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Abstract

The technique of measuring and tracking water levels in order to spot trends and patterns
in water levels is known as water surface-level monitoring. Real-time monitoring enables
the fast and precise collection of information that may then be utilized to guide emergency

response and decision-making processes.

Various methods and high-tech equipment can be used to conduct real-time observations.
However, the installation of these devices is frequently limited to locations inside or ad-
jacent to water bodies, where the instruments are vulnerable to damage during intense
events and could fail to transmit data at crucial times. Therefore, alternative non-intrusive
techniques such as ground-based GNSS Interferometric Reflectometry (GNSS-IR), which
do not require equipment in vulnerable structures, should be prioritized. For that rea-
son, this research aims to develop a real-time GNSS-IR implementation using a Kalman
filter in order to create a tool compatible with the python package gnssrefl capable of

monitoring water levels both at the sea surface and in rivers.

The Ensemble Kalman filter (EnKF) was used to design the implementation. This filter
uses a collection of system states in the prediction and update process to estimate the
most likely state and its variance. Signal-to-noise ratio (SNR) data measured by Global
Navigation Satellite System (GNSS) devices positioned at places that guarantee the re-
ception of signals reflected by the water surface are used as input observations in the
update stage. The estimated water levels were compared to tide or river gauge records to

determine the accuracy of the results.

The results demonstrated that the developed implementation can monitor sea level in
real-time utilizing GNSS antenna measurements that capture multiple constellations and
frequencies, with RMSE of 4.2 ¢m. However, the performance of the filter was limited
when facing extreme conditions where the roughness of the water surface does not allow
specular reflections. In the case of real-time river level monitoring, it was demonstrated
that the implementation can draw river dynamics even in the presence of flooding, ob-
taining RMSE of 3.7 em. The use of low-cost devices capable of measuring only the GPS
signal at L1 frequency was explored in river monitoring, finding that it is possible to
obtain RMSE values of 3.0 em or less when the instrument is installed pointing towards

the horizon in the direction of the river.
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Chapter 1

Introduction

Water surface-level change monitoring is the process of systematic measurement and track-
ing of the level of water bodies such as rivers, lakes, and oceans. It is an important aspect
of environmental and water resource management, as it allows the identification of trends
and patterns in water levels and helps to predict and mitigate the potential impacts of
flooding and drought. It is necessary for industries such as agriculture, energy produc-
tion, and shipping, which rely on a stable and predictable water supply. Accurate water
level monitoring allows the proper management of water resources and the efficient use
of water for irrigation, hydroelectric power generation, and navigation. It is crucial for

flood prevention and warning systems as well.

Historically, human settlement patterns and social structures have been affected by access
to water. Nowadays, about 10% of the world’s population resides in coastal areas, where
some of the world’s largest cities are located, while another large percentage has settled in
regions surrounding rivers and lakes. Thus, there is a close relationship between various
human activities and water bodies, but at the same time, these settlements are vulnerable
to natural disasters and hazards (Neumann et al., 2015; Kirezci et al., 2020). By tracking
changes in water level, communities can be alerted to potential flood risks and take the
necessary precautions to protect lives and property. Additionally, the monitoring of water
levels contributes to the preservation of sensitive ecosystems and recreational areas for

the enjoyment of the public.



2 Introduction

1.1 The importance of real-time monitoring of water

level

Real-time monitoring of water levels allows timely and accurate information to be gathered
and used to inform decision-making and emergency response efforts. This is especially
critical in situations like heavy rainfall or rapid snow melt, where rapid changes in water
level can have damaging consequences. By providing up-to-date data on water levels,
real-time monitoring systems help to ensure the safety of communities, the protection of

infrastructure, and the preservation of natural habitats.

In the case of coastal regions, multiple productive activities are required to have informa-
tion in real-time. For example, real-time sea level determination is crucial in local and
international trade since it is necessary in the operation of ports and marinas in order
to guarantee that ships can maneuver without the danger of running aground due to low
tides. Real-time sea level measurements also play a determining role in the detection
of imminent threats. Coastal zones are characterized to have low elevation which makes
them vulnerable to the effects of phenomena such as coastal flooding, which frequency has
been amplified in the last decade by the sea level rise (Vitousek et al., 2017; Taherkhani
et al., 2020).

Unforced climate variability and natural and anthropogenic forcing factors are inducing
the global mean sea level to rise (Frederikse et al., 2020). Studies have shown that the
global mean sea level has been rising over the past 100 years, and the rising rate has been

1 while from

increasing. During the period 1901 - 1971, the sea level rose 1.3 mm yr~
2006 - 2018 it increased to 3.7 mm yr~' (Arias et al., 2021). The estimated sea level
rise acceleration over the period 1993 - 2018 reached 0.1 mm yr—2 (WCRP Global Sea
Level Budget Group, 2018) indicating that the risk of potentially destructive events at
the coastal regions is constantly increasing, giving even more importance to real-time sea

level measurement systems for early warning and disaster prevention.

