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Abstract: Approximately 71% of the Earth’s surface is covered by vast oceans. With the exacerbation of
global climate change, high-precision monitoring of sea surface height variations is of vital importance
for constructing global ocean gravity fields and preventing natural disasters in the marine system.
Global Navigation Satellite System Interferometry Reflectometry (GNSS-IR) sea surface altimetry is a
method of inferring sea surface height based on the signal-to-noise ratio of satellite signals. It enables
the retrieval of sea surface height variations with high precision. However, navigation satellite signals
are influenced by the ionosphere during propagation, leading to deviations in the measured values of
satellite elevation angles from their true values, which significantly affects the accuracy of GNSS-IR
sea surface altimetry. Based on this, the contents of this paper are as follows: Firstly, a new ionospheric
stratified elevation angle correction model (ISEACM) was developed by integrating the International
Reference Ionosphere Model (IRI) and ray tracing methods. This model aims to improve the accuracy
of GNSS-IR sea surface altimetry by correcting the ionospheric refraction effects on satellite elevation
angles. Secondly, four GNSS stations (TAR0, PTLD, GOM1, and TPW2) were selected globally, and
the corrected sea surface height values obtained using ISEACM were compared with observed values
from tide gauge stations. The calculated average Root Mean Square Error (RMSE) and Pearson
Correlation Coefficient (PCC) were 0.20 m and 0.83, respectively, indicating the effectiveness of
ISEACM in sea surface height retrieval. Thirdly, a comparative analysis was conducted between
sea surface height retrieval before and after correction using ISEACM. The optimal RMSE and PCC
values with tide gauge station observations were 0.15 m and 0.90, respectively, representing a 20.00%
improvement in RMSE and a 4.00% improvement in correlation coefficient compared to traditional
GNSS-IR retrieval heights. These experimental results demonstrate that correction with ISEACM can
effectively enhance the precision of GNSS-IR sea surface altimetry, which is crucial for accurate sea
surface height measurements.

Keywords: new ionospheric stratified elevation angle correction model; sea surface altimetry; GNSS-
IR; SNR; ionospheric refraction correction

1. Introduction

The oceanic gravity field serves as a crucial foundational dataset for areas such as seafloor
topography inversion, marine resource exploitation, and elevation datum standardization [1].
Satellite altimetry technology can “directly” measure the oceanic geoid surface and utilize
the functional relationship between the geoid surface and gravity anomalies to invert oceanic
gravity anomalies [2]. Therefore, satellite altimetry technology has become one of the primary
means for inverting the oceanic gravity field [3]. Over the past few decades, sea surface
altimetry has evolved from traditional manual data collection on ships and tidal gauge
measurements to satellite altimetry and now to the developing stage of Global Navigation
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Satellite System reflectometry (GNSS-R). The advancement of these technologies has not only
enhanced the accuracy and coverage of sea surface altimetry but also provided rich data
support for ocean science, climate research, marine management, and other fields [4]. In
summary, sea surface height inversion provides both quantitative and qualitative descriptions
of changes in ocean surface height. It is a crucial ocean observation technology that holds
significant importance for various marine activities and research endeavors.

In the 1960s, the United States first proposed pioneering research on the Global Naviga-
tion Satellite System (GNSS). Subsequently, systems such as the Soviet Union’s GLONASS,
Europe’s GALILEO, and China’s BeiDou were successively developed [5,6]. As of now,
there are over 100 operational navigation satellites globally, offering advantages such as
high precision, all-weather capability, and rich signal diversity. In 1993, Martin-Neria
first proposed using GNSS reflection signals for medium-scale sea surface height measure-
ments, thereby providing robust data support for global gravity field observations, known
as GNSS-R for sea surface altimetry [7]. Following this, researchers conducted airborne
experiments and collected data using spaceborne imaging radar in the C-band, both of
which detected reflection signals [8,9]. Subsequently, comprehensive research began on
utilizing GPS reflection signals for elevation measurements [10]. Between 1997 and 2006,
Martin-Neira and colleagues conducted the PARIS (Passive Reflectometry and Interfer-
ometry System) altimeter experiments at the Zeeland Bridge in the Netherlands. These
experiments, divided into PARIS Bridge I, Bridge II, and Bridge III, involved using shore-
based receivers. In all three experiments, sea surface heights were successfully retrieved.
Among them, the results of the Bridge III experiment were particularly noteworthy, with
measurement errors of less than 10 cm [11–13]. The development of shore-based systems
significantly increased the efficiency of sea surface height measurements. This led to the
advancement of airborne GNSS-R altimetry and spaceborne GNSS reflection measurements,
greatly expanding the scope of sea surface altimetry and enhancing its accuracy [14,15].
With the continuous improvement of GNSS-R theoretical frameworks, signal processing
techniques, and parameter inversion models, significant progress has been made in various
fields. These include sea surface wind field monitoring [16–18], ocean altimetry [19], sea
ice detection [20], snow depth measurement [21–23], sea ice remote sensing [24–26], the
monitoring of oil spills on the ocean surface [27–29], surface water measurement [30,31],
and soil moisture measurement [32,33].

