays, i.e. signal propagation delays
with respect to vacuum, are a major source of distortion in
LF and MF radio navigation systems. The signal attenua-
tion and phase delay with respect to the propagation con-
ditions of a signal on a perfectly conducting half space de-
pends on the electrical conductivity o and the relative dielec-
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tric permittivity €, of the underlying medium. Wait (1998)
presents a summary of the subject that has been under inves-
tigation for decades. The attenuation and phase delay can be
modelled analytically for propagation paths of mixed electri-
cal characteristics across large, two-dimensional areas (Last
et al., 2000; Blazyk and Diggle, 2007; Pachon-Garcia, 2015;
Hehenkamp et al., 2023a).

For MF R-Mode, the range distortion caused by uncom-
pensated phase delays can lie in the order of 100 m and can
be corrected using the Atmospheric and Ground Wave Delay
Factor (AGDF) (Hehenkamp et al., 2024; Rizzi et al., 2022).
The prediction of the AGDF has been investigated and imple-
mented for static ground-conductivity maps such as the ITU
World Atlas of Ground Conductivities (ITU-R, 2015) and
more detailed soil-texture maps (Hehenkamp et al., 2023b)
that account for different soil-texture types in the areas of
interest. In comparison, dynamic changes of ground electri-
cal parameters with regard to ground-wave propagation have
been described for the variables of soil surface temperature
and soil moisture (Pu et al., 2022) but have not been modelled
for large-scale 2D predictions. Although there are theoretical
and experimental studies that investigate the influence of sea
ice on ground-wave propagation (Hill and Wait, 1981a, b),
the effect has not yet been described using real-world sea-ice-
coverage information derived from Earth observation data.

In this paper, we introduce a new approach to modelling
the ground-wave phase delay on a large geographical area
that is regularly affected by sea-ice cover using satellite-
based remote sensing data products. After performing an
analysis of the sensitivity of the ground-wave phase delay
of the MF R-Mode signal with respect to sea ice, we use the
approach to compute the delay across sea ice in a real-world
scenario and study the impact of sea ice on the receiver per-
formance in a selected area of interest for maritime traffic.

The paper is organized as follows: Sect. 2 introduces the
employed propagation model that is used to calculate the
phase delay, presents the method that is used to describe
sea ice within the model and analyses the sensitivity of MF
R-Mode phase delays with regard to sea ice. In Sect. 3, a
description of the methodology that is used to compute the
Earth’s surface ground electrical parameters in a sea-ice-
covered region is given. An area with significant sea-ice cov-
erage is chosen and two data sets from different time periods
with different sea-ice conditions are introduced. Section 4
presents the results of the simulation of ground-wave prop-
agation in the selected area and discusses the influence of
sea ice on the signal and the system performance. Section 5
concludes the paper.

2 Ground-wave propagation Model for Sea Ice
MF R-Mode uses a time-of-arrival approach to perform rang-

ing. This means the signal propagation time is estimated from
the time of reception and the time of transmission. The range
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is calculated with the help of the estimated propagation speed
of the signal which has to consider the electrical ground pa-
rameters. Incorrect assumptions for the electrical ground pa-
rameters will cause a deviating propagation speed which ap-
pears as an additional signal phase delay (positive or nega-
tive). Though the attenuation or gain in signal strength is also
an important factor, this section focuses on the computation
of the ground-wave phase delay with respect to the propa-
gation conditions of a signal on a perfectly conducting half
space.

The electric field of a ground-wave can preferably be de-
scribed as the product of the reference field of a vertical elec-
tric dipole source of moment above a perfectly conducting
plane and an attenuation function that accounts for amplitude
loss and phase delay of the wave caused by the finite conduc-
tivity of the ground, the propagation through atmosphere and
the curvature of the Earth. To simulate ground-wave propa-
gation and compute the attenuation and phase delay of the
signal on a large 2D area, the authors developed a software
framework that can be used to study the ground-wave phase
delay on the basis of a predefined Ground Electrical Param-
eter Database (GEPD) (Hehenkamp et al., 2023a) and that
is being used to predict the AGDF to compensate these de-
lays in the MF R-Mode receiver (Hehenkamp et al., 2024).
The framework employs the analytical solution for the elec-
tromagnetic field of the ground wave on a spherical Earth
presented by Wait (2013), in particular by using the solution
of Spies and Wait (1966) for shorter distances and employ-
ing the residue series solution for larger distances as shown
by DeMinco (1999) on a reference surface representing a
pure sea-water path. The GEPD contains the complex sur-
face impedance of a region at the respective signal frequency
and is sampled along a set of radial great circle paths from the
transmitter. A Digital Elevation Model provides terrain ele-
vation data. Afterwards, the integral equation solution (Ott
et al., 1979) is solved numerically for each radial path ac-
cording to the method of Monteath (1978).