On the other hand, the inland water surface is a source of water for economic activities
related to industry and agriculture, is often used as means for navigation and transport
of merchandise materials, and in the production of hydroelectric power. Real-time inland
water level measurements play an important role in hydrology and environmental sciences
in a variety of interdisciplinary applications, as well as a critical tool for early warning
to monitor the potential for inland flooding. Climate change has been related to the
increase in the frequency of extreme events (Tabari, 2020) that can rapidly increase the

rivers discharge, and therefore rising the water level, which can be potentially dangerous
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for human settlements near the riverbed and can result in the destruction of properties,

important infrastructure and even in the loss of human life.

Real-time water level observations can be carried out using a variety of techniques. Sensor
technologies such as pressure transducers, shaft encoders, bubbler systems, non-contact
RADAR systems, or acoustic sensors are used to make in—situ measurements in both
coastal and inland water to record water surface changes. Significant advances in these
techniques have been implemented in order to guarantee the acquisition and transfer of
the information to capture temporal changes that occur during episodic events such as
precipitation and major storm events (Younos & Heyer, 2015). However, the installation
of these devices is often restricted to structures that generally need to be close or inside
the water bodies (e.g. stilling well, mast, bridge), where the instruments are exposed
to damage during extreme events, causing data transmission to stop working at critical
moments. Therefore, the use of alternative non-intrusive methods that do not require
instrumentation in vulnerable structures is a priority to ensure uninterrupted monitoring

of the water level.

Remote sensing techniques, such as satellite altimetry, have been widely used to accurately
monitor marine and inland water levels for more than 30 years, including technological
advances in missions such as Surface Water and Ocean Topography (SWOT), that promise
to be a tool that will enhance the monitoring of water bodies (Abdalla et al., 2021).
However, the technical characteristics of this space technology, such as the repetition
period or the time required for data processing, difficult this technique implementation in

real time.

The ground-based GNSS - Interferometric Reflectometry (GNSS-IR) (Anderson, 2000) is
an alternative remote sensing technique for water level monitoring that has been gaining

popularity and its contributions are going to be detailed below.

1.2 The contribution of GNSS-IR to real-time water-

level measurements

Global Navigation Satellite System (GNSS) is a conjunction of satellite constellations (e.g.
GPS, GLONASS, Galileo) that transmit signals used to determine the location, speed,
and time of on-ground devices. In geodesy, these signals are mainly used for positioning

and navigation Ogaja (2022). However, in recent years the technique GNSS-IR has been
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incorporated as an alternative in the determination of water surfaces levels by using GNSS
reflected signal and has shown reliable results in sea level monitoring (Larson, Lofgren, &
Haas, 2013; Strandberg et al., 2016; Peng et al., 2021), the study of ocean tides (Lofgren et
al., 2014; Larson et al., 2017; Geremia-Nievinski et al., 2020; Xie et al., 2021), and coastal
hazards (Peng et al., 2019; Kim & Park, 2021; Kim et al., 2021), as well as river and
lakes level determination (Vu et al., 2018; Holden & Larson, 2021; Karegar et al., 2022)
and promising results in near-real-time (Purnell, 2022; Liu et al., 2023) and real-time

implementations of sea level monitoring (Strandberg et al., 2019).

Unlike other GNSS applications where it is required the GNSS antenna to be installed
directly on the object being measured, GNSS-IR is based on Signal-to-Noise Ratio (SNR)
data, which is an indicator of received signal strength as the ratio of the direct satellite
signal and the reflected signal, allowing the antenna to operate from a moderate distance
from the reflecting surface (e.g. sea, river), protecting the measurement instruments from

storm surges and flooding events.

The main requirement for ground-based GNSS-IR is a GNSS receiver with a clear line-of-
sight to a sensing zone in the water surface from which the reflected satellite signal can be
detected by the antenna (discussed in more detail later). This allows any existing GNSS
antenna that meets this requirement could be used for water level monitoring. Making
it possible to use these structures without the need for extra economic cost. Likewise,
low-cost instruments have also proven to be efficient in obtaining data for water level
monitoring (Williams et al., 2020; Fagundes et al., 2021; Karegar et al., 2022), allowing

the implementation of GNSS-IR without the need for high economic investments.

1.3 Principle of GNSS-IR for water-level measure-

ment

The GNSS antennas are instruments capable of receiving satellite signals from the Global
Navigation Satellite Systems (e.g. GPS, GLONASS, Galileo, and BeiDou) and are used
in applications such as positioning, navigation, and time determination (Ogaja, 2022). In
geodesy, they are often used to determine land motion, allowing to monitor deformations
of the earth’s crust or control of coastal movements, for instance, controlling vertical

displacements of tide gauges.

In the GNSS measurements the directly received satellite signal is affected by other ver-
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sions of the signal that is reflected off surrounding surfaces, this is known as the multipath
error. The presence of this error is measured by the receiver as SNR, that is the strength
of the received signal and the noise density. In most GNSS geodetic implementations,
the SNR is considered an indicator of the signal quality. However, it can also be used to
obtain some information on the reflecting surfaces (Bilich & Larson, 2007; Nievinski &
Larson, 2013). This idea is the base of GNSS-IR.

Figure 1.3.0.1: SNR signal strength for the L2 signal from GPS satellite G25 recorded at the
station TGMX in Puerto Morelos, Mexico, February 12", 2022. (a) Signal as recorded by the
receiver. (b) Oscillating part of the signal, detrended with a 2"? order polynomial and converted
to linear units.

