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Abstract: Geodetic Global Navigation Satellite System reflectometry (GNSS-R) uses ground-based
signals of opportunity to retrieve sea levels at an intermediate spatial scale. Geodetic GNSS-R
is based on the simultaneous reception of Line-of-Sight (LoS) and its coherent GNSS sea surface
reflection (non-LOS) signals. The scope of this paper is to present geodetic GNSS-R applied to sea
level altimetry. Signal-to-Noise Ratio (SNR) measurements from a Commercial Off-The-Shelf (COTS)
geodetic-quality GNSS station at the Haiti Coast Guard Base in Port-au-Prince is used to retrieve
sea levels in the International Terrestrial Reference Frame 2014 (ITRF2014). The GNSS-R sea levels
are compared with those of the OTT Radar Level Sensor (RLS) installed vertically below the GNSS
antenna. The Root-Mean-Square Error (RMSE) between the geodetic GNSS-R sea levels and OTT RLS
records is 3.43 cm, with a correlation of 0.96. In addition, the complex differences between the OTT
RLS records and 15-min GNSS-R sea levels using Global Positioning System (GPS) and Globalnaya
Navigazionnaya Sputnikovaya Sistema (or Global Navigation Satellite System; GLONASS) signals
for all the eight major tidal constituents are in mm-level agreement. Therefore, geodetic GNSS-R can
be used as a complementary approach to the conventional method for sea level studies in a stable
terrestrial reference frame.

Keywords: GPS; GLONASS; GNSS; reflectometry; GNSS-R; SNR; sea level; altimetry

1. Introduction

The Global Navigation Satellite System (GNSS) signals in the microwave band (300 MHz
to 300 GHz) propagate from satellite to receiver in a vacuum, at a constant speed, along the
Line-of-Sight (LoS) path. Although the LoS path is routinely used for position determina-
tion [1–3], the error sources of Positioning, Navigation, and Timing (PNT) caused by physical
effects in the actual environment have been used for Earth observation and remote sensing.
GNSS-Reflectometry (GNSS-R) is a microwave remote sensing system that uses reflected or
scattered signals of opportunity (non-LoS) to retrieve environmental variables such as sea
surface height, ocean wind, and soil moisture. GNSS-R can take advantage of appropriate
antenna configurations in order to study the relationships between geophysical variables and
properties of the scattering surface.

Geodetic GNSS-R uses Signal-to-Noise Ratio (SNR) measurements from sensor plat-
forms near the ground surface to estimate the sea level in a stable terrestrial reference frame.
A geodetic GNSS station equipped with a Commercial Off-The-Shelf (COTS) receiver and
an upright antenna can simultaneously record multiple surface reflections from different
satellite navigation systems separated by several degrees in azimuthal angle around the
GNSS antenna.

GNSS [4] reflected signals from a single antenna first were used to investigate specular
ground reflections and dielectric properties [4]. The frequency and phase of the construc-
tive and destructive interference between two coherent waves depend on the vertical
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distance from the reflecting surface to the antenna Phase Center Offset (PCO) and the
surface reflectivity, respectively. A Root-Mean-Square Error (RMSE) of 4.8 cm was reported
between GNSS-R sea levels and synthetic tide gauge records computed based on two tide
gauge stations 18 km south and 33 km north of the Onsala GNSS-R tide gauge station
over the three-month period from 16 September 2010 to December [5]. In that study, the
authors also reported a larger RMSE (~10 cm) of the residual between GNSS-R sea level
retrievals and the tide gauge records for the second station, the Friday Harbor GNSS tide
gauge. Therefore, the need of a better model to take the reflector height-rate into account
was reckoned.

The existing geodetic quality GNSS station at Peterson Bay, Alaska, was analyzed
over a one-year time period by [6], correcting the GNSS-R sea levels for the moving
planar surface. SNR-based GNSS-R sea levels were compared with co-located tide gauge
records for five stations in different parts of the world [7]. The authors reported an
RMSE of 6.2–43.2 cm, assuming time-dependent sea levels for each GNSS satellite arc. The
performance of geodetic GNSS-R was further investigated using a tide gauge station about
345 m to the west of the Friday Harbor GNSS station [8]. An RMSE of about 12 cm between
sea levels of the two sensors was reported over a ten-year period.