The resulting values of the complex attenuation function
W are exported as georeferenced raster image and can be
used to obtain the absolute ground-wave attenuation G (r) =
abs[W (r)] and phase delay ¢ (r) = —arg[W (r)] as a function
of distance r. The software framework allows the computa-
tion of W over layered ground, such as thin forest slabs on
soil or ice on water. This enables the composition of a GEPD
consisting of layers with different thickness and electrical
characteristics. As shown by Pu et al. (2022), the approach is
well suited for the description of dynamically changing and
complex environments. The approach is used to describe sea
ice as a thin dielectric layer on top of sea water and solve the
integral equation along the layered, mixed propagation path.
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Figure 1. Flow chart of the computation process showing the con-
secutive steps: input, ground-wave computation and output.

2.1 Computation of phase delay with the help of Earth
observation data

A GEPD is calculated for land and sea-water areas sepa-
rately. Figure 1 depicts a flow chart of the computation pro-
cess consisting of three steps: input, ground-wave computa-
tion and output.

In the input step, Earth observation data is obtained and
loaded. The differentiation of land and sea areas is based on
the Copernicus global land cover data set (Buchhorn et al.,
2020) using a geometrical resolution of 100m x 100m per
raster cell. For land areas, soil-texture information obtained
from the global FAO HWSD (FAO, 2023) is combined with
land surface temperature (Copernicus Global Land Service,
2023a) and soil water-index data (Copernicus Global Land
Service, 2023b). For sea water, the sea surface tempera-
ture, salinity, sea-ice area fraction and sea-ice thickness are
obtained from the data sets “Global Ocean Physics Analy-
sis and Forecast” (Copernicus Marine Service, 2023a) and
“Global Ocean Physics Reanalysis” (Copernicus Marine Ser-
vice, 2023b). Since the resolution of this data setis 1/12 of a
degree of latitude and longitude, the upsampling and interpo-
lation required to harmonize it with the land cover map leads
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to an uncertainty. In Fig. 1, this step is represented by the
“Interpolation and harmonization” process. The sea-ice area
fraction does not contain any information on the exact dis-
tribution and edges of the sea-ice cover within a raster cell.
Therefore, the data upsampling is linked to a statistical pro-
cess that distributes the sea-ice layer across 100m x 100m
cells randomly using the sea ice area fraction as a random
variable.

After the interpolation and harmonization process, the sur-
face impedance is calculated for land and sea areas as shown
in Fig. 1, using the aforementioned datasets in conjunction
with the equations given by ITU-R P.527-6 (ITU-R, 2021).

In terms of the propagation of ground waves, sea ice con-
stitutes a thin dielectric layer on a highly conductive sur-
face (sea water). This supports the excitation of the trapped
surface-wave mode, which overlays the ground wave. Over
short distances, the contribution of this mode dominates, and
the field may exceed the free-space value. Over intermedi-
ate distances, the contribution leads to interference with the
ground wave and thus oscillation. Over long distances, the
ground wave is dominant (Hill and Wait, 1981a). In the fre-
quency range of MF R-Mode and below, the influence is sig-
nificantly less pronounced than at higher frequencies. Gener-
ally, it depends on the conductivity and relative permittivity
of the sea, thickness of the ice, age of the ice and associ-
ated electrical properties, as well as the length of the prop-
agation path over ice (Hill and Wait, 1981a, b). While the
penetration depth and thus also the losses in amplitude and
reduction of phase velocity of the ground wave are low with
a highly conductive surface such as sea water, these increase
with decreasing salinity. Sea ice forms a thin dielectric layer
on seawater, which is a good conductor. The thicker the layer
of ice, the greater the losses in the layer. The superimposed
trapped surface wave then leads to a greater phase delay with
increasing ice thickness compared to propagation over pure
salt water.

Hill and Wait (1981a, b) provide a detailed explanation of
how the propagation of ground waves over mixed paths with
sea-ice coverage can be described. They employ a layered
model to calculate the surface impedance of the propagation
path that is illustrated in Fig. 2.