The ground-based GNSS-IR was first introduced by Anderson (2000) and has been widely
explored in multiple applications. This technique consists of the analysis of interference
patterns by using the SNR proportional to the signal composite power P, (i.e. SNR = P.).
As deduced from Georgiadou & Kleusberg (1988) and Nievinski & Larson (2013), the
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composite power of the direct and the reflected signals can be defined by

SNR = Py+ P, +2\/P,Pycos ¢ (1.1)

where Py and P, are the direct and reflected signal power respectively, and ¢ is the phase

delay between the two signals.

As shown in Figure 1.3.0.1 (a), the strength of SNR varies with the elevation angle of the
satellite emitting the signal. This is explained by the change in ¢ between the direct and
reflected signal that occurs as a response to the change in the reflection angle while the
satellite moves along its orbit. As a result, the direct and reflected signals are in phase or

out of phase from time to time, increasing and decreasing the signal strength respectively.

Figure 1.3.0.2: Diagram of ground-based GNSS-IR principle to monitoring water with a single
GNSS antenna. The receiver measures the interference between the direct (green) and the
reflected (orange) signals. Signals are reflected from an assumed planar water surface with the
same elevation angle the satellites have with respect to the antenna phase center.

The trigonometry of the signals path can be explained based on Figure 1.3.0.2 by making
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some assumptions to simplify the interpretation of the direct and reflected path length
difference. First, since the distance between the GNSS satellite and the receiver is very
large (e.g. > 20000 km), the signals path can be considered parallel before the signal
is reflected, and second, the reflected surface is horizontal and planar, that is a good
assumption for local water bodies surfaces (i.e. sea, lakes, rivers). As can be inferred
from the shown signal trajectories, the reflected signal always travels a longer distance to
achieve the antenna phase center than the direct signal. This extra distance 7 is described
by

T = 2hsin(e) (1.2)

where h is the vertical distance (i.e. height) of the reflective surface with respect to the
phase center of the receiver, and € is the satellite elevation angle. Thus, the phase delay
¢ will depend on the extra distance 7 and the wavelength A of the signal, and can be

written as

47

By substituting Equation 1.2 into 1.3 it is clear that the signal delay is dependent on the

satellite elevation angle

2mh
where ¢ represents material properties of the reflective surface that can cause additional
non-geometric phase offset. By combining Equations 1.1 and 1.4, it is possible to establish
that the SNR contains information about the reflective surface. Therefore, A can be

determined from the observed SNR.

The reflector height, h, can be retrieved from the SNR by implementing two different
methods. The Spectral Analysis method (Larson, Lofgren, & Haas, 2013) and the Least
Squares Inversion method (Strandberg et al., 2016).

1.3.1 Spectral analysis method

Spectral analysis is a technique that consists of the study of an oscillating signal to
determine the frequencies present in it. In the case of GNSS-IR, the spectral analysis
method studies the oscillating pattern drawn by the SNR to determine the dominant
frequency f and uses it to retrieve the height of the reflective surface. Since the GNSS
antenna is measuring signals from many satellites at the same time, the data have to
separate into individual arcs, that consist of all the consecutive measurements from an
individual satellite and frequency during the time it is observed by the receiver. The

arcs are arranged by elevation angle, thus they can also be separated into ascending and
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descending parts of the measurements from an individual arc. Figure 1.3.0.1 (a) shows
the SNR between the elevation angles 0° to 30° depicted as a multi-path interference

superimposed to an overall trend.

To start with the method implementation, the SNR has to be converted from units of

dB — Hz to a linear scale of units Volt/Volt (assuming a 1Hz bandwidth) by using
SNRy = 10°NE/20 (1.5)

The SN Ry, of the individual satellite arcs is separated into two components. The trend
component SN R; accounts for the long-period variation caused by the changing distance
between the receiver and the satellite, and SN R, which describes the oscillating part
of Equation 1.1. Only the second aforementioned component contains information about
the reflective surface. Therefore, the trend component is approximated using a low degree

polynomial (e.g. 2"¢ order) and removed, e.i.
5SNR = SNR, — SNR, (1.6)

to focus only on the information carried in the oscillating component (Figure 1.3.0.1 (b)).

Thus, SN R can be written proportional to
4
ISNR = Acos lzh sin(e) + 90] (1.7)

where A is the amplitude of the oscillations (Nievinski & Larson, 2013), e.i. equivalent to
2v/ P, P;. Moreover, considering SN R as a sine wave function of sin(e), and h constant,
the frequency f of the signal can be described by (Larson et al., 2007)

[ (L8)

Therefore, it is possible to retrieve information about the reflective surface height with
respect to the receiver by analyzing the spectrum of the signal. The Lomb-Scargle peri-
odogram (LSP) method is usually used due to the SNR data is not regularly sampled in
sin(e). By implementing the LSP analysis and the Equation 1.8, the dominant frequency
(e.i. peak of the periodogram) of each satellite arc can be transformed to reflector heights.
An example is shown in Figure 1.3.1.1, where a height of 12.599 m is retrieved by finding
the peak of the LSP periodogram of the §SN R signal of one GPS L2 arc.