SNR-based GNSS-R tidal constituents in Antarctica and Greenland agreed at the
mm level with those of co-located tide gauges for global and local ocean tide models [9].
Therefore, geodetic GNSS-R could be operational in difficult environments, such as the
polar regions where conventional tide gauge sensors are difficult to install and maintain.
In another study, 10 min GNSS-R water levels for a station where the water level abruptly
changes up to 17 m every 4–8 h were compared with hydrostatic or pneumatic pressure
measurements in Vianden, Luxembourg [10].

The first inter-comparison campaign on geodetic GNSS-R for sea level monitoring
confirmed an RMSE smaller than 5 cm between GNSS-R–derived sea levels and tide gauge
records at the Onsala GNSS-R tide gauge station [11]. The authors also demonstrated that
the dominant tidal constituents were well captured by geodetic GNSS-R. More recently, [12]
reported a 2.9 cm RMS for daily water levels at Guaiba Lake in Rio Grande do Sul by
developing an open-source low-cost sensor for SNR-based GNSS reflectometry.

Geodetic GNSS-R is quickly maturing as a viable alternative for coastal sea level
altimetry. SNR-based GNSS-R can be especially useful in regions with large land subsidence
or uplift. This is because a COTS GNSS station can provide both vertical land motion and
sea level variations. In this contribution, SNR observations from a newly installed GNSS
station in the Haiti Coast Guard Base Port-au-Prince tide gauge station (Figure 1) are used
to retrieve sea levels in the Caribbean Sea.

Haiti lies right on the boundary of the Caribbean and North American plates. [13]
reported a 19 mm/yr left-lateral relative motion between the Caribbean and North Ameri-
can plates. Haiti, the most vulnerable country to climate change in Latin America and the
Caribbean, is in the center of the hurricane belt and has experienced six major storms in
the past 30 years [14]. The West and South Departments of this small island nation lie in
the path of the strongest tropical storms [14]. Hurricane Matthew in 2016, with a Category
4 strength, devastated the Southwestern part of the country and caused the sea level to
rise, flooding the bay of Port-au-Prince with up to 1 m of water [15]. A mean average of
1.8 mm/yr was reported as the sea level rise rate in the Caribbean region over the last
60 years [16]. A sea level rise of between 0.05 m and 0.22 m is estimated for 2030 in the
Caribbean [14].

The accuracy and precision of SNR-based GNSS-R sea level altimetry in the Haiti
Coast Guard Base Port-au-Prince tide gauge station (POPR) are evaluated using co-located
radar tide gauge records. In addition, the performance of the in situ tide gauge station is
assessed using pressure and radar sensors over 2014, when two tide gauge sensors were
operational. Finally, the GNSS-R–derived tidal constituents are compared with those of the
radar tide gauge sensor from 10 October 2020 to 1 March 2021.
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Figure 1. Tide gauge station at the Haiti Coast Guard Base in Port-au-Prince in the northwest (left panel) and northeast 
(right panel) directions. 
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with those of the radar tide gauge sensor from 10 October 2020 to 1 March 2021. 
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2 and 3, respectively. Then, the study area is presented in Section 4. We proceed to assess 
the geodetic GNSS-R altimetry results in more detail in Section 5. Sea levels in ITRF2014 
are explained in Section 6. Finally, the paper is ended by conclusions in Section 7. 
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Figure 1. Tide gauge station at the Haiti Coast Guard Base in Port-au-Prince in the northwest (left panel) and northeast
(right panel) directions.

The rest of the paper provides a general description of the geodetic GNSS-R footprint
and physically-based forward model and statistically-rigorous inverse model in Sections 2
and 3, respectively. Then, the study area is presented in Section 4. We proceed to assess the
geodetic GNSS-R altimetry results in more detail in Section 5. Sea levels in ITRF2014 are
explained in Section 6. Finally, the paper is ended by conclusions in Section 7.