Even though GNSS-R has advantages such as all-weather, all-time, and multi-signal
sources [34,35], the proposed time is also relatively early [7]. However, its slow develop-
ment, difficulty in data acquisition, requirement for dual-antenna receivers, susceptibility
to signal polarization effects, and other drawbacks increase costs. Consequently, the use
of GNSS-IR for sea surface height measurement has been proposed. GNSS-IR technology
only requires traditional geodetic receivers to accomplish height monitoring. Based on the
frequency characteristics within the signal-to-noise ratio (SNR), it can achieve reflection
surface height change monitoring. This approach offers advantages such as full automa-
tion, low cost, long-term continuity, and a fixed framework [36,37]. In 2013, Larson et al.
introduced the method of LSP analysis for sea surface height measurements, comparing
computed results with nearby tide gauge stations. The root mean square error was less than
5 cm, and the correlation coefficient reached 0.97 [38]. In 2014, Loefgren et al. analyzed the
signal-to-noise ratio observations from five GPS stations at the Onsala GTGU in Sweden.
They obtained high-precision sea level height results, with a correlation of 0.89–0.99 to the
sea level heights observed using traditional tide gauges at the same location [39]. During
signal propagation, ionospheric and tropospheric influences inevitably cause the refraction
of satellite signals, impacting the precision of GNSS-IR height measurements. Subsequently,
the study focused on variations in SNR oscillation frequencies at low elevation angles
primarily attributed to the geometric bending of radio waves through the troposphere.
Addressing these effects led to achieving a sea surface height accuracy of 10 cm [40]. In
2017, Larson et al. computed the impact of tropospheric refraction on the elevation angles
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of GNSS-IR sea level height measurements. They found that the root mean square error
between tide gauge measurements and GNSS-IR data was 12 cm [41].

The atmospheric refraction effect will cause signal bending, which will lead to the
deviation between the calculated elevation angle and the actual elevation angle, and
this elevation angle deviation will further lead to the deviation of GNSS-IR sea surface
altitude inversion results. The atmospheric refraction effect encompasses both tropospheric
and ionospheric refraction. Regarding the troposphere, Santamria et al. employed a
refraction correction formula to mitigate the elevation angle bias induced by atmospheric
refraction, significantly enhancing the accuracy of inversion measurements [40]. Williams
et al. utilized the VMF1 mapping function model and GPT2w tropospheric delay model
to correct tropospheric delay errors, thereby achieving more accurate tidal amplitude
estimates [42]. The research of troposphere in GNSS-IR sea surface altimetry has resulted
in a higher correction of sea surface altimetry. In the ionosphere, the existence of these
ionized charged particles will inevitably affect the passing electromagnetic wave, causing
it to refract, group delay, and other phenomena. The refraction of the satellite signal causes
the apparent distance and elevation angle of the target measured by the satellite to deviate
from the real distance and elevation angle [43], resulting in the height inversion value of
the GNSS-IR sea surface deviating from the real value. However, studies on the ionosphere
in GNSS-IR sea surface height measurement are scarce. Therefore, it is necessary to correct
the ionospheric refraction error of satellite signals in order to accurately measure the sea
surface height of GNSS-IR.

Different from previous studies, this article focuses on the ionospheric refraction of
satellite signals along the propagation path and constructs a new model for correcting
the elevation angles of the satellite signals. First, GNSS observation data files obtained
from receivers are used to calculate the satellite’s elevation angle, azimuth angle, and
signal-to-noise ratio (SNR). Due to the uneven distribution of electron density in the
ionosphere, the ionosphere is stratified according to the International Reference Ionosphere
(IRI) model. Based on the electron density of each layer, elevation angle correction values
are calculated using the ray tracing method. Finally, accurate sea surface heights are
obtained after correction through the ionospheric stratified elevation angle correction model.
The corrected results are compared with tide gauge station measurements to evaluate
the method’s reliability using root mean square error (RMSE) and Pearson correlation
coefficient (PCC).

2. Construction of the New Ionospheric Stratified Elevation Angle Correction Model
2.1. Ionosphere Layering Design

The ionosphere of the Earth is a region of the upper atmosphere about 60 km to 1000 km
above the Earth, which is partially ionized due to the influence of polar ultraviolet rays
and X-rays. According to the degree of ionization and electron density, the ionosphere can
usually be divided into four layers, respectively, the D layer (60~90 km, usually disappear
at night), E layer (90~140 km), F1 layer (140~210 km, often disappear at night), and F2
layer (more than 210 km, the lowest atmospheric density of the layer. The particle collision
binding rate is the lowest, and the maximum electron density usually occurs in this layer.
At the same time, this layer is also the main area that affects the transmission of satellite
signals) [44].

