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Abstract

GNSS Interferometric Reflectometry (GNSS-IR) is a method that can be used to measure Keywords

water levels. The frequency of the interference pattern created by direct and reflected GNSS GNSS - GNSS interferometric
signals is used to estimate the height of the GNSS antenna above the reflecting surface. In reflectometry - tide gauge - river
principle each rising and setting satellite arc that reflects off the water can be used, yielding level monitoring - open source
~350 water level measurements per day at sites that track the four major constellations and software

have a good view of the water. Two examples of the GNSS-IR method are presented, one at
a coastal site in Australia and the other from the Ems river in Germany. Each site has collocat-
ed traditional tide gauge instrumentation. Open source GNSS-IR software is used to analyze
the GNSS data from each site. Correlations between GNSS-IR with the traditional gauge are
shown to be better than 0.99.

Resumé

La réflectométrie interférométrique GNSS (GNSS-IR) est une méthode qui peut étre utilisée pour mesurer
les niveaux d'eau. La fréquence du modele d'interférence créé par les signaux GNSS directs et réfléchis
est utilisée pour estimer la hauteur de I'antenne GNSS au-dessus de la surface réfléchissante. En principe,
chaque arc de satellite ascendant et descendant qui se réfléchit sur I'eau peut étre utilisé, ce qui permet
d'obtenir environ 350 mesures du niveau de I'eau par jour sur des sites qui suivent les quatre constellations
principales et qui ont une bonne vue de I'eau. Deux exemples de la méthode GNSS-IR sont présentés,
I'un sur un site cOtier en Australie et I'autre sur la riviere Ems en Allemagne. Chaque site dispose d'instru-
ments marégraphiques traditionnels colocalisés. Un logiciel GNSS-IR open source est utilisé pour analyser
les données GNSS de chaque site. Les corrélations entre le GNSS-IR et le marégraphe traditionnel sont
supérieures a 0,99.

Resumen

La Reflectometria Interferométrica GNSS (GNSS-IR) es un método que se puede usar para medir los nive-
les del agua. La frecuencia del patron de interferencia creado por las sefales directas y reflejadas de GNSS
se usa para calcular la altura de la antena GNSS respecto de la superficie reflectante. En principio puede
usarse cada arco de satélite ascendente y descendente que se refleje en el agua, con lo que se obtienen
unas 350 mediciones del nivel del agua al dia en sitios que hagan seguimiento de las cuatro constelaciones
principales y tengan una buena vision del agua. Se presentan dos ejemplos del método GNSS-IR, uno en
un emplazamiento costero en Australia y el otro en el rio Ems en Alemania. En cada sitio se han colocado
instrumentos tradicionales de maredgrafos. Se usa software GNSS-IR de codigo abierto para analizar los
datos GNSS de cada sitio. Las correlaciones entre GNSS-IR y el maredgrafo tradicional son superiores a
0,99.
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1 Introduction

GNSS instrumentation has been used for land sur-
veying and geodetic positioning for more than thirty
years. These communities rely on the use of carrier
phase data, where multipath has long been known
to be a source of error. In order to reduce the impact
of multipath on positioning, multipath-suppressing
antennas are almost always used. There have also
been many efforts over the years to investigate differ-
ent ways to remove multipath effects in carrier phase
observables after the fact.

Here we examine a relatively new application for
GNSS instruments known as GNSS interferomet-
ric reflectometry (GNSS-IR). This technique uses
multipath rather than tries to remove it. This work is
distinct from GNSS-R where reflected signals are
observed in space using specialized receivers/anten-
nas (Ruf et al., 2018). It is also distinct from ground-
based GNSS reflection systems where the instru-
ments have been modified to optimize the reflected
GNSS signal (Anderson, 2000; Dunne et al., 2005;
Lofgren & Haas, 2014). The goal of GNSS-IR is to
measure the location and characteristics (i.e. its die-
lectric constant and roughness) of the surface below
a GNSS antenna. In other words, the GNSS instru-
ment is being used as a bi-static radar. Instead of the
carrier phase data, the primary observable used in
GNSS-IR is Signal to Noise Ratio (SNR) data. Gener-
ation of these SNR data requires no additional equip-
ment as the measurements are generated by existing
consumer-off the-shelf systems.