2. Geodetic GNSS-R Footprint

The geometry of geodetic GNSS-R depends on the positions of the GNSS satellite
and receiving antenna with respect to the reflecting surface. The extent and resolution of
surface reflected GNSS multipath from a local horizontal plane covers an area around the
specular reflection point. The first Fresnel zone (FFZ), as the sensing footprint of geodetic
GNSS-R, is defined as a function of half-wavelength (λ/2) [17]. The FFZ is an elongated
ellipse whose semi-minor and semi-major axes are defined as follows [18]:

b =

√
λh

sin e
+

λ2

4 sin2 e
a =

b
sin e

(1)

where h is the reflector height and e is the GNSS satellite elevation angle. The GNSS
satellites repeat their ground track as a fraction of a sidereal day, i.e., the GPS orbital period
is half a sidereal day. Therefore, the reflection points from rising and setting satellite arcs
can be used to approximate the first Fresnel zone. Figure 2 shows the FFZs from the
sea reflection for January 2021 at the POPR using the median elevation angles of each
individual GNSS track. It should be noted that geodetic GNSS-R has a much larger and
smaller spatial footprint than the tide gauge senor and radar altimeter, respectively.
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Figure 2. Occurrences of FFZs in January 2021 at the POPR. Each color depicts a GNSS satellite, and
the location of the Port-au-Prince tide gauge station is shown as a yellow pin.

3. Geodetic GNSS-R Model

SNR observations that are reported by GNSS receivers are a function of interferometric
power

(
Pi =

Pr
Pd

)
and interferometric phase (φi = φr − φd) [19]:

SNR =
Pd(1 + Pi)

Pn
+

2Pd
√Pi

Pn
cos φi (2)

The incoherent power is neglected in geodetic GNSS-R, as it only impacts the SNR
trend and not the interference fringes [20]. The first term on the right-hand side is the SNR
trend, and the second term represents detrended interference fringes. Pr, Pd, and Pn are
reflected, direct, and noise powers, respectively. Pr and Pd can be expressed as a function of
direction dependent Right-Handed Circular Polarization (RHCP) power component (PR

d )
and the complex-valued surface/antenna coupled coefficient (X) [20]:

Pd = PR
d GR

d Pr = PR
d X2S2X = RS

√
GR

r exp
(

ιΦR
r

)
+ RX

√
GL

r exp
(

ιΦL
r

)
(3)

where GR,L
d,r represents the partial antenna power gains for RHCP and LHCP (Left-Handed

Circular Polarization) evaluated in the direct and reflected directions. ΦR,L
r is the respective

antenna phase component. RS and RX are the complex-valued Fresnel reflection coefficients
for same-sense and crossed polarization, respectively. The coherent power loss factor (S2) is
a function of the carrier wavenumber (k = 2π/λ) and can be directly linked to the standard
deviation of surface height (s) [21]:

S2 = exp
(
−k2s2 sin2 e

)
(4)
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The interferometric phase can be modeled as a function of coupled surface/antenna
properties (φX), the wavenumber and interferometric propagation delay (τi), and the direct
signal antenna phase contribution (ΦR

d ) [22]:

φi = φX + kτi −ΦR
d (5)

The latter can be approximated as a function of the height component of the Antenna
Phase Center (APC) relative to the Antenna Reference Point (ARP) [20].

The interferometric propagation delay (Figure 3), while assuming a horizontal surface
in vacuum, can be expressed as a function of antenna-to-surface reflector height (H) [23]:

τi = 2H sin e (6)
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Therefore, environmental variables such as snow depth and sea level can be retrieved
using periodograms of the interference patterns observed by GNSS stations [24,25].