The resulting surface impedance in Eq. (1) is calculated:

_ Ky, + Kjtanh(uih;)
lKi + Kytanh(uihi)

(D

where Ki=ui/(0j+ jwei), Ky =uy/(ow+ jowey), ui=
W2+ kD2, uy = (W + kD2, 152 = jopo(oi + joe),
Yo? = jouo(ow + jwey) by using the conductivities of sea
ice oj and sea water oy, and the permittivities of sea ice €
and sea water €y, the angular frequency w, the sea ice thick-
ness h; and the vacuum permeability 1.

The resulting GEPD is a 100m x 100m raster that con-
tains the real and imaginary part of the surface impedance at
the given frequency for the area of interest as a function of
latitude and longitude.
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Figure 2. Depiction of the two layered Earth model that describes
the surface impedance of the surface (adapted from Hill and Wait,
1981b). Upper layer: sea ice with thickness £;, ground conductivity
oj and permittivity €;. Lower layer: sea water with ground conduc-
tivity ow and permittivity €w. Above the surface: vacuum permittiv-

ity €q.

In the ground-wave computation step, the composition of
a set of radial signal propagation paths is determined based
on the GEPD. This serves as an input to solve the integral
equation along the radial propagation path between transmit-
ter and receiver by integrating along the surface impedance
numerically at a fixed interval.

As a result, the ground-wave attenuation and phase delay
in the area is computed and stored in the output step.

2.2 Sensitivity analysis

The impact of sea ice on the attenuation phase delay of a
ground wave travelling across a frozen sea was studied with
the author’s ground-wave simulation software. To assess the
impact of different distances travelled across sea ice of vari-
able thickness, a simulation was performed within the fre-
quency band of the MF R-Mode system. We compared the
phase delay of the ground wave travelling across sea ice ¢jce
and with phase delay across pure sea water @se,. In this sce-
nario, the entire propagation path was covered by sea ice;
the effect of mixed land-sea propagation is neglected for
the moment. Figure 3 illustrates the normalized phase delay
Pice — Psea as a function of distance from the transmitter and
the sea ice thickness for a frequency of 308 kHz.

It is evident that the normalized phase delay increases with
growing distance from the transmitter in all cases. Compared
to wave propagation along pure sea water, an additional de-
lay is thus caused. This delay increases with the ice thickness.
Realistic ice thicknesses up to 2.5 m were considered in this
context. For the phase delay of navigation signals, the effect
implies that even the propagation of the signal along short
paths with an ice thickness of more than 1 m results in sig-
nificant phase delays. In terms of the wavelength of approx-
imately 1 km for MF R-Mode, this means that signal prop-
agation along a 20 km path with a 1 m ice thickness already
induces ranging errors of around 10 m. With a lesser thick-
ness of 0.5 m, the ranging error would be approximately 5 m.
Along a path of 200km length, sea ice with a thickness of
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Figure 3. Sensitivity of ground-wave phase delay in (rad) normal-
ized to ice free sea water as a function of sea ice thickness in (m)
and distance in (km).

around 0.2 m would induce the same effect. Besides the ef-
fect of the ice on the phase delay, it also affects the attenu-
ation of the ground wave over ice. A ground wave over sea
ice is less attenuated when it passes an ice field compared
to sea water. The signal which goes over ice therefore has a
higher signal-to-noise ratio (SNR), which enables more ac-
curate phase estimations (Grundhofer et al., 2021). In this
regard, sea ice has a positive effect on the MF R-Mode sys-
tem because the ice layer, in the distance range up to 200 km
and in the ice-thickness range up to 2.5 m, has an amplifying
influence, as depicted in Fig. 4. Here, the normalized ampli-
tude ratio of a signal propagating across sea ice is shown with
respect to propagation across sea water.

2.3 Area under investigation

To study the theoretical impact of sea-ice cover on the
ground-wave phase delay of MF R-Mode signals in a real-
world scenario, we selected the Gulf of St. Lawrence in east-
ern Canada as simulation region. The region is relevant for
maritime traffic and contains potential MF R-Mode transmit-
ters (Koch and Gewies, 2020). The prevailing conditions al-
low for the regular formation of sea ice with a geographically
extensive coverage and a thickness of up to 1 m during the
period from December to March (Urrego-Blanco and Sheng,
2014). In our simulation setup, the region is delimited in ge-
ographical latitude from 45.7 to 49.2°N and in geographi-
cal longitude from 60 to 65° W. In the region, the maritime
radio beacon and potential MF R-Mode transmitter of Pont
Escuminac (47.0733° N, 64.798° W) was selected for further
investigation. It operates at a frequency of 319kHz and is
located in a prominent position directly at the tip of a penin-
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Figure 4. Sensitivity of ground-wave gain in (dB) normalized to ice
free sea water as a function of sea ice thickness in (m) and distance
in (km).