Research on electron density in the ionosphere has become relatively mature, with
various computational models available. For example, the Global Positioning System
(GPS) initially used the Klobuchar model to correct ionospheric delay, and the European
Union’s Galileo navigation system employs the three-dimensional electron density model
(NeQuick G) for ionospheric delay correction. The International Reference Ionosphere (IRI)
is a project initiated by the Committee for Space Research (COSPAR) and the International
Union of Radio Science (URSI). Its objective is to develop empirical standard models
of the ionosphere based on various available data sources. This model can provide the
electron density of the ionosphere without aurora for specific times and locations under
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geomagnetically quiet conditions. Currently, the IRI is recognized as the international
standard for electron density and temperature specifications [45]. By inputting parameters
such as time, latitude, longitude, and altitude, users can obtain a wealth of ionospheric
parameters crucial for physics, including electron density from 60 to 2000 km altitude, the
peak electron density of the F2 layer (NmF2), the peak height of the F2 layer (HmF2), ion
temperature, and Total Electron Content (TEC). Therefore, this study utilized the IRI model
to extract ionospheric electron density content.

As this study subsequently selected GNSS stations in Spain, Australia, and the United
States, electron density maps were generated for these regions across various times and
seasons. This was undertaken to explore the selection of upper and lower bounds for
ionospheric layer heights. According to the literature [46], the electron density in the
ionosphere exhibits significant variations over time due to diurnal cycle and seasonal
effects. Incorporating numerous layers can extend the extraction time for electron density
data. Figure 1 shows that the distribution of electron content density in the ionosphere
is mainly concentrated in the vicinity of 100~450 km. Considering that the refraction of
satellite signals by the ionosphere is primarily determined by the electron density, regions
of the ionosphere with lower electron density have less impact on the refraction of satellite
signals [47]. In order to calculate the time and efficiency, this study applied the international
reference ionospheric model (IRI), selected an ionospheric height of 100~450 km, and
divided the ionosphere into eight layers with a step length of 50 km. The ionospheric
refraction of satellite signals was studied, and the final influence of the ionosphere on the
accuracy of GNSS-IR sea surface height inversion was explored.
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Figure 1. (a) The electron density map of the United States region; (b) the electron density map of the
Spain region; (c) the electron density surface distribution map of the Australia region.

2.2. The Train of Thought for the New Ionospheric Stratified Elevation Angle Correction Model

The ray tracing method is employed to calculate the distance and angle of refraction
experienced by satellite signals during propagation. Derived rigorously from Snell’s law
and Fermat’s principle based on mathematical geometric relationships, this method exhibits
high precision and has consequently become a widely adopted correction technique in
engineering applications [48]. In GNSS-IR shore-based sea surface surveys, there remains a
lack of robust solutions for mitigating the effects of ionospheric refraction on satellite signal
propagation. Moreover, the electron density within the ionospheric region exhibits non-
uniform distribution across vertical height layers due to diurnal cycle, seasonal, and other
environmental influences. The traditional ray tracing methods offer limited enhancement in
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sea surface height retrieval accuracy through satellite elevation angle refraction calculations
under a single-layer ionosphere. Therefore, this study extends the concept of traditional
ray tracing by introducing a stratified ionospheric model, aimed at constructing a new
ionospheric stratified elevation angle correction model for improved precision in sea surface
height inversion.

The construction rationale of ISEACM is outlined as follows: Firstly, the azimuth angle
and altitude angle of the satellite are calculated by using a GNSS observation data file and
satellite orbit file, and the interference signal-to-noise ratio data of direct signal and reflected
signal are extracted from the observation data file. Simultaneously, the satellite’s PRN serial
number and corresponding time are recorded, and these parameters are combined on a
daily basis to generate signal-to-noise ratio data files. Secondly, taking into account the
non-uniform distribution of electron density in the ionosphere and based on the analysis
in Section 2.1, the ionospheric height range of 100 to 450 km was chosen. The ionosphere
was divided into eight layers with a step size of 50 km. Using the satellite’s elevation angle,
azimuth, and the altitude of each ionospheric layer, the penetration point (longitude and
latitude) of the ionosphere is calculated. Subsequently, the electron density of each layer
is obtained using the IRI model. Thirdly, utilizing electron density values obtained from
the IRI model, the elevation angle correction for each ionospheric layer is computed using
the ray tracing method. To mitigate the influence of tropospheric refraction on satellite
signal bending, a tropospheric refraction model was introduced to correct the refraction
angles of satellite signals. The heights of the sea surface around the measurement stations
were obtained using the LSP spectrum analysis method, and the results of height inversion
underwent quality control. Consequently, the inversion results of GNSS-IR sea surface
heights were obtained. Fourthly, tidal data from nearby tide gauge stations were obtained,
and outliers in GNSS-IR sea surface height inversion were removed. Comparative analysis
between tidal data and inversion height data was conducted. Ultimately, the accuracy of
inversion data corrected by ISEACM was compared with uncorrected inversion data to
evaluate the superiority of the proposed model in this study. The main research process is
shown in Figure 2.
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2.3. Construction of the New Ionospheric Stratified Elevation Angle Correction Model