Including biases to compensate for deficiencies in the GNSS-R model, the forward
model of SNR can be formulated as:

SNR = Pd(1 +
Pi

|B|2
+

2
√

Pi
|B| cos φ̂i)/PnK2 φ̂i = φi − φB (7)

where K is the noise power bias, and B and φB are interferometric power and phase biases,
respectively.
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The biases in the inverse model are fixed to their optimal a priori values and corrections
for each parameter, and corresponding covariance matrices are estimated [25]. They can be
expanded as a polynomial in terms of sine of elevation angle, e.g., [9],

φB =
n

∑
j=0

φ(j) sinj e = φ
(0)
B + φ

(1)
B sin e + φ

(2)
B sin2 e + · · · (8)

where the superscript in parentheses (j) is an index; otherwise, it is a power exponent. The
linear term of the interferometric phase bias that can be converted to a quantity with units
of meters, known as height bias (HB), accounts for errors of the forward model reflector
height a priori value (HA) [19]. Therefore, the total reflector height can be estimated as:

H = HA − HB HB =
φ
(1)
B λ

4π
(9)

A single GNSS signal is processed to retrieve the height bias based on the above-
mentioned inversion algorithm. Then, satellite tracks are partitioned based on track
azimuth and satellite PRN, as well as ascending or descending status of the arc. The
Quality Control (QC) of sea levels as a necessary step is done to detect outliers resulting
from anomalous conditions using robust estimators and statistical intervals [24,25].

It was found by [26] that tropospheric delay underestimates the reflector height
retrievals. The interferometric atmospheric delay increases linearly with the reflector
height and exponentially with the satellite elevation angle. Here, the Global Pressure and
Temperature 3 model (GPT3) and Vienna Mapping Function 3 (VMF3) [27] are used to
correct the sea level retrievals for the tropospheric delay corrections, as follows [28]:

H = (HA − HB) +
∂τt

2∂ sin e
(10)

where τt is the tropospheric delay and is defined as the difference between the radio length
and the vacuum distance.

Due to the tides, the sea level changes and so does the reflector height. Therefore,
the interferometric phase rate, assuming a variable reflector height, can be written as
follows [10]:

∂φi
∂kz

= H + kz
∂H
∂kz

(11)

where kz is the vertical wavenumber and can be interpreted as the sensitivity of the geodetic
GNSS-R station [29]:

kz = 2k sin e (12)

Therefore, the GNSS-R sea levels will be biased if they are not corrected for the vertical
velocity and acceleration of the tidal waves, as follows [9]:

H .
H+

..
H
=

1
.
e
(

.
H tan e +

..
H∆t tan e) (13)

where
.
e,

.
H, and

..
H are elevation angle rate, sea vertical velocity, and sea vertical acceleration,

respectively. Here, the elevation angle rate is derived from the GNSS precise ephemerides,
while sea vertical velocity and acceleration are solved iteratively using the centered finite
differences [9]. Finally, 15-min multi-GNSS corrected total reflector height is reported
employing an 8 h moving window, as follows:

H = (HA − HB) +
∂τt

2∂ sin e
+ H .

H+
..
H

(14)
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4. Port-au-Prince Tide Gauge Station

The GNSS station at the Port-au-Prince tide gauge station (POPR) was installed in
March 2019 at the Haiti Coast Guard Base in Port-au-Prince, with a collaboration between
the University of Luxembourg, the Faculty of Sciences of the State University of Haiti,
and the Haiti National Center for Geospatial Information (CNIGS). The GNSS station was
equipped with a PolaR×5 receiver at 1 Hz sampling rate and a VP6050 high-precision
full-spectrum GNSS antenna (Figure 1).

The antenna was installed about 3.23 m above the mean sea level and has clear
reflections from the sea surface towards the north direction (Figure 2). SNR observations
from GPS and GLONASS for the two-year period from 1 March 2019 to 26 March 2021 are
processed to retrieve sea levels in the Caribbean Sea. An azimuthal mask and elevation
mask of 180◦ (90–270◦) and 20◦ (5–25◦) are used at the POPR.

In addition, the retrieved reflector heights are corrected for offset of the APC relative
to the APR [30]. The retrieved reflector heights at the Port-au-Prince tide gauge station are
shown in Figure 4. The seasonal tidal sea-level variation and a reflector height envelope of
1.03 m is clear at the POPR.
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Figure 4. Relative reflector height retrieved by GNSS-R at Port-au-Prince tide gauge station.