The assumption of a static reflective surface is valid for water level only when it can be
considered relatively stationary during a satellite pass. However, when retrieving water

level on a dynamic surface with large variations the actual surface position varies while a
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satellite is observed, and the aforementioned assumption is no longer meaningful. In this
case, the retrieved height has to be corrected by the change range (Larson, Ray, et al.,

2013), expressing the frequency by
(1.9)

where h represents the height range of change and ¢ the change in the elevation angle.

Figure 1.3.1.1: Lomb-Scargle power spectra from GPS L2 signal (satellite 15) measured at
station GWES (GWESO0DEU) in the Rhine river in Wesel, Germany, on July 2"¢, 2021. The
red curve represents the power spectra. The maximum amplitude of the curve is marked with
a vertical blue dashed line, which also indicates the height of the reflective surface with respect
to the GNSS antenna (12.599 m).

This method can be used to estimate water level near real-time since it typically requires
20-60 min to retrieve a reflector height. The time necessary to estimate h mainly depends
on the used azimuth-elevation angle mask (see 1.3.3) and the vertical distance between

the receiver and the water surface (Karegar et al., 2022).

1.3.2 Least Squares Inversion method

The Least Squares Inversion method is based on the idea that a reflector heights time
series modeled by a B-spline curve can be derived by using the least squares approach
to estimate the function nodes, along with other model parameters, by minimizing the
residuals between 0. SN R,,,04¢, model oscillating part of the SNR, and the observed 6 SN R.
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Alike the Spectral Analysis method, the units of the SNR observed by the GNSS receiver
have to be converted from dB — Hz to a linear scale of units by Equation 1.5, and the

trend has to be removed to obtain 6 SN R, the oscillating part of the signal.

The function that describes 0. SN R is an extension of Equation 1.7. But unlike the Spectral
Analysis method, where the amplitude A is considered independent to the elevation angle

¢, the reflected power P, is given by (Nievinski & Larson, 2014)
P, = Py|X|*S? (1.10)

where Py is the power incidence of the direct signal, X is a complex vector of coupled
surface/antenna coefficients. In this implementation is not explicitly modeled, and X = 1
is assumed, and S is a coherence power attenuation factor caused by the scattering of a

signal on a rough surface (Beckmann & Spizzichino, 1987), expressed as
S = exp[—k*s?sin®(¢)] (1.11)

where £ is the wavenumber given by 27 /A, with A as the carrier wavelength of the signal,
¢ is the satellite elevation angle, and s is a factor that accounts for the roughness of the
reflective surface. Thus, by inserting Equations 1.10 and 1.11 into 1.7, the SN R can be

written as
Amh(t)

)

OSNR = A, cos < sin(e) + gp) ki Asin® (c) (1.12)

now with the maximum amplitude A = 2P;. The factor A is the damping coefficient that
depends on surface properties and antenna gain pattern. The subscript i denotes that
those parameters are satellite system and transmission frequency dependent (e.g. GPS
L1). For numerical stability, the Equation 1.12 is modified by a trigonometry identity of
compound angles to

0SNR = (Cl,i sin <47T)}\L.(t) sin(e)) + Cy,; cos (47?‘(25) sin(e)>> ¢ ~ki*Asin®(¢) (1.13)

where C and O are related to A and ¢ in such a way that

A=1/C? + Co? (1.14)

¢ = tan™! <gj> (1.15)

To model 6SN R with Equation 1.12 it is necessary to assume that the amplitudes C; and
(5, and the damping coefficient A as constants during the period of the data used for the

height retrieval. On the other hand, h is considered time-varying and it is modeled by a
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degree r B-spline curve to approximate the water surface height using a finite set of N

nodes hy, ..., h, as
ht) = 3" Ny (1) (1.16)
j=1
1 ift, <t<t
N][)(t> _ J — Jj+1
0 otherwise
. t—t; . T— .
N;'(t) = ﬁNj () + HNJ‘H '(t)
Jj+r J j+r+1 j+1

As mentioned before, the least squares approach is implemented to iteratively solve the
nonlinear system by minimizing the residuals between 0. SN R,,4¢;, model oscillating part
of the SNR, and the observed 0SNR. The unknown parameters are the B-spline nodes
that defined the dynamic height, the damping factor A, and the amplitudes C; and Cj.
Being the last two satellite-frequency-specific parameters. Therefore, the total number of
parameters My is given by

Mpr = My +2M; +1 (1.17)

where My represents the number of nodes, that depends on the desired time resolution of
the B-spline, thus, in the ability of the function to model fast changes in sea surface height.
M is the number of satellite-frequency used. Thus, two parameters that represent C'; and
C5 have to be estimated for every satellite system and transmission frequency used. For
example, if GPS L1, GPS L2, and GLONASS L1 are used, then six different parameters
have to be estimated. Finally, the damping factor adds only one parameter that is shared

by all reflected signals.