In GNSS-IR sea surface height inversion measurements, the signals received by the
satellite receiver primarily consist of direct signals from the satellite and reflected signals
that have bounced off the sea surface before reaching the receiver. Ultimately, the vector sum
of the direct and reflected signals is obtained [49]. The strength of the composite signal is
expressed using the SNR, which is primarily influenced by factors such as multipath effects,
signal transmission power, and antenna gain [50]. Figure 3 shows the basic schematic
diagram of GNSS-IR sea surface height inversion, where H is the vertical distance from
the phase center of the satellite receiver antenna to the sea surface; θ is the angle between
the direct signal and the sea level—that is, the elevation angle of the satellite; and D is the
additional distance of the reflected signal relative to the direct signal.
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GNSS-IR refers to the reception of both direct and reflected signals from satellites
by the receiver. These signals interfere with each other, as illustrated in Figure 3. The
interference signal formed by the direct and reflected signals is recorded by the receiver
within the signal-to-noise ratio (SNR), which can be described as follows [51]:

SNR2 = A2
d + A2

m + 2A2
d A2

m cos φ (1)

where A2
d and A2

m are the amplitudes of the direct and reflected signals, respectively, and φ is
the phase difference between the direct and reflected signals. To ensure accurate positioning,
the antennas of standard geodetic measurement receivers are typically designed with
specific characteristics to mitigate the multipath effects, thereby ensuring that the received
signals satisfy the A2

d >> A2
m relationship. Consequently, under the influence of the direct

signal, the SNR sequence generally exhibits a parabolic trend.
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At low elevation angles, the SNR values are smaller, and they are more affected by
multipath effects, resulting in more significant periodic oscillations. Therefore, it is easier
to extract SNR oscillation characteristic parameters at low elevation angles compared to
high elevation angles. Although SNR sequences at higher elevation angles contain more
complete information about the reflective surface, the useful information often becomes
submerged in complex noise, making it difficult to extract accurately. In traditional GNSS-
IR models, a quadratic polynomial is often used to fit the trend of the SNR curve. Then, the
fitted term is subtracted from the SNR curve to remove the direct signal and a small amount
of reflected signal, i.e., the term A2

d + A2
m in Equation (2). The resulting SNR oscillation

term can be approximated as [52]:

SNRm = 2Ad Am cos φ = A cos(2π f x + ϕ) (2)

where A is signal amplitude, f is oscillation frequency, and ϕ is the phase. The phase
difference φ between the direct signal and the reflected signal can be calculated from the
additional distance D [51]:

φ =
2π

λ
D =

4πh
λ

sin(θ) (3)

where λ is the wavelength of the carrier. From Equation (3), it can be observed that there
is a linear relationship between the phase difference and the sine value of the satellite
elevation angle sin(θ) [51]:

2π f =
4πh

λ
(4)

After simplifying Equation (4), we can obtain the relationship between the height h of
the reflecting surface and the frequency f [38]:

h =
λ f
2

(5)

where λ is the wavelength, and f is the frequency.
This study utilizes the electron density provided by the International Reference Iono-

sphere (IRI) model. Based on the frequency of satellite signals in the L1 band, the iono-
spheric refractive index is calculated [47]:

n = 1 − 40.36Ne

f 2 (6)

where Ne is the electron density, and f represents the frequency of the satellite signal.
The study primarily conducts a eight-layer stratification process focused on the layer

with the highest electron density. Starting from the top layer at 450 km altitude and moving
downwards along the satellite signal propagation path, the layers are stratified with a
step size of 50 km. The ray tracing method is employed to update the elevation angles at
each layer height [53]. Ultimately, the corrected satellite elevation angle after ionospheric
refraction correction is obtained. Initially, the refractive indices of the ionospheric layers
at heights corresponding to the i − 1 and i − 2 layers are computed based on the electron
density at those ionospheric heights. Then, using the refractive indices, the zenith angle
with respect to the Earth’s center is determined. Finally, the corrected satellite elevation
angle is calculated based on this information:

φi =
∫ ri−1

ri−2

ni−2ri−2 cos ei−2dr

r
√

n2
i−1r2 − n2

i−2r2
i−2 cos2 ei−2

(7)

z =
π

2
− ar sin(r0 sin(

π

2
− e)/r2) (8)

βi= ar cos(niri cos(z)/ni−1ri−1) (9)
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αi =
π

2
− φi − βi (10)

where ni−1 is the refractive index of the upper ionospheric layer, ni−2 is the refractive
index of the lower ionospheric layer, ri−1 is the height from the Earth’s center to the target
plane of the i − 1 layer, ri−2 is the height from the Earth’s center to the target plane of the
i − 2 layer, ei−2 is the satellite elevation angle corresponding to the i − 2 layer, and i is the
corresponding layer number, with the highest layer being i = 8. Taking into account the
curvature of the Earth, it is convenient to iteratively compute the satellite elevation angle
along the direction of satellite signal propagation in layers. Therefore, the study calculates
the initial elevation angle from the observer’s location to the height of 450 km at the top
layer of the ionosphere. r0 is the radius of the Earth, r2 is the sum of 450 km height and
the Earth’s radius, and e is the initial satellite elevation angle from the observer’s location.
Based on the refractive index of each ionospheric layer calculated according to Formula (3),
the corresponding refraction angles for adjacent layers are computed using Snell’s law.