The tide gauge station at Port-au-Prince (PTPR) is used to assess the performance of
GNSS-R sea level altimetry. The PTPR, which is operated by the Maritime Service and
Navigation of Haiti (SEMANAH) is a part of the Global Sea Level Observing System
(GLOSS) network. The GLOSS network, with 287 tide gauge stations around the word, is
for long-term climate change and oceanographic sea level monitoring [31]. The PTPR was
equipped with a S12C hydrostatic submersible level transmitter having a piezo-resistive
ceramic pressure sensor [32] and an OTT radar level sensor [33]. The S12C SDI-12 was
retired at the beginning of 2017, and the OTT RLS was offline until 9 October 2020 due to
the GPS week number rollover bug. The radar level sensor, with pulse radar technology
that reports the sea level every minute with an accuracy of ±3 mm, was installed 61.6 cm
vertically below the GNSS antenna ARP.
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5. GNSS-R Sea Level Altimetry

The 1-min OTT RLS records from 9 October 2020 are used to assess the performance
of the 15-min GNSS-R sea level altimetry. The GNSS-R retrievals are interpolated at the
tide gauge epochs; in order to minimize the interpolation errors, missing sea level periods
are discarded in either OTT RLS or GNSS-R. The mean difference between tide gauge and
GNSS-R is disregarded in this section to compare the two sensors. Figure 5 compares the
OTT RLS records to the retrieved GNSS-R sea levels over 199 days.
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On one hand, the RMSE of the residuals between GNSS-R sea level retrievals and the
OTT RLS records at the Port-au-Prince tide gauge station is 3.43 cm. On the other hand,
the RMSE between OTT RLS and S12C SDI-12 records over 2014, when both sensors were
operational at the Haiti Coast Guard Base in Port-au-Prince is 3.67 cm, with a correlation
coefficient exceeding 0.98. Therefore, geodetic GNSS-R sea levels are comparable with
those of conventional tide gauge records.

A scatterplot of sea levels shows an excellent agreement between tide gauge records
and GNSS-R sea level retrievals, with a correlation coefficient exceeding 0.96 (Figure 6). A
Van de Casteele diagram (y-axis presents the sea level error between the OTT RLS records
and GNSS-R sea level retrievals and x-axis represents the OTT RLS records) shows there is
no scale error between the two sensors (Figure 6). Carrying out a regression between the
two sensors, the slope deviation of −0.01m/m± 0.02m/m is not statistically significant
vis-à-vis its 95% confidence interval.

To highlight the importance of the vertical velocity and vertical acceleration correc-
tions for such a small tidal range, the uncorrected GNSS-R sea levels, assuming a static
state for the sea surface, are compared with the OTT RLS records. The RMSE between
uncorrected GNSS-R retrievals and tide gauge records is 6.73 cm, and the regression slope
of −0.31m/m± 0.27m/m indicates a scale error between the two sea levels. Therefore, the
dynamic state of sea level correction, even for the small tidal range’s stations, should be
applied when sub-hourly products are needed.



Geosciences 2021, 11, 391 9 of 14
Geosciences 2021, 11, x FOR PEER REVIEW 9 of 14 
 

 

  
Figure 6. Scatterplot of sea levels shows an excellent agreement between OTT RLS records and GNSS-R sea level retrievals 
(left panel). Van de Casteele diagram shows no systematic errors between the two sensors at the Port-au-Prince tide gauge 
station (right panel). 

To highlight the importance of the vertical velocity and vertical acceleration 
corrections for such a small tidal range, the uncorrected GNSS-R sea levels, assuming a 
static state for the sea surface, are compared with the OTT RLS records. The RMSE 
between uncorrected GNSS-R retrievals and tide gauge records is 6.73 cm, and the 
regression slope of −0.31 m m⁄ ± 0.27 m m⁄  indicates a scale error between the two sea 
levels. Therefore, the dynamic state of sea level correction, even for the small tidal range’s 
stations, should be applied when sub-hourly products are needed. 