Table 1. Data set sea ice properties for 29 January 2019 and
1 March 2023.

Data set 2019/01/29  2023/03/01
Total sea-ice cover 20 % 50 %
Mean sea-ice thickness (m) 0.46 0.12
Max. sea-ice thickness (m) 0.71 0.33
o of sea-ice thickness (m) 0.15 0.06

sula, enabling signal propagation along a path that consists
only to a limited extent of land.

The sea-ice concentration and sea ice thickness are ob-
tained from the E.U. Copernicus Marine Service data sets
“Global Ocean Physics Analysis and Forecast” (Copernicus
Marine Service, 2023a) and “Global Ocean Physics Reanal-
ysis” (Copernicus Marine Service, 2023b). At the time of the
scientific investigations, the period of the recent past regard-
ing the extent and thickness of sea ice in the selected region
was analyzed. In the ice season of 2022/2023, the sea ice
in the Gulf reached its maximum extent on 1 March 2023,
covering approximately 50 % of the investigated area. How-
ever, both the average and maximum thickness of the ice fell
within a range in which the impact of the ice on wave propa-
gation was expected to be weak, according to sensitivity anal-
ysis. Therefore, for comparison, the ice season of 2018/2019
was considered. While the extent of the ice in this period was
lower than in 2023, the average and maximum thicknesses
of the sea ice on 29 January 2019 were significantly higher
than the values in 2023. Table 1 shows the corresponding
variables that contributed to the selection.

https://doi.org/10.5194/ars-22-77-2025
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Figure 5. Sea-ice concentration for St. Lawrence Gulf on 29 Jan-
uary 2019. The red dot marks the location of the Pont Escuminac
radio transmitter.
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Figure 6. Sea ice thickness in (m) for St. Lawrence Gulf on 29 Jan-
uary 2019. The red dot marks the location of the Pont Escuminac
radio transmitter.

Figure 5 shows the sea-ice concentration in the region on
29 January 2019. The highest concentration of sea ice lies
primarily in the Northumberland Strait around Prince Ed-
ward Island between 46 and 47° N latitude and 63 and 65°
W longitude. The path of the signal from the Pont Escuminac
transmitter into the Gulf crosses this area. Figure 6 shows
the corresponding sea-ice thickness chart on the same date.
It can be seen that the sea-ice thickness lies above 50 cm in
the coastal region. Based on these charts and the aforemen-
tioned sensitivity analysis, the ground-wave phase delay is
expected to be significant in the Gulf beyond the coastal area
that is densely covered in thick sea ice.

Adyv. Radio Sci., 22, 77-86, 2025
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Figure 7. Sea-ice concentration for St. Lawrence Gulf on
1 March 2023. The red dot marks the location of the Pont Es-
cuminac radio transmitter.
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Figure 8. Sea-ice thickness in (m) for St. Lawrence Gulf on
1 March 2023. The red dot marks the location of the Pont Es-
cuminac radio transmitter.

For the selected data set on 1 March 2023, Fig. 7 depicts
the sea-ice concentration. As mentioned previously, the sea
ice covers large fractions of the overall Gulf in the region
while the thickness of the ice does not exceed 15 cm for all ar-
eas except for a small region around Prince Edward Island, as
depicted in Fig. 8. The propagation path of the signal crosses
large ice-covered areas in the Gulf, though the ice is com-
parably thin with respect to the sensitivity analysis shown in
Fig. 3. Therefore, the expected ground-wave phase delay is
smaller than for the other data set.

Adyv. Radio Sci., 22, 77-86, 2025

3 Results and discussion

Using the ground-wave propagation software framework
mentioned in Sect. 2, the attenuation function of the signal
from the Pont Escuminac radio transmitter was computed for
the same region and conditions once with and once without
sea-ice cover, using the concentration and thickness informa-
tion derived from the E.U. Copernicus data sets. The phase
delay without the influence of sea ice ¢, is taken as a refer-
ence to show the expected ground-wave phase delay without
employing the proposed approach. To compare and evaluate
the phase delay ¢;ce in the scenario with sea-ice cover, we de-
pict the normalized phase delay ¢ice — ¢sea Which represents

the argument of the ratio of attenuation functions arg (%)
The normalized phase delay represents exclusively the influ-
ence of sea ice on the ground-wave phase delay and allows
the exclusion of other variables — such as salinity or sea sur-
face temperature changes — that would be included if differ-
ent data sets from different time periods were to be com-