Combining the refraction angle from the previous layer with the Earth-centered angles
of the current layer and the previous layer, the updated elevation angle for this layer is
determined using the theorem of interior angles in a triangle. By iteratively applying
Equations (7)–(10) to compute the elevation angle for the next layer, the satellite elevation
angle corrected for ionospheric refraction is obtained. This process ultimately yields the
precise satellite elevation angle corrected for ionospheric effects.

3. Validation and Application of the New Ionospheric Stratified Elevation Angle
Correction Model
3.1. Experimental Data

This study utilized observational data files provided by global GNSS networks, se-
lecting observational data from four stations: TAR0, GOM1, PTLD, and TPW2. The data
were sampled at 30 s intervals, with one month of continuous observational data chosen
for each station. The TAR0 station (latitude and longitude: 36.00, −5.60) is located in Tarifa,
Spain, and is equipped with a LEICA GR25 geodetic measurement receiver and a LEIAR20
LEIM antenna. The GOM1 station (latitude and longitude: 28.08, −17.10) is located in San
Sebastian de La Gomera, Spain, and is equipped with a LEICA GR50 geodetic measurement
receiver and a LEIAR20 LEIM antenna. The PTLD station (latitude and longitude: −38.34,
141.61) is located in Portland, Australia, and is equipped with a LEICA GR25 geodetic
measurement receiver and a LEIAT504GG SCIS antenna. The TPW2 station (latitude and
longitude: 46.20, −123.77) is located in Puerto Morelos, USA, and is equipped with a SEPT
POLARX5 geodetic measurement receiver and a TRM59800.80 SCIS antenna. The selection
of tide stations is based on the geographical location of the corresponding GNSS station,
and the tide station nearest to the GNSS-IR sea level altimetry experimental station is
selected. Figure 4 shows the positions and respective Fresnel zones of four stations.

To validate the reliability of ISEACM, adjacent tide gauge stations were selected
for each GNSS site to provide supplementary verification of GNSS-IR sea surface height
inversion. Utilizing GNSS single-antenna interferometric measurement mode for receiving
satellite signal data, satellite elevation angles are set to be within 30 degrees whenever
possible. Excessive elevation angles can adversely affect the interferometric results, leading
to increased measurement errors in sea surface height inversion. With regard to satellite
elevation angle settings, this study conducted experiments with 10-degree intervals for
four stations. The research revealed that different stations in various regions may require
different elevation angle configurations, which could be influenced by local factors such
as nearby anchored vessels, obstructive tall structures in proximity, or distance from the
station area. Based on satellite imagery from Google Maps, the stations were divided into
four quadrants, 0–90◦, 90◦–180◦, 180◦–270◦, and 270◦–360◦, for configuration. Detailed
parameter settings for the TAR0, GOM1, PTLD, and TPW2 stations are provided in Table 1.
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Table 1. GNSS-IR station data information.

Station Geographical
Location

Sampling
Interval (s)

Observation
Duration (d)

Elevation
Angle (◦)

Azimuth
Angle (◦)

Tide Gauge
Station Distance (m)

TAR0 Spain 30 31 5–30 0–360 Tarifa 407.25
PTLD Australia 30 31 5–30 0–360 Portland_AU 189.41
GOM1 Spain 30 31 5–30 0–360 LaGomera 6.52
TPW2 USA 30 31 5–30 0–360 ASTO 209.39

3.2. Accuracy Assessment Criteria

To demonstrate the superiority of the new ionospheric stratified elevation angle
correction model, this study evaluates the accuracy of GNSS-IR sea surface height after
correction by ISEACM compared to the original GNSS-IR sea surface height accuracy
without model correction using the root mean square error (RMSE) and Pearson correlation
coefficient (PCC).

The formula for the root mean square error (RMSE) is as follows [54]:

RMSE =

√
1
n

n

∑
i=1

(Yi − Xi)
2 (11)

where Y is the tidal gauge’s sea level height measurement sequence, and X is the GNSS-IR
sea surface height inversion results. The RMSE is used to assess the discrete deviation
between the inversion results and the true values. A smaller root mean square error of the
inversion height obtained after ISEACM correction indicates a more accurate inversion
result after model correction.

The formula for Pearson’s correlation coefficient, also known as Pearson’s r, is as
follows [55]:

PCC =
∑n

i=1
(
Xi − X

)(
Yi − Y

)√
∑n

i=1
(
Xi − X

)2
√

∑n
i=1

(
Yi − Y

)2
(12)
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where Y and X are the means of the tidal gauge’s sea level height measurement sequence
and the GNSS-IR sea surface height inversion results sequence, respectively. n represents
the number of data points in the sequences. PCC serves to depict the linear relationship
between the sea level height sequence from tidal gauge measurements and the GNSS-IR
sea surface height inversion results after model correction. Ranging from −1 to 1, PCC
values closer to 1 signify more reliable inversion results.