Although the GNSS-IR technique was first pio-
neered to measure soil moisture and snow accu-
mulation (Larson et al., 2008; Larson et al., 2009),
the focus of this paper is using GNSS-IR to meas-
ure water levels (Larson et al. 2013a; Lofgren et al.,
2014; Larson et al., 2017). One of the advantages of
using GNSS-IR for water level measurements is that
the positioning information from GNSS can be com-
bined to create a water level measurement defined in
[TRF (Altamimi et al. 2023). In the next sections we
will first describe the basic principles used in GNSS-
IR and then introduce an open source software pack-
age, gnssrefl. The final section will present water level
measurements from two representative sites using
this new software.

2 Principles of GNSS-IR

2.1 Definition of multipath frequency

Multipath in GNSS observables is caused by GNSS
signals that deviate from the direct path between
the satellite transmitter and the receiving antenna.
Although more complicated scenarios are possible,
in Fig. 1 we present the simplest possible example
of GNSS multipath, forward scatter from a horizontal
planar surface below a GNSS antenna. The path of a
representative direct signal is shown in blue, whereas
the additional path taken by the reflected signal for
the given geometry is shown in red.
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Fig. 1 The geometry of a reflected (multipathed) GNSS signal. The multipath observable used in
GNSS-IR is generated by the interference of the direct and reflected signals. Satellite elevation
angle is defined as €; the height of the antenna phase center above the reflecting surface is de-
fined as H.

The multipath frequency f in carrier phase obser-
vations caused by this horizontal planar reflection has
been known for many years (Georgiadou & Kleus-
berg, 1988).

The elevation angle e is the angle of the GNSS sat-
ellite above the local horizon, H is the height of the
antenna phase center above the reflecting surface
(here termed the “reflector height”) and A is the GNSS
wavelength. I a GNSS antenna were surrounded by
a large planar surface, in principle this multipath fre-
quency could be determined from one of the GNSS
observables and a correction profile for each satellite
could be computed and applied (Bilich et al., 2008;
Rost & Wanninger, 2009). In practice, very few GNSS
instruments are operated in such simple surround-
ings and estimating the multipath frequency is difficult
in real-world surroundings.

2.2 Observing multipath frequency

Multipath produces errors in both pseudorange and
carrier phase GNSS data. Extracting the multipath
frequency from those observations is challenging.
Ideally one wants to be able to extract the frequen-
cy from an observable that can be clearly assigned
to a specific reflecting surface. This can be done for
individual pseudorange data arcs by using dual fre-
quency phase data to remove geometric errors and
the ionospheric effect; the data combination is in fact
often called the multipath observable. Unfortunately,
pseudorange data are particularly noisy at the low el-
evation angles where the multipath errors are most
significant.
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Fig. 2 (a) SNR data for one satellite arc on the L2C frequency as observed at Kachemak Bay, Alaska (Larson et al., 2013b). The SNR trend (blue) is a low-order polynomial

fit to the SNR observations. (b) SNR data for the rising arc with the trend removed is shown as a function of sine of the elevation angle.

Fig. 3 (a) Photograph of GNSS station at Mornington. The vantage point is to the north. Permission

to reproduce this photograph is given by the Department of Environment and Science, Queensland,
Australia. (b) Photograph of GNSS station at Terborg. Permission to reproduce this photograph is
given by Bundesanstalt fir Gewasserkunde.
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Carrier phase data are much more precise than
pseudorange data, but there is no simple way to
extract multipath errors from it. Multipath errors are
clearly present in carrier phase post-fit residuals in
positioning solutions, but these residuals are based
on using all satellite observations at a given epoch.
While one can assign multipath in those residuals to
a specific surface based on the satellite number, it will
always be at some level biased by the other satellite
signals used in the positioning solution. Raw single
frequency carrier phase observations can be differ-
enced to remove the geometric effects, but these
data combinations are degraded by both cycle slips
and ionospheric effects (Ozeki & Heki, 2012).