pared.
3.1 Ground-wave phase delay without sea ice

The phase delay ¢geq of the signal as it would be expected
without sea-ice cover is depicted in Fig. 9 for the data set on
29 January 2019. Figure 10 shows the phase delay ¢, for
the data set on 1 March 2023. Both data sets differ marginally
in delay since the conditions regarding salinity and sea sur-
face temperature were similar and the ground-wave phase de-
lay is less sensitive to these variables than for sea ice. The
Figures show the expected variable shading for mixed land-
sea propagation. The delay increases gradually over sea wa-
ter, while signal propagation across islands introduces an ad-
ditional phase delay as already experienced in previous sce-
narios (Hehenkamp et al., 2024). Especially in the region of
exclusive propagation over water, the lines of equal absolute
phase delay run nearly parallel.

3.2 Normalized ground-wave phase delay with sea ice

As mentioned in the previous section, the two selected data
sets differ significantly in terms of the extent and thickness
of sea ice. The expectation is that visible phase delays will
occur in both cases. Both data sets share the characteristic
that the ice coverage in the western part of the Gulf, near the
coast, and in the area of the Northumberland Strait has a high
concentration, with the thickness of the ice being greater in
these areas than in others. The coastal region in the vicin-
ity of the transmission station is largely frozen. Therefore,
in both cases, the signal propagation path initially traverses
ice-covered areas.

As a result, the simulations depict the normalized phase
delay for the chosen time periods, allowing an assessment
of the influence of sea ice. To emphasize the results more
clearly, in the following plots, the sea-ice coverage has been
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Figure 9. Absolute ground-wave phase delay in (rad) for St
Lawrence Gulf on 29 January 2019, excluding the influence of sea
ice. The red dot marks the location of the Pont Escuminac radio
transmitter.
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Figure 10. Absolute ground-wave phase delay in (rad) for St.
Lawrence Gulf on 1 March 2023, excluding the influence of sea
ice. The red dot marks the location of the Pont Escuminac radio
transmitter.

represented by hatching with dense and less dense points.
Dense point-hatching indicates areas with a sea-ice concen-
tration greater than 75 %, less dense point-hatching indicates
a sea-ice concentration of between 10 % and 75 %.

3.2.1 Data set: 29 January 2019
The first data set is characterized by lower concentration and

higher thickness of sea ice. Figure 11 depicts the distribu-
tion of the normalized phase delay in the region as a result
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Figure 11. ground-wave phase delay across sea ice in (rad) for St.
Lawrence Gulf on 29 January 2019 normalized to sea water. Wide
hatching depicts areas of more than 10 % and less than 75 % sea-ice-
cover fraction. Narrow hatching depicts areas of more than 75 %
sea-ice-cover fraction. The red dot marks the location of the Pont
Escuminac radio transmitter.

of propagation over sea ice. It is evident that the propaga-
tion in areas of high ice concentration and thickness in the
center of the region leads to a significant phase delay in the
order of over 0.05 radians. In terms of the wavelength of the
depicted transmitter, this phase delay corresponds to an er-
ror of around 7.5 m in distance estimation and approximately
25ns in terms of propagation time. In the northern areas
and around the Magdalen Islands (47-48° N, 61-62° W), the
phase delay is in the order of more than 0.04 radians, result-
ing in an estimation error of around 6 m and a propagation
delay of approximately 20 ns.

The plot clearly illustrates a correlation between sea-ice-
covered areas along the propagation path and regions of high
phase delay. The propagation pattern is not continuous but
rather uneven in the region. At the transition from areas of
high ice concentration to low ice concentration or from ice
to sea water along the propagation path, the well-known re-
covery effect is clearly visible. This effect, also observed in
mixed land-water propagation paths, is characterized by a de-
crease in phase delay after an initial increase in these regions.

Considering the high temporal and spatial dynamics of
sea ice, these fluctuations mean significant variations in the
phase delay of signals for navigation applications. These
variations can occur within relatively short periods ranging
from days to weeks, depending on the course of the ice sea-
son.