3.3. Verification and Application of the New Ionospheric Stratified Elevation Angle Correction
Model

This study utilized continuous GNSS observation data from four stations—TAR0,
PTLD, GOM1, and TPW2—over a period of 30 consecutive days. The obtained results
include continuous sea surface height inversion over 30 days, corrected using a new
ionospheric stratified elevation angle correction model. Due to potential variations in
reference levels among tidal gauge stations in different regions, the GNSS-IR-retrieved
sea surface height inversions were normalized. Subsequently, comparative analysis was
conducted with data from nearby GNSS stations and tidal gauge stations.

The entire process of GNSS-IR sea surface altimetry involves the transmission of
satellite signals, their propagation through space, and their eventual reception by GNSS
receivers. Each stage introduces varying degrees of measurement error. This study’s
ISEACM model primarily focuses on correcting the elevation angle variations in satellite
signals caused by the ionosphere. A lower satellite elevation angle implies that the signal
propagates a greater distance horizontally, so the ionosphere refracts the satellite signal
more, which ultimately causes the measured elevation angle to deviate more from the true
value. Employing low-elevation SNR data, this study focuses on investigating the precision
impact of elevation angle correction on the final GNSS-IR sea surface height retrieval. To
achieve this, daily data results from each experimental station were meticulously selected
for detailed analysis and study.

Figure 5 is the deviation plots of elevation angles before and after correction using
the novel ionospheric stratification elevation angle correction model. The horizontal axis
represents the satellite elevation angle, while the vertical axis denotes the difference between
elevation angles corrected by ISEACM and those without correction. The magnified line
plot details the refraction corrections at each angle. As can be seen from Figure 5, the height
angle correction of the four stations is basically between 0.05◦ and 0.21◦.

Due to the long distance between the satellite and the receiver station, small changes
will have a greater impact on the application of GNSS, so all error effects must be considered
in the design. However, in GNSS-IR sea surface height retrieval experiments, the refraction
effects of satellite signals in the ionosphere were not adequately taken into account. This
resulted in deviations between computed satellite elevation angles and actual elevation
angles, thereby reducing the accuracy of GNSS-IR sea surface height retrieval. Based on
experimental results, it is evident that as the elevation angle increases, the angle corrected
by ISEACM decreases. Conversely, at lower elevation angles, the correction to satellite
elevation angles increases. This aligns with the relationship between elevation angle and
propagation distance. These findings provide a solid basis for enhancing the accuracy of
GNSS-IR sea surface height retrieval through ionospheric refraction corrections in future
studies.

After applying error correction using the new ionospheric stratified elevation angle
correction model, Figure 6 clearly shows a favorable correspondence between the inverted
water levels from TAR0, PTLD, GOM1, and TPW2 stations and the measured water level
results. This highlights the effectiveness of the ISEACM approach in correction. For the
four stations mentioned above, the RMSE between the height retrieval results corrected
by the new ionospheric stratified elevation angle correction model and the measurements
from tide gauge stations are as follows: 0.1493 m for TAR0, 0.1732 m for PTLD, 0.2480 m
for GOM1, and 0.2189 m for TPW2.
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Figure 5. Diagram of angle correction quantities for ionospheric stratified elevation angle correction
model stations: (a) The angular correction for TAR0 station; (b) The angular correction for PTLD
station; (c) The angular correction for GOM1 station; (d) The angular correction for TPW2 station.
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Figure 6. Comparison between the inverted height sequence values after correction using the
ionospheric stratified elevation angle correction model and the observed tidal sequence values:
(a) TAR0 station; (b) PTLD station; (c) GOM1 station; (d) TPW2 station.
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Among these results, the TAR0 station exhibits superior inversion performance, show-
ing the highest agreement with tidal observations. This can be attributed to its location
on a solitary coastline with predominantly open sea surroundings, resulting in a high
signal-to-noise ratio for satellite signals and a greater availability of data. Due to minimal
influence from sea surface waves and relatively calm water conditions, the observed root
mean square error is smaller. In contrast, the PTLD station is situated in a region of Aus-
tralia that is farther from the coastline, surrounded by seawater, and subject to significant
sea wind effects. Consequently, the data retrieved from GNSS-IR sea surface height inver-
sion are more scattered, with fewer effective height data points available, resulting in a
comparatively poorer overall height inversion performance compared to TAR0.