Because they tell you nothing about receiver po-
sitions, SNR data are generally ignored by surveyors
and geodesists. However, SNR data are sensitive to
multipath and thus are an alternative source of da-
ta for determining the multipath frequency. One ad-
vantage of using SNR data is that it has very simple
packground models. Fig. 2a shows representative
SNR data for one satellite arc from a site in Alaska
(Larson et al., 2013b). The smooth blue curve in the
figure represents the direct signal or SNR trend, i.e.
what the SNR data would look like if there were no
multipath; the SNR trend can be generated from a
simple polynomial fit. This contrasts with modeling
carrier phase measurements, which requires precise
models for the satellite/receiver positions, transmit-
ter/antenna phase offsets, clocks, and atmospheric
effects. The oscillations seen on the direct signal at
the beginning and ending of the satellite arc are pro-
duced by water reflections. In this example the rising
arc was coincident with low tide (high frequencies in
the SNR data) and the setting arc was during high
tide (low frequencies in the SNR data).

In order to estimate the multipath frequency from
SNR data, Eq. 1 can be recast using sine of elevation
angle rather than time or elevation angle (Axelrad et
al., 2005). Once that SNR trend is removed (Fig. 2b),
the SNR data for the rising and setting arcs can then
be represented as:

A(e) cos (277? sin(e) + ¢> 2)
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Table 7 GNSS-IR stations.

WATER LEVEL MEASUREMENTS USING REFLECTED GNSS SIGNALS

Ellipsoidal height/

Name/Station/ Latitude, Receiver type/ Reflector height
Constellations Longitude (deg) Mean reflector Sample rate range, (m)
9 9 height (m) P ge;
Terborg
TGTEOODEU 53.29270 52.67 Leica GR25 10.18-14.88
GPS Galileo 7.39609 12.09 15 seconds ' '
GLONASS
Mornington
MNISOOAUS -
GPS -16.66781 60.37 Septlin;r;%PO— a0
Galileo 139.17059 9.40 30 seconds ' '
GLONASS
BeiDou

Note that the multipath frequency 2H/A is now
directly related to the reflector height H without the
need for simultaneously modeling é. The amplitude
term A(€) is shown here to depend on elevation angle
to make it clear that it is not a constant. It also de-
pends on the roughness and dielectric constant of
the reflecting surface and the antenna gain pattern.
Any spectral technique that allows unevenly sampled
data can then be used to estimate the multipath fre-
quencies (and thus reflector height H) for the rising
and setting data arcs that are needed to measure
water surfaces. In gnssrefl a Lomb-Scargle periodo-
gram is used to estimate H (Vanderplas, 2018).

3 Using GNSS-IR in practice

Sections 2.1 and 2.2 outline in principle how SNR
data can be used to measure reflector heights at dif-
ferent times and thus be implemented to measure
water levels. There are two additional steps that are
needed before the GNSS-IR method can be used in
practice. First, the user must ensure that the reflected
signals come from the water. This is generally referred
to as calculating the “station mask”. The second step
is ensuring that the receiver sampling interval is suf-
ficient to estimate the multipath frequency, and thus
reflector height. Two GNSS stations will be used as
examples: Mornington in Australia (Fig. 3a) and Ter-
pborg in Germany (Fig. 3b). Additional information
about these GNSS stations is given in Table 1. These
sites were chosen for the following reasons:

1. Both sites have collocated tide gauges which
is useful here for validating the GNSS-IR water
level measurements.

2. Each site tracks signals from at least three
GNSS constellations and modern GPS signals
(e.g. L2C, LH).

In each case the GNSS receivers are being oper-
ated for positioning and are not optimally located for
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GNSS-IR. The Terborg site, in particular, is likely im-
pacted by ship traffic on the Ems river. It should also
be noted that both these sites use a multipathsup-
pressing geodetic-quality antenna.