An initial guess of the parameters has to be defined to allow the Least—squares to iterative
adjust them. The values selected as initial parameters for C, Cs, and A are not affecting
very much the final solution. However, in the case of the initial guess of the heights (initial
B-spline nodes), the solution is very sensitive to the water level used as an approximation
of the actual values. If the difference is too large, the Least-squad does not go to find
the optimal solution. This is something that can happen, for example, at sites where the
tide range is very large. Therefore, to ensure the quality of the initial heights, water level
estimates are previously computed using the Spectral Analysis method, and the obtained

heights are then used to fit a B-spline curve, whose nodes are used as initial parameters.
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1.3.3 Sensing zones definition for GNSS-IR in water level mon-

itoring

As mentioned above, the main requirement for ground-based GNSS-IR is a GNSS receiver
with clear line-of-sight to sensing zones (SSZ), also known as Fresnel zone, in the water
surface from where the reflected satellite signal can be detected by the antenna. A SSZ
is a footprint of the signal reflected by the surface and can be represented as areas with
ellipse shape of 4 m across in the direction perpendicular to satellite azimuth and longer
in the radial direction. The radial length and position of the ellipse are dependent on
the height of the antenna above the water surface, the elevation angle of the satellite and
the GNSS transmitter frequency (e.g. L1, L2, or L5), and its orientation depends on the
geodetic azimuth of the satellite with respect to the antenna (Roesler & Larson, 2018).
In practice, the signal of every visible satellite projects one sensing zone that is changing
while the satellite moves along its orbit, e.g. the sensing zone becomes smaller and closer

to the antenna as the elevation angle increases.

Figure 1.3.3.1: Sensing zones of the GNSS station, code name "vlis", at the Vlissingen Port,
Netherlands. The reflected GPS L1 signal is projected on a Google Earth image. Ellipses
represent the footprint where the colors symbolize different elevation angles: yellow ellipses
correspond to 5° blue to 10°, and red to 15°. (a) Reflection zones without azimuth mask.
(b) Reflection zones corresponding to the azimuthal mask corresponding to 80°-170°. Source:
https://gnss-reflections.org/rzones

As can be observed from Figure 1.3.3.1, not all the SSZ are reflections coming from the
water surface. Some are covering areas partially or completely occupied by land and/or
structures, generating measurements with superimposed oscillations indicating that come
from multiple reflective surfaces and are not suitable to retrieve water levels (Lofgren

et al., 2014). To remove these undesired measurements it is necessary to establish a
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reflection mask defined by an azimuth mask and an elevation angle mask. The definition
of the azimuth mask consists of omitting any azimuth in which there is an obstructed
line-of-sight to the water surface. The main factors to define the limits of the mask are
the shape of the body of water and the presence of obstacles around the receiver. The
example of Figure 1.3.3.1 (b) shows how all the reflections from land and structures around
the antenna area site were omitted. Another relevant factor when defining the azimuth
mask is the latitude of the site where the receiver is located. GNSS constellations have
no satellites abutting the polar regions, resulting in a region without data in the north or
south direction (see 1.3.3.2), depending on the hemisphere where the antenna is located,
the extent of which varies depending on the latitude. The effect of this limitation is

evidenced in Figure 1.3.3.1 (b), where a permanent gap is observed to the north.

Figure 1.3.3.2: Sky plot simulation at the location of the GNSS station, code name "vlis", at
the Vlissingen Port, Netherlands (2022-12-22 03:30 UTC + 00:00). (a) Only GPS satellites
are observed by the receiver at a specific time. (b) GPS, GLONASS, and Galileo satellites
are observed by the receiver at a specific time. In both sky plots, the blue regions called
"RM" was added to represent the allowed "measurements region" based on the azimuth and
elevation mask established for GNSS-IR implementations. Sky plot simulations from: https://
www.gnssplanning.com

On the other hand, the elevation angle mask definition is less intuitive and requires an
analysis of the surrounding area combined with the antenna height above the water surface
(e.g. above mean sea level). An initial recommendation in choosing the elevation mask
is to omit signals from satellites with elevation angles greater than 25° and less than 4°.
The upper limit is based on the attenuation observed in the amplitude of the SN R when
the elevation angle increases. This can be observed in Figure 1.3.0.1 where the amplitude
of the oscillations is maximum proximal to the horizon (0°) and is dampened when the
satellite moves towards the nadir of the receiver, e.i. the greater the elevation angle,

the smaller the oscillations in the signal, and previous studies shown that measurements
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from angles greater than 25° have a bigger uncertainty (Purnell et al., 2020), making
them less meaningful for water level retrieval. At the same time, high elevation angles
in combination with a small height of the antenna above the water surface cause the
reflections to occur very close to the antenna, e.g. the position of a sensing zone from 25°
with an antenna height of 9 m above the water will happen approximately 10 m away,
thus especial care is needed to examine if signals could be affected by obstacles in the

vicinity.

In the case of the lower limit, the direct signal observed at angles less than 4 degrees is
more affected by tropospheric delay than that from satellites orbiting higher above the
horizon, since the signal has to travel a longer path through the lower atmosphere (Purnell
et al., 2020).