Through GNSS-IR sea surface height inversion experiments conducted at four stations,
scatter plots of varying colors depict the correlation analysis of the novel ionospheric
stratified elevation angle correction model. The horizontal axis is tidal observations from
tide gauge stations, while the vertical axis is height values retrieved from GNSS-IR sea
surface height inversion corrected by ISEACM. The Pearson correlation coefficients for
each station are as follows: TAR0 station at 90.50%, PTLD station at 76.34%, GOM1 sta-
tion at 84.70%, and TPW2 station at 83.84%. Figures 6 and 7 demonstrate that the sea
surface height inversion values corrected using the ISEACM method exhibit a strong cor-
relation with tidal observations from tide gauge stations. This indicates the reliability of
ISEACM in ionospheric refraction correction research within GNSS-IR sea surface height
measurements.

Figure 7. Pearson correlation coefficient between the inverted height sequence after correction using
the ionospheric stratified elevation angle correction model and the observed tidal sequence value:
(a) Image of the correlation coefficient for TAR0; (b) Image of the correlation coefficient for PTLD;
(c) Image of the correlation coefficient for GOM1; (d) Image of the correlation coefficient for TPW2.

A comparative study of sea surface height measurements that have not been corrected
by ionospheric refraction and that have been corrected by the ISEACM method is conducted.
Figure 7 shows the comparison of height inversion results with tide values before and after



Remote Sens. 2024, 16, 3270 13 of 18

the new ISEACM method of correction for the four stations for one month, while Table 2
lists detailed RMSE and PCC comparisons before and after the model modification for the
four stations.

Table 2. Root mean square error and Pearson correlation coefficient before and after the correction of
ionospheric stratified elevation angle correction model.

Station RMSE before
Correction (m)

PCC before
Correction

RMSE after
Correction (m)

PCC after
Correction

TAR0 0.1752 0.88 0.1493 0.90
PTLD 0.2041 0.72 0.1732 0.76
GOM1 0.2654 0.82 0.2480 0.84
TPW2 0.2616 0.81 0.2178 0.83

From the observations in Figure 8 and Table 2, it is evident that the number of height
sequences derived from GNSS-IR sea surface height inversion without the ISEACM cor-
rection is fewer compared to those corrected for ionospheric refraction. Furthermore, the
height inversion values corrected for ionospheric refraction align more closely with tidal
observations, exhibiting significantly better correlation. By comparing the root mean square
error and correlation coefficient before and after ISEACM correction of the four stations
in Table 2, it is found that the RMSE of the ISEACM model is up to 20% compared with
the traditional GNSS-IR sea surface altimetry, and the Pearson correlation coefficient is 4%
higher than the traditional GNSS-IR sea surface altimetry.
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Figure 8. Comparison of height inversion sequences and tidal observation sequences before and after
correction by the ionospheric stratified elevation angle correction model for four stations: (a) TAR0
station; (b) PTLD station; (c) GOM1 station; (d) TPW2 station.
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Based on the residual plots before and after the correction of ionospheric refraction
angles in Figure 9, it is evident that the precision of GNSS-IR sea surface height estimation
significantly improves after applying ISEACM correction across the four stations. This
validates the impact of ionospheric refraction on elevation angles, ultimately leading to
accuracy degradation in GNSS-IR sea surface height inversion. Therefore, utilizing ISEACM
to correct satellite elevation angles is both feasible and effective in enhancing the accuracy
of final GNSS-IR sea surface height inversion.

Remote Sens. 2024, 16, x FOR PEER REVIEW 16 of 19 
 

 

 
Figure 9. Comparison of residual plots between height inversion sequences and tidal observation 
sequences before and after correction by the ionospheric stratified elevation angle correction model 
for four stations: (a) Residual image of TAR0; (b) Residual image of PTLD; (c) Residual image of 
GOM1; (d) Residual image of TPW2. 

 

4. Conclusions 
Current research in GNSS-IR sea surface height measurement faces a significant chal-

lenge: when GNSS signals pass through the ionosphere, they are affected by the iono-
spheric electron content density, which causes the satellite signals to refract, thus affecting 
the calculation results of the satellite elevation angle measured by the measuring station, 
reducing the accuracy of the altitude angle measurement, and finally affecting the accu-
racy of the GNSS-IR sea surface altimetry results. In order to solve this problem, a new 
ionospheric stratified elevation angle correction model is proposed in this study, aiming 
at the refraction of satellite signals in the ionosphere of GNSS-IR sea surface measurement, 
which improves the accuracy of GNSS-IR sea surface altitude inversion. The main contri-
butions of this study are as follows: 
(1) A new ionospheric stratification elevation angle correction model has been devel-

oped to address the ionospheric refraction issues in current satellite altimetry. In this 
study, the uneven distribution of ionospheric electron density at different altitudes 
throughout the entire GNSS-IR sea surface height retrieval process results in varying 
degrees of elevation angle deviation in satellite signals due to refraction. Therefore, 
a stratified approach has been introduced to mitigate these effects. The IRI model is 
used to extract the electron content density at different times, latitudes and longi-
tudes, and ionospheric corresponding layering heights, then the elevation angle cor-
rection is calculated by using the ray trace method, and finally, the purpose of im-
proving the accuracy of GNSS-IR sea surface height inversion is achieved. 