3.1 Reflection Zones

GNSS-IR requires that the antenna has a clear view
of the reflection surface. For the most part the reflec-
tion area of the GNSS signals can be predicted by
calculating the first Fresnel zones of each rising and
setting satellite arc. These Fresnel zones depend on
the reflector height H and the satellite’s elevation and
azimuth angles. The equations for GNSS-IR Fresnel
zones are given in the appendix of Larson & Nievinski
(2013). gnssrefl allows users to project these Fresnel
zones onto a Google Earth image. The user chooses:

1. Constellation (GPS, GLONASS, Galileo, or
BeiDou)

Frequency (L1, L2, L5)

Azimuth angle limits

Elevation angle limits

Reflector height

SIEEIE N

For water reflections, elevation angles of 5-15 de-
grees are generally ideal. Above 15 degrees the
reflected signals from water surfaces are very small
in amplitude; angles below 5 degrees are more sus-
ceptible to refraction error.

Fig. 4a shows the first Fresnel zones for GPS satel-
lites on the L1 frequency at Mornington if all azimuths
could be used. Each set of ellipses represents either
a rising or setting satellite arc as would be observed
at the antenna, which is located at the circle symbol.
One can immediately see that the Mornington site is
too close to the shore to use the rising and setting
satellite tracks to the north. Some reflection zones will
also be obstructed by a pier to the northeast. Most of
the southern tracks, however, appear to be useable.
Fig. 4b shows an edited azimuth mask for the site.
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All potential GPS L1 Fresnel zones for Mornington. (b)
Table 1. Imagery created by Google Earth.
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Table 1. Imagery created by Google Earth.

Although the azimuth regions that can be used here
are small in number, there is some compensation in
that all four major GNSS constellations are tracked at
this site.

Fig. ba shows the first Fresnel zones for GPS sat-
ellites on the L1 frequency at Terborg. Clearly many
of the reflections will be coming from the nearby riv-
erbank and not the water. Fig. 5b is an edited mask
that restricts azimuths to those that reflect off the
Ems River. This mask should be considered as a first
step, as there could still be obstacles at the site itself
(trees, obstructions on the pier that hosts the GNSS
antenna) that block reflected signals. Although many
more satellite tracks can be viewed at Terborg than
Mornington, only three constellations are tracked
(GPS, GLONASS, and Galileo).

3.2 Maximum resolvable reflector height

In addition to setting an azimuth and elevation mask,
GNSS-IR users must also evaluate the maximum re-
solvable reflector height for the prospective GNSS-IR

P-1 THE INTERNATIONAL HYDROGRAPHIC REVIEW
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Fig. 5 (a) All potential GPS L1 Fresnel zones for Terborg. (b) First Fresnel zones after an azimuth and elevation angle mask has been applied. Reflector height taken from

site. This parameter is similar to the Nyquist frequen-
cy for a time series, but we recast the problem here
in terms of reflector height. gnssrefl adopts the strate-
gy of Roesler & Larson (2018) by calculating the max-
imum resolvable reflector height for each rising and
setting satellite arc for a given constellation, frequen-
cy, reflector height, and receiver sampling interval.

The maximum resolvable reflector height varies by
azimuth at a given GNSS site because the time de-
rivative of elevation angle also varies by azimuth and
station latitude. The calculated maximum resolvable
reflector height values should be compared with the
expected reflector heights at the site of interest. This
calculation can be made before a GNSS unit is de-
ployed as long as the user knows the approximate
position of the GNSS site and has information about
tidal variations in the region.