In principle, the existence of a reflection area on the water surface is the essential require-
ment for the implementation of GNSS-IR to recover water levels. However, for real-time
monitoring, the importance of SSZ goes further because the extent of the reflection area
largely defines the number of SNR observations available for the calculation of the water
level at each instant of time. When a mask is imposed (azimuth and/or elevation angle),
it means that all measurements observed by the receiver coming from angles outside the
set mask range must be ignored. If the reflection area is too short, there is a possibility
that at some time all available measurements will be discarded, creating a data lack in the
observation. An example of this is shown in Figure 1.3.3.2, where it can be noticed, that
the angular mask, highlighted in blue, is very reduced, causing no satellite observations
to be available at the time of the simulation, (2022-12-22 03:30 UTC + 00:00).

As can be deduced by comparing Figure 1.3.3.2 (a) and (b), the capability of the antenna
to receive signals of various GNSS constellations and multiple frequencies is another factor
that limits the number of measurements available at every time. In Figure 1.3.3.2 (a),
only 11 GPS satellites are detected by the receiver while in (b) 29 satellites from several
constellations can be measured, showing that having observations from more than one
constellation increases the number of available signal sources, helping to deal with the data
lack caused by small reflections area since the receiver gets signals from more satellites.
Nevertheless, the distribution of the satellites is not homogeneous and varies from time
to time. As a result, when the reflection area is small as in the example of 1.3.3.2,
receiving signals from several satellite constellations is not a guarantee to avoid data
lack. This is particularly relevant when monitoring the level in real-time because the
possibility of knowing the immediate state of the water level is limited to the availability
of measurements at that instant in time. If the conditions of a very restricted reflection

area and access to a reduced number of constellations and frequencies, the amount of data
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may decrease to the point that a real-time implementation is not possible.

The challenge of sea-level sensing The definition of the reflection mask for imple-
menting GNSS-IR to sea level monitoring follows, in general, the procedure that was
previously described by using the coastline as the main reference to first, define the az-
imuth mask, and second, choose the higher elevation angles to be used. The latter is
especially relevant since most GNSS stations installed near the coastline are located close
to civilian structures, such as ports and marinas, where the presence of docks or other
harbor structures should be taken into account to avoid that the SSZ that are closer to
the receiver stat including the shore or structures in the vicinity. An example of this is
shown in Figure 1.3.3.1, where most of the reflections coming from the northeast quadrant
should be omitted due to the presence of harbor structures. Additionally, it is important
to study the existence of passing routes of vessels such as small boats or large ships, espe-
cially in the vicinity of docks. Temporal obstacles in a SSZ can alter the signals measured
by the receiver, and subsequently, decrease the accuracy of the retrieved heights Karegar
& Kusche (2020).

In the case of real-time sea level monitoring with GNSS-IR, the capacity to track the
sea level changes strongly depends on the possibility of constantly receiving observations
reflected from the sea surface. The existence of data lack caused by a very limited re-
flection area implies a time during which it is not possible to estimate the sea level, and
consequently, to guarantee the uninterrupted operation of the processes for which hav-
ing this information is essential. In the case of cyclical sea level changes such as ocean
tides, the sea level could be modeled based on previous height retrievals made by with the
GNSS-IR implementation (e.g. water level time series) or ocean tides model, in order to
estimate sea level during this period with lack of measurements. However, in the presence
of sudden level changes like storm surges or tsunamis, the existence of data lack is critical,

as any previous data or models can be used to estimate the influence of these changes.

The challenge of river water-level sensing In the implementation of GNSS-IR in
rivers the definition of the reflection area is limited, by the shape and extension of the
water surface of the river. But, unlike sea level monitoring where only the coastline
defines the limit between water and land, rives have a limited width, adding an additional
constraint, especially when setting the lower limit of the elevation angle mask because
the corresponding SSZ may reflect off the opposite bank of the river. And the definition
of the river boundaries becomes more challenging when it is taken into account that the

boundaries of the river can vary throughout the different times of the year. For instance,
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areas that are covered by water when the river level is high, due to rain or snow melt,
may be uncovered when the river level falls. Likewise, the presence of in-water structures
such as dikes, jetties, or piers should be considered and omitted by means of the mask.
The same applies to the presence of structures in the vicinity, such as bridges, which may

interfere with the measured signals in the direction in which they are located.

In addition, the wide rivers that may be subject to the implementation of GNSS-IR are
commonly used for navigation and commerce, causing boats, river cruisers, and large
transport vessels to be constantly in transit. The presence of these shipping lanes must
be studied to prevent them from causing interference in the data used to estimate river

level.

1.4 Contribution of this study

As previously mentioned, real-time water level monitoring is essential for water resources
management, environmental protection, hazard prevention, and early warning of flood
risk. Therefore, the aim of this thesis is to evaluate real-time water level measurements
through an implementation of a Kalman Filter and a technique called GNSS-IR. It is of
great interest to test the real-time implementation in sea-level and river-level monitoring
and its capacity to detect sudden level changes caused by extreme events. For this, real-
time water levels retrieved by implementing an Ensemble Kalman Filter (EnKF) are going
to be investigated in several scenarios: (i) real-time sea level monitoring, (ii) real-time
coastal storm surges detection, (iii) real-time river level monitoring, (iv) real-time river
flash floods detection, and finally, (v) low-cost antennas data will be explored for the

evaluation of real-time river level determination.