(2) The feasibility of the proposed ISEACM was validated through comparative analysis 
with tide gauge station data. Four GNSS satellite stations, TAR0, GOM1, PTLD, and 
TPW2, were selected to correct the satellite altitude angle by using a new ionospheric 
stratified elevation angle correction model, and then the GNSS-IR sea surface height 
measurement results were calculated and compared with the tide gauge data. The 
results indicate a strong correlation exceeding 0.75 between GNSS-IR sea surface 

280 285 290 295 300 305 310
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

TPW2GOM1

In
ve

rs
io

n 
H

ei
gh

t R
es

id
ua

l (
m

)

 Pre-correction Residual
 Post-correction Residual

TAR0 PTLD

(a)

150 155 160 165 170 175 180

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6
 Pre-correction Residual
 Post-correction Residual

(b)

120 125 130 135 140 145 150

-0.4

-0.2

0.0

0.2

0.4

0.6

In
ve

rs
io

n 
H

ei
gh

t R
es

id
ua

l (
m

)

Day of Year (doy)

 Pre-correction Residual
 Post-correction Residual

(c)

280 285 290 295 300 305 310
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0

Day of Year (doy)

 Pre-correction Residual
 Post-correction Residual

(d)

Figure 9. Comparison of residual plots between height inversion sequences and tidal observation
sequences before and after correction by the ionospheric stratified elevation angle correction model
for four stations: (a) Residual image of TAR0; (b) Residual image of PTLD; (c) Residual image of
GOM1; (d) Residual image of TPW2.

4. Conclusions

Current research in GNSS-IR sea surface height measurement faces a significant chal-
lenge: when GNSS signals pass through the ionosphere, they are affected by the ionospheric
electron content density, which causes the satellite signals to refract, thus affecting the cal-
culation results of the satellite elevation angle measured by the measuring station, reducing
the accuracy of the altitude angle measurement, and finally affecting the accuracy of the
GNSS-IR sea surface altimetry results. In order to solve this problem, a new ionospheric
stratified elevation angle correction model is proposed in this study, aiming at the refraction
of satellite signals in the ionosphere of GNSS-IR sea surface measurement, which improves
the accuracy of GNSS-IR sea surface altitude inversion. The main contributions of this
study are as follows:

(1) A new ionospheric stratification elevation angle correction model has been developed
to address the ionospheric refraction issues in current satellite altimetry. In this
study, the uneven distribution of ionospheric electron density at different altitudes
throughout the entire GNSS-IR sea surface height retrieval process results in varying
degrees of elevation angle deviation in satellite signals due to refraction. Therefore,
a stratified approach has been introduced to mitigate these effects. The IRI model is
used to extract the electron content density at different times, latitudes and longitudes,
and ionospheric corresponding layering heights, then the elevation angle correction is
calculated by using the ray trace method, and finally, the purpose of improving the
accuracy of GNSS-IR sea surface height inversion is achieved.
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(2) The feasibility of the proposed ISEACM was validated through comparative analysis
with tide gauge station data. Four GNSS satellite stations, TAR0, GOM1, PTLD, and
TPW2, were selected to correct the satellite altitude angle by using a new ionospheric
stratified elevation angle correction model, and then the GNSS-IR sea surface height
measurement results were calculated and compared with the tide gauge data. The
results indicate a strong correlation exceeding 0.75 between GNSS-IR sea surface
height measurements corrected using ISEACM and tide gauge station data. The
root mean square error was maintained within 0.30 m. These results show that the
proposed ISEACM has good accuracy and reliability in the estimation of sea surface
height.

(3) A comparative study was conducted between conventional GNSS-IR sea surface
height measurements and those corrected using the ISEACM model, aiming to analyze
the superiority of the ISEACM model. The comparative analysis reveals that the
ISEACM model enhances the accuracy of GNSS-IR sea surface height retrieval by up to
20% at its peak and 7% at its minimum compared to traditional methods. On average,
the ISEACM model achieves a Pearson correlation coefficient of 0.84, representing a
4% increase over traditional GNSS-IR sea surface height retrieval methods. Therefore,
the ISEACM model has optimized, to some extent, the satellite elevation angle errors
induced by ionospheric refraction, thereby enhancing the accuracy of sea surface
height measurements.

While ISEACM has achieved promising results in ionospheric refraction correction,
the method still exhibits certain limitations. It involves intricate calculus operations, offer-
ing high precision but demanding extensive computational resources due to its multiple
iterations and computational overhead. Currently, its application is predominantly in post-
processing experimental scenarios. Future advancements could explore faster correction
methods to enhance real-time capabilities for GNSS-IR sea surface height experiments.
Additionally, since GNSS-IR shore-based stations are stationary, they are susceptible to en-
vironmental factors such as marine vessels, wind speeds, and nearby structures, which can
introduce errors. Future efforts could focus on identifying and filtering out these sources of
error to improve the accuracy of sea surface height retrieval. Furthermore, ongoing research
is exploring airborne and shipborne GNSS-IR systems, which could mitigate environmental
impacts around fixed stations.
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