The OTT RLS records and GNSS-R sea levels are band-pass filtered, employing a 3-
h, 4-h, 6 h, 12-h, and 24-h window. The results of each band are summarized in Table 1. 
On one hand, the slope deviation and correlation are worse for the highest frequency 
region (3-h). On the other hand, the performance of GNSS-R in periods greater than 6-h is 
good, and tidal variations are well captured by geodetic GNSS-R (Figure 7). This is due to 
the temporal resolution of the geodetic GNSS-R retrievals and can be improved either by 
using other GNSS constellations such as GALILEO or increasing the reflector height above 
the mean sea level. 

Table 1. Statistics of OTT RLS records and GNSS-R sea level retrievals for each band. 

 3-h 4-h 6-h 12-h 24-h 
Correlation 0.43 0.66 0.94 0.97 0.97 
RMSE (cm) 1.81 2.28 2.74 3.10 3.17 

Slope deviation (𝐦 𝐦⁄ )  −0.66 ±  0.03  −0.36 ± 0.04  −0.08 ±  0.02  −0.03 ±  0.02  −0.02 ± 0.02 

Figure 6. Scatterplot of sea levels shows an excellent agreement between OTT RLS records and GNSS-R sea level retrievals
(left panel). Van de Casteele diagram shows no systematic errors between the two sensors at the Port-au-Prince tide gauge
station (right panel).

The OTT RLS records and GNSS-R sea levels are band-pass filtered, employing a 3-h,
4-h, 6 h, 12-h, and 24-h window. The results of each band are summarized in Table 1. On
one hand, the slope deviation and correlation are worse for the highest frequency region
(3-h). On the other hand, the performance of GNSS-R in periods greater than 6-h is good,
and tidal variations are well captured by geodetic GNSS-R (Figure 7). This is due to the
temporal resolution of the geodetic GNSS-R retrievals and can be improved either by using
other GNSS constellations such as GALILEO or increasing the reflector height above the
mean sea level.

Table 1. Statistics of OTT RLS records and GNSS-R sea level retrievals for each band.

3-h 4-h 6-h 12-h 24-h

Correlation 0.43 0.66 0.94 0.97 0.97
RMSE (cm) 1.81 2.28 2.74 3.10 3.17

Slope deviation (m/m) −0.66± 0.03 −0.36± 0.04 −0.08± 0.02 −0.03± 0.02 −0.02± 0.02

Based on the length of the sea level time series, the amplitudes and phases of a
set of harmonic tide components are determined based on [34] (Table 2). The complex
differences between the OTT RLS records and GNSS-R sea levels for all the eight major tidal
constituents are in mm-level agreement. Systematic biases for GNSS-R–derived luni-solar
diurnal, principal solar, and luni-solar semidiurnal components were correlated with the
GPS orbital period [9,11]. Here, the systematic effect is cancelled out using GLONASS,
with an 11.25 h orbital period.
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Table 2. Eight major tidal constituents at Port-au-Prince tide gauge station.

Wave Period (h)
OTT RLS GNSS-R

Vec. Diff (cm)
Amp. (cm) Phase (◦) Amp. (cm) Phase (◦)

Q1 26.8683 0.43 231.51 0.47 229.14 0.04
O1 25.8193 4.10 214.62 4.09 211.35 0.23
P1 24.0658 2.81 243.31 2.62 240.67 0.23
K1 23.9344 7.48 232.84 8.25 229.20 0.91
N2 12.6583 3.12 23.13 2.95 21.49 0.19
M2 12.4206 14.35 34.26 14.03 32.85 0.47
S2 12.0000 4.18 51.46 3.98 48.63 0.28
K2 11.96723606 1.29 48.82 1.33 54.25 0.13

6. Absolute Sea Level Altimetry

Double-differenced GPS phase observables are processed using GAMIT/GLOBK soft-
ware version 10.71 [35] in order to estimate daily GNSS station position in the International
Terrestrial Reference Frame 2014 (ITRF2014) [36]. The POPR GNSS station, together with
18 permanent GNSS stations in Haiti and 26 GNSS stations in the Dominican Republic, are
processed. The GNSS network in Haiti is operated by the National Center for Geospatial In-
formation (CNIGS) and the Interministerial Committee for territorial development (CIAT)
of Haiti; the GNSS data from the Dominican Republic are publicly available through UN-
AVCO. A total of 34 core GNSS stations of the International GPS Service for Geodynamics
(IGS) served as ties with ITRF2014. Precise satellite orbits from the IGS and 30-s RINEX
files using a 10-degree elevation cutoff angle are processed.