Fig. 6 shows the maximum resolvable reflector
heights for Mornington and Terborg. In each case the
L1 GPS frequency and 30 second receiver sampling
is used for the calculation. At Mornington, the max-
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imum resolvable reflector height varies from 15-20
meters. Based on longterm tidal records from the re-
gion, the water surface is expected to vary between
reflector heights of 8-10 meters. This means that a
30 second receiver sampling interval is acceptable
for Mornington. In contrast, almost half of the reflec-
tor heights from Terborg will be biased if 30 second
sampling is used because the maximum resolvable
reflector heights of 13-15 meters are too close to
the expected reflector height limits. Operating the
Terborg receiver at 15 seconds sampling instead of
30 seconds will shift the maximum resolvable reflec-
tor heights to 26-30 meters, which is far above the
expected reflector height limits of 10-15 meters. The
L2 and L5 GNSS wavelengths are larger than the L1
wavelength, and thus the maximum resolvable reflec-
tor heights for these frequencies will always be larger
than the L1 values.

4 GNSS-IR: software and results
4.1 Open source software
GNSS-IR has been primarily developed by academ-
ic researchers using homegrown software. The wa-
ter level measurements discussed in this section are
based on gnssrefl, a GNSS-IR open source software
package written in python (gnssrefl, 2023). Although
originally envisioned for use by academic researchers
with Linux computers, it can also be used on a PC
by using docker containers (Docker, 2023). The latter
obviates the need for users to install python on their
local machines. Initially gnssrefl was limited to GNSS
data saved in the Receiver Independent EXchange
(RINEX) format, but it has been extended to allow Na-
tional Marine Electronics Association (NMEA) records
used by the realtime navigation community. gnssref!
can also be installed on a local machine by cloning
the repository (gnssrefl, 2023) or using pypi (gnssre-
fl-pypi, 2023). Documentation for the package is pro-
vided at the GitHub repository in the self-documenting
format frequently used in the python community.
gnssrefl can be used to analyze either personal
GNSS datasets or archived GNSS datasets at inter-
national geodetic archives. More than a dozen GNSS
archives are supported in gnssrefl. Once the GNSS
SNR data have been translated into a tabular ASCII
format, satellite azimuth and elevation angles are cal-
culated using either GPS broadcast orbits or precise
multi-GNSS  orbits (GFZ-orbits, 2023). The tabular
data files are then stored on a local machine.

The user must set a GNSS-IR analysis strategy,
i.e. define the azimuth and elevation mask, the ex-
pected reflector height region, and various quality
control parameters. Visualization tools are provided
in gnssrefl to allow the user to confirm the validity of
the requested azimuth and elevation mask. In the first
step, reflector heights are estimated and quality con-
trol constraints are applied. A subsequent module is
used to convert the reflector heights to water levels.
For lakes, daily averages of the individual reflector
heights are generally sufficient. For water bodies with
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Fig. 6 (a) Maximum resolvable reflector height for the L1 GPS frequency and a receiver sampling rate
of 30 seconds for Mornington. (b) The same calculations for Terborg. The minimum and maximum

expected reflector heights at these sites are shown as dashed lines.

significant subdaily variations from tides, gnssrefl also
makes a correction for reflector height changes that
occur during the rising or setting arc known as the H
correction (Larson et al., 2013b) and removes inter-
frequency biases. Details about the software, along
with examples for lakes, rivers, and the ocean are
provided at the software repository (gnssrefl, 2023).

4.2 Web app

gnssrefl was developed so that users would have the
most flexibility in finding GNSS data, orbits, gener-
ating reflector heights, and producing time series of
water levels. A parallel initiative has led to the crea-
tion of a web application (gnssirapi, 2023). Examples
of water levels analyzed with the GNSS-IR method
are available with approximately 10 second latency.
Users may also upload RINEX files to the site to gen-
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Fig. 7 Summary of reflector
height retrievals per day at
Mornington.

Fig. 8 GNSS-IR based sea level measurements at Mornington (symbols) compared with hourly
in situ tide gauge measurements (line).

Fig. 9 Comparison of hourly
in situ tide gauge data and
GNSS-IR water level esti-
mates for Mornington. Cor-
relation between the series is
0.999. Standard deviation of
the residuals is 0.032 meters.

P-1 THE INTERNATIONAL HYDROGRAPHIC REVIEW

erate reflector heights and evaluate reflection zones
(Fresnel zones).