A real-time approach must take into consideration efficient time for data processing, but
also the time required for data measurement and possible latency due to data transfer
(when data processing is not in situ). For this reason, the use of the SNR with observation
rates of one measurement every 15 and/or 30 seconds will be assessed. Daily files of SN R—
ready data will be used to simulate real-time §S N R observations with the aforementioned
sample rates and the resulting water levels will be compared to co-located tide or river

gauge level series, whose water levels are assumed to be ground-truth values.
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1.5 Thesis structure

This thesis is composed of 5 chapters. Chapter 1 corresponds to the introduction where the
importance of real-time water level monitoring is described, as well as the contributions
of the GNSS Interferometric-reflectometry (GNSS-IR) as an alternative for water surface
height determination, as well as the principle of GNSS-IR technique and related methods,
are mentioned. Section 2 overlooks the current state of the Kalman filter (KF') approach
for GNSS-IR and details the approach for water-level retrieval evaluated in this thesis.
Moreover, in Chapter 3, the Study area, data collection, and software are explained.
Chapter 4 presents the results and narrates the discussion. Lastly, Chapter 5 corresponds

to the conclusion and recommendations.
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Chapter 2

Water level determination using a

Kalman filter approach in real-time

The Kalman filter (KF) is an algorithm that uses a series of noisy and occasionally
inaccurate measurements to update the linear projection of a system of variables on the
set of available information over time. The basic idea of the filter is to sequentially
predict and update the state of a system (Kalman, 1960), hereinafter state vector x, and
its corresponding uncertainty, the covariance matrix P, by first using the best guess of
the system’s previous state Zy_;;—; and a linear model F; that explains the time evolution

of the system to estimate the future state by

Ty—1 = FiZe_qpi—1 + wy (2.1)
pt|t71 = Ftpt71|t71F;§T + Q: (2.2)

where Zy;_; and 15t|t,1 are the predicted state and covariance respectively, w; is the zero
mean multivariante normal distribution w ~ N(0, @), with Q; as the system noise covari-

ance matrix.

Then, at the moment new measurements z; are observed, the predicted state and its
covariance are updated with a linear measurement model H; that explains the relationship

between the state and the measurements by
Ty = Typ—1 + Kyl (2.3)

pﬂt — ([ - Kth)pt‘t—l (24)
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where [ is an identity matrix, ¢, are residuals defined by
Yo = 2 — HiZyp (2.5)

with H;Z;,—, as modeled measurements based on the predicted state. The Kalman gain

K; minimizes the residual error, and is defined by
K, = 1f)t|t—1[1EtTS_1 (2.6)
where S is the innovation covariance matrix defined by
Sy = H, Py, H + R, (2.7)
with R; as the measurements noise covariance matrix.

This property of updating the system’s state based on data collected over time enables the
KF to generate computationally effective real-time solutions. However, the assumption
that both the observation and measurement models are linear restricts the application of
this filter to real-life implementations. As a result, alternative methods for dealing with
nonlinear systems, such as the Extended Kalman filter (EKF) (Crassidis & Junkins, 2011),
have been developed. This technique follows the same prediction and update scheme of
the conventional KF. The difference is that the observation and measurement models
are nonlinear, denoted by f(z) and h(z) respectively so that Equations 2.1 and 2.5 are

rewritten as
Typpo1 = [(@Bpap—r) + wy (2.8)

G = 2z — W(Z4j-1) (2.9)

Hence, the nonlinear models are linearized by computing the Jacobians, causing F' and
H to take the form

_of
o

~ 5h

F; _
t ox

H;

T—1]t—1 Zyje—1

This approach has been widely used in several applications such as positioning and navi-
gation with GNSS. However, it is prone to divergence when the system is highly nonlinear
(Ljung, 1979), as, for instance, Equation 1.12 that can be considered the measurement
model in GNSS-IR inversion method. For this reason, alternative approaches of the KF

have to asses for real-time water level retrieval.
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2.1 Current state of Kalman filter approach for GNSS-
IR

The retrieval of water level heights using GNSS-IR methodologies has been extensively
studied in recent years, and the exploration of different techniques to optimize the water
surface estimation, the accuracy of the retrieved heights, and improve its temporal reso-
lution has included the use of various KF approaches. In the study of Santamaria-Gémez
et al. (2014) a KF was employed to isolate the SNR data dominated by sea-surface reflec-
tions so that the sea surface height could be used to link the height of the GPS antenna
with the zero reference of a tide gauge considered the need for other leveling instru-
ments. Afterward, Santamaria-Gémez & Watson (2016) proposed the optimization of the
unknown receiver bandwidth and the estimation of frequency changes in the SNR oscil-
lation through an EKF /smoother algorithm and other corrections to improve the SNR

interference near the horizon.

The monitoring of coastal hazards has also been done using the KF method. In the
Kim et al. (2021) study, the use of multi-band GNSS signals, choosing the best processing
window and utilizing Kalman filtering for height rate determination allowed the GNSS-IR
approach to be improved in the post-event analysis to detect extreme changes in water

level (e.i. tsunamis and storm surges).

Focusing on the use of Kalman filters for real-time water level retrieval, which is the
main objective of this thesis, we came across the implementation shown by Strandberg
et al. (2019) for real-time sea level monitoring, in which the use of Unscented Kalman
filter (UKF), which is based on the unscented transform (Julier & Uhlmann, 1997), was

explored as an alternative to deal with highly nonlinear measurement models.