The Earth orientation parameters from the International Earth Rotation and Reference
Systems Service (IERS) are considered. Corrections for solid Earth tides and pole tides are
applied following the IERS conventions 2010 [37]. The Global Pressure and Temperature
(GPT) model and Vienna Mapping function (VMF1) are used as a priori troposphere model
to calculate hydrostatic and wet tropospheric delays [38]. The igs08×model of phase center
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variations and offsets is applied to correct azimuth-dependent and elevation-dependent
absolute phase center variations [39]. Ocean tide loading is corrected for each station using
the global FES2004 model [40]. We also applied corrections for the atmospheric pressure
tide loading and the atmospheric pressure loading [41].

The GLOBK software package is used to generate daily station positions in ITRF2014 of
the 79 stations used in this analysis [42]. The POPR coordinates are shown in Figure 8. The
Median Interannual Difference Adjusted for Skewness (MIDAS) is used to automatically
estimate the velocities from the GNSS coordinate time series [43]. The north, east, and up ve-
locities at the POPR GNSS station are 6.45mm/yr± 0.63mm/yr, 7.12mm/yr± 0.70mm/yr,
and 5.35mm/yr± 2.92mm/yr, respectively, discarding outliers greater than two standard
deviations.
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The APC relative to the ARP was corrected in both GNSS-R inversion and GNSS
coordinate time series analysis. Therefore, the absolute sea level in ITRF2014 could be
retrieved (Figure 9). Three types of measurements—tide gauge records, GNSS coordinate
time series, and levelling observations from the GNSS station to the tide gauge sensor—are
conventionally needed to study sea level changes. Here, geodetic GNSS-R recording simul-
taneously LOS and non-LOS sea surface reflections using a COTS GNSS receiver and an
upright antenna provided sea levels in a stable terrestrial reference frame. This could be
helpful, especially for locations such as polar regions where conventional observing meth-
ods are difficult [44]. In addition, geodetic GNSS-R would provide sea level monitoring
with neither the tide gauge senor nor levelling observations.
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7. Conclusions

The Signal-to-Noise Ratio (SNR) observations from a GNSS station installed at the
Haiti Coast Guard Base in Port-au-Prince is used to retrieve sea levels in the Caribbean
Sea. GNSS-R sea levels are corrected for tropospheric delay and the dynamic state of the
sea surface in the post-inversion processing. The geodetic GNSS-R sea levels are highly
correlated with those of the collocated OTT radar level sensor installed vertically below
the GNSS antenna, with a correlation coefficient exceeding 0.96.

Due to the temporal resolution of the geodetic GNSS-R, the performance of geodetic
GNSS-R capturing tidal variations is good above 6-h periods. A mm-level agreement for
the eight major tidal constituents from the 15-min geodetic GNSS-R retrievals employing
an 8-h moving window and OTT radar records is found.

The GNSS coordinate time series at the POPR tide gauge station are estimated using
GAMIT/GLOBK software. The GNSS-R–derived sea levels are corrected for the Antenna
Phase Center (APC) relative to the Antenna Reference Point (ARP) in order to retrieve sea
levels in the International Terrestrial Reference Frame 2014. Therefore, sub-daily sea levels
at the Port-au-Prince tide gauge station are reported in ITRF 2014.

In the future, we plan to include other navigation signals from the European Galileo
and the Chinese BeiDou to improve the temporal resolution of geodetic GNSS-R sea levels.
Furthermore, we will investigate the bias in the GNSS-R sea levels by conducting research
to calibrate the radar level sensor.
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