4.3 GNSS-IR Results

Fig. 7 summarizes the number of reflector height
measurements that were estimated each day over a
threeweek period at the Mornington site. The largest
number of reflector height retrievals come from the
GPS constellation while Beidou contributes the few-
est. The temporal variation in retrievals for GLONASS,
Galileo, and Beidou is due to these constellations
having variable ground tracks, while GPS has a daily
repeating ground track. To compare reflector heights
with publicly available tide gauge data, we reverse
the sign on the reflector height measurements and
remove a bias from each dataset (Fig. 8). Although
the agreement appears to be quite good, there are
clearly temporal gaps in the GNSS-IR series. We can
partially fill these temporal gaps by using smaller sat-
ellite arcs, thus producing more reflector heights per
rising/setting satellite arc. However, the only other
way to improve the temporal resolution of GNSS-IR
for Mornington would be to place the GNSS antenna
in a more optimal location. The correlation between
the two series is 0.999 and the standard deviation of
the residuals is 0.032 meters (Fig 9).

Although tracking at Terborg is limited to only three
constellations, it has much better visibility of the water.
This results in Terborg having nearly twice as many
useable reflector heights as compared to Moming-
ton (Fig. 10). Of the three constellations, GLONASS
contributes the fewest reflector heights. This is be-
cause GLONASS has fewer frequencies than GPS or
Galileo. Terborg has larger tidal variations than Morn-
ington (nearly four meters peak to peak) and features
the closure of a barrage on June 5, 2023 (Fig. 11).
The agreement between GNSS-IR and the in situ tide
gauge is still quite good; GNSS-IR is able to meas-
ure both tidal variations and the barrage closure. The
correlation between the GNSS-IR and the tide gauge
is high, 0.994, but the standard deviation of the re-
siduals is much higher than observed at Mornington,
0.114 meters (Fig. 12).

4.4 Discussion

The difference in precision at the two sites is likely due
to a combination of factors, one of which is simply
that different receivers and antennas were used. It is
difficult to evaluate the SNR data in more detail as few
receiver manufacturers provide details about how they
compute it. Although the Terborg site has a good view
of the Ems river, the platform that hosts it obstructs
some of the reflections; there is also more ship traffic
at Terborg. Other differences are related to the GNSS-
IR software. The model currently used to remove the
H effect assumes relatively smooth water level chang-
es that is clearly not ideal for the very dynamic water
motions at Terborg. Eleven cm is a fairly typical preci-
sion value using the periodogram GNSS-IR method
(Nievinski et al., 2020). Better precision (2-3 cm) has
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been reported for GNSS-IR methods that estimate
hourly water levels from simultaneous rising and set-
ting SNR arcs (Strandberg et al., 2016). However, this
method also requires the water levels to have very
smooth timevarying behavior which is not the case for
the tidal behavior at Terborg.

gnssrefl was written to be used for retrospective
data analysis, i.e. after a full day's observations have
pbeen downloaded and translated into the RINEX or
NMEA format. However, gnssrefl fully supports ac-
cess 1o realime multi-GNSS orbits  (GFZ-orbits,
2023), meaning that in principle it would be straight-
forward using the existing software to update the wa-
ter level time series at ~15 minute intervals. For a truly
realtime GNSS-IR water level monitoring system a us-
er would need to install an appropriate Kalman filter
(Strandberg et al., 2019; Liu et al., 2023).

Here we only showed water level comparisons of
three weeks. For those interested in the longterm sta-
bility of GNSS-IR, Larson et al. (2017) compared ten
years of GNSS-IR water level retrievals with a NOAA
tide gauge at Friday Harbor, Washington; only GPS
L1 data were used. The reported standard deviation
for a single GNSS-IR reflector height measurement
was 12 cm, similar to what was shown for Terborg.
The agreement between GNSS-IR and NOAA im-
proved to 2 cm for daily averages and 1.3 cm for
monthly averages. The tidal coefficients estimated
using GNSS-IR were also in good agreement with
those derived from the NOAA tide gauge. Since that
study was conducted, the GPS receiver at Friday
Harbor has been replaced with a multi-GNSS system
that tracks modern GPS signals and multiple constel-
lations. The new system has six times more sea level
retrievals per day than the older system. Access to
multi-GNSS signals is key for robust water level de-
termination, especially if real-time measurements are
desired for storm surge monitoring (Peng et al., 2019)
or tsunami detection (Larson et al., 2021).