3.2.2 Data set: 1 March 2023

For the dataset from 1 March 2023, different conditions are
observed. Figure 12 shows the normalized phase delay for
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Figure 12. ground-wave phase delay across sea ice in (rad) for St.
Lawrence Gulf on 1 March 2023 normalized to sea water. Wide
hatching depicts areas of more than 10 % and less than 75 % sea-
ice-cover fraction. Narrow hatching depicts areas of more than 75 %
sea-ice-cover fraction. The red dot marks the location of the Pont
Escuminac radio transmitter.

the data set. The ice thickness is smaller, the ice cover is less
regionally confined and extends over large parts of the inves-
tigated region. The phase delay uniformly increases in the
upper half of the normalized phase-delay distribution along
the ice surface and over sea water. In the lower area near
Prince Edward Island, the region with high ice concentra-
tion extends further into the Gulf in the direction of propaga-
tion, resulting in a uniform increase in the phase delay along
the propagation direction, with the delay reaching an overall
higher level.

However, despite the significantly larger extent of ice cov-
erage throughout the region, the phase delay is still below the
value from the previous example. Due to the high ice concen-
tration near the coast of Cape Breton Island, the highest delay
of 0.035 radians is reached there, corresponding to a devia-
tion of around 5 m in distance estimation and 17 ns in terms
of time error. Again, especially in the north, when the signal
propagates over sea water, the recovery effect occurs, and the
phase delay decreases.

3.3 Implications for radio navigation

Considering the course of the sea-ice season over the past
decades, extensive ice coverage in the region is possible. Fur-
thermore, a maximum thickness of 0.7 m, as observed in the
year 2019, is not an exceptional occurrence, indicating that
thicker ice in certain coastal areas in the future is not unreal-
istic. In light of the results, ice-covered areas near the coast
with a certain extent and ice thickness exceeding 0.5 m al-
ready lead to significant changes in phase delays. Therefore,
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they represent a non-negligible error source for PNT appli-
cations.

In general, the effect becomes more pronounced in this
specific scenario as the frequency of the radio signal in-
creases. Radio navigation systems or other radio systems in
the maritime domain, therefore, experience a smaller phase
delay and lower amplification at low frequencies. At higher
frequencies, the influence of sea ice is stronger. Considering
the required accuracies in PNT applications, the impact of
sea ice on signal propagation is non-negligible and should be
taken into account.

The approach presented here provides a way to calcu-
late delay and attenuation in a specific region and can, in
principle, be used to compute daily updated AGDF maps.
However, verification of the ground-wave propagation model
through measurements and a more detailed investigation re-
garding the employed Copernicus data are necessary. Earth
observation data serves as a good starting point but has lim-
ited applicability in critical scenarios due to its resolution
of 1/12 of a degree of latitude and longitude and its inabil-
ity to provide reliable information regarding the exact ex-
tent, structure, location and thickness of sea ice. In the case
of seawater, the propagation of the signal depends on the
factors described above. The actual parameters can deviate
from the values provided by the Copernicus data products,
which leads to deviations between the ground-wave propa-
gation model and measurement, particularly with regard to
the actual ice position in relation to the thickness and extent
of the sea ice due to the sensitivity of the propagation delay
to these factors. Furthermore, signal propagation over land
for example, if the transmitting station is not located directly
on the coast, is sensitive to changes of ground electrical pa-
rameters. As for the sea, these parameters for the land are
available with limited accuracy. A mode validation consider-
ing the metrological impact is foreseen for the future.

3.4 Proposed verification setup

For the verification of the approach, the authors suggest mea-
surements that allow an assessment of the method, at least
along an exemplary propagation path in the region. The se-
lected path should be of sufficient length, depending on the
sensitivity of the instruments, and cover an area with mea-
surable sea-ice coverage. In the case of the presented sce-
narios, measuring signal strength and phase delay between
the transmitter Pont Escuminac and the Magdalen Islands,
located just over 200 km away, is suggested.

4 Conclusions

An approach to utilise Earth observation data for the calcu-
lation of phase delays of a ground-wave signal in a region
with sea-ice coverage was presented. A tool chain was de-
veloped to derive a GEPD from Earth observation data and
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simulated using real-world data sets from Copernicus. The
results indicate that sea ice in regions with extensive cover-
age has a significant impact on the signal propagation. Even
a sea-ice thickness well below 1 m affects the performance of
the radio navigation system MF R-Mode. For the ice cover-
age scenarios under investigation, the ground-wave propaga-
tion delay caused by sea ice is in the order of 20 nanoseconds
for the 2019 season and 17 nanoseconds for the 2023 season.
After successful validation, the outlined approach can help
to calculate the estimated phase delay caused by sea ice on
a regular basis for the MF R-Mode transmitters world-wide.
Furthermore, it can help to bring the performance of R-Mode
in winter navigation close to the summer values.
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