gnssrefl does not currently report water levels in
[TRF. As a first step, gnssrefl does remove inter-fre-
quency biases and reports all reflector height meas-
urements at the L1 GPS phase center. Before add-
ing a module in gnssrefl to define reflector heights in
[TRF, comparisons at a large number of collocated tide
gauge sites must be conducted. Such a study would
need to ensure that accurate tie information is available
for the tide gauges used as truth and should include a
variety of GNSS antennas. This work is also needed to
ensure that the tabular mean antenna phase centers
used by the geodetic and surveying communities ac-
curately represent the phase center for the low eleva-
tion angle data used in GNSS-IR. This activity is part
of a larger International Assocation of Geodesy study
group dedicated to assessing the precision and accu-
racy of GNSS-IR (Nievinski et al., 2020).

Although not shown here, it is important to note
that significant progress has also been made in the
last decade to use GNSS-IR with cheaper sensors
(Strandberg et al. 2019; Wiliams et al., 2020; Pur-
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Fig. 10 Summary of reflector
height retrievals per day at
Terborg.

Fig. 11 GNSS-IR based water level measurements for Terborg (circles) compared with in situ tide

gauge sensor (line).

Fig. 12 Comparison of in situ
tide gauge data and GNSS-
IR water level estimates for
Terborg. Correlation between
the series is 0.994. Standard
deviation of the residuals is
0.114 meters.
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nell et al. 2021; Fagundes et al., 2021; Karegar et
al., 2023). In addition to the obvious advantage of its
lower cost, the antennas in these instances can also
e modified to enhance reflections. Another potential
use of GNSS-IR is on ships. There is no fundamental
reason the GNSS-IR method cannot be used at sea,
but it would require gnssrefl be modified to calculate
azimuth and elevation angles for a moving platform.
Currently gnssrefl assumes the receiver coordinates
from the GNSS data files do not change.

5 Conclusions

A brief overview has been given of how the GNSS-IR
technique works and how it can be used to meas-
ure water levels. For sites that have a clear and un-
obstructed view of the water surface and where the
analyst has appropriately masked the data to remove
obstructions, comparisons typically show correlations
of 0.99 with traditional tide gauge sensors (Nievinski
et al., 2020). Thus far the community has focused
on demonstrating that GNSS-IR is capable of accu-
rately measuring relative water levels in the short and
longterm. Additional work is needed to characterize
its accuracy in defining water levels in ITRF (Altamimi
etal., 2023).

In regions where the primary goal of the GNSS unit
is to only measure ground motion, as was the case
for both our examples, a properly placed GNSS unit
can provide backup water level measurements when
the primary tide gauge unit fails or needs to be cali-
brated. A backup tide gauge can be particularly use-
ful as traditional tide gauges can fail or be destroyed
during extreme events such as storm surges and
floods. GNSS-IR units need to be somewhat close to
the water, but not as close as traditional tide gauges.
For example, the GNSS instrument used for detect-
ing the Shumagin earthquake tsunami is ~200 me-
ters from the coast and ~70 meters above sea level
(Larson et al., 2021).

GNSS-IR can also be used by researchers who
want to use tide gauge data for geophysical and
coastal studies but cannot currently do so because
local ground motions (glacial isostatic adjustment,
subsidence, postseismic motions) are too large
(Peng et al., 2021). Researchers interested in GNSS-
IR are encouraged to examine the large database of
results created by the Permanent Service for Mean
Sea Level (PSMSL, 2023). Despite the fact that on-
ly a handful of these GNSS sites were installed with
a goal of measuring water levels, ~285 of them can
be used to reliably do so. Where available, traditional
tide gauge data are also shown at the web portal.
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