The unscented transform is a deterministic sampling method to estimate the first moments
of a random variable by propagating a minimal set of sample points, called sigma points,
through a transformation (e.g. nonlinear measurement model), determining the posterior
mean and covariance for any nonlinearity (Wan & van der Merwe, 2001), avoiding the

linearization of the system (e.i. no explicit computation of Jacobians).

The definition of dynamic height sea level and the state vector (unknown parameters) in
this approach is similar to the one used in the least-squares inversion method described
in Section 1.3.2. However, due to the nature of the real-time processing, the number of
scaling coefficients in the state vector is limited. Therefore, a dynamic update of the state

vector was implemented by establishing a time window for a given interval bounded by the
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scaling coefficients. Once the time of the last measurement reaches the maximum limit,
the scaling coefficients contained in the state vector are updated by removing the oldest
coefficient, shifting one space to the position of the remaining ones, and adding a new one
that determines the new limit of the time interval. This allows the number of state vector
elements to be time-invariant. In the case of the covariance matrix, it is also updated by
shifting the values in the matrix and adding a new variance for the newest coefficient. A
more detailed explanation can be also found in Strandberg (2020). The results of this
study showed that sea level real-time monitoring with GNSS-IR is possible using the UKF
and a dynamic B-spline approach, obtaining water level retrievals in near-real-time on a

similar level of precision as the least-squares inversion in post-processing.

2.2 Kalman filter approach for water-level retrieval

The findings of Strandberg et al. (2019) showed that sea level real-time monitoring with
GNSS-IR is possible using the UKF and a dynamic B-spline, obtaining water level re-
trievals with good precision. Nonetheless, the goal of this thesis is to implement a Kalman
filter approach for real-time water level retrieval not only for sea surface level but also for
inland water which tends to have a constant level over time, and whose variations respond
mainly to atmospheric events. The imposition of a B-spline dynamic model in this kind of
surface can cause the appearance of artifact variations in the water level when the spac-
ing between nodes is not optimal. If the spacing is too small, the occurrence of artificial
variations may increase. On the other hand, if the spacing is too large, it decreases the
ability of the model to represent variations that may occur over short periods, such as a

sudden rise caused by strong rainfall.

Additionally, the UKF has proven to be an easily implemented tool in multiple applica-
tions. However, this filter requires the prior setting of several tuning parameters (Wan &
van der Merwe, 2001) that vary the way the filter generates the results. In the same way,
the filter can be unstable depending on the values of system noise and measurement noise
that are chosen affecting the updating of the covariance matrix, easily causing it to be
negative definite, which is not compatible with the unscented transform method used in
UKF. For this reason, the Ensemble Kalman filter (EnKF) as presented by Crassidis &
Junkins (2011) is going to be explored in this thesis as an alternative approach for highly

nonlinear models that can be implemented for real-time water retrieval.

The EnKF is a prominent approach in various geoscientific disciplines since it is a Monte

Carlo-based version of the KF for very large-dimensional, nonlinear, and non-Gaussian
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state estimation problems. The method is based on the idea that the sample covariance
can be used to replace the covariance matrix P in of the KF by employing a collection of
N state vectors (also called ensembles). Avoiding numerical issues that can occur in trying
to maintain and use the state covariance matrix in other KF implementations (Crassidis
& Junkins, 2011). The samples collection z) with j = 1,..., N is defined only at the
beginning of the implementation and is defined based on an initial state vector xg and an

initial covariance Py as

f@ = N (o, o) (2.10)

As any other KF, the recursive procedure is separated into a prediction step and an update
step. The prediction step consists of passing the sample collection through a model to
estimate multiple future states of the system. The method can be implemented with a

nonlinear system model f so that by
ﬁi|t—1 = f(ii_1|t_1) +wi (2.11)

where w; is the zero mean multivariante normal distribution w ~ AN(0, @), with @, as
the system noise covariance matrix. The subscript (t|t — 1) and (¢ — 1|t — 1) denote the

predicted and prior states respectively.

The update step occurs at the moment new observations are available, and consists of the
use of the Kalman gain K and innovation residuals 7 to update the predicted collection
of samples by

&y = &)y + K (2.12)

where subscript (¢|t) denotes that the updated stated corresponds to the current time.

The Kalman gain K is computed using
K, = PPY(PY)7! (2.13)

where P/ is an approximation of the cross-covariance of the modeled observations given

by
N

1 L
P = N_1 Z[?J? —9Jl9l —9)" + R (2.14)

7j=1
where ¢; is the mean of a collection of modeled measurements defined with the predicted

states :i"f‘t_l and the nonlinear measurement model h and given by
il = h(%tq) + vy (2.15)

with v, as the zero mean multivariante normal distribution v ~ N (0, R), with R; as the
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measurements noise covariance matrix. And PY given by

N
B = th\t L= B[] — 9" (2.16)

where #;;_; is the mean of the collection of predicted states.

After the update step, the resulting updated state vector Z, is computed as the mean of
the states obtained with Equation 2.12.

The covariance matrix P; is not needed in the computation of the EnKF. However, it can

be approximated using the sample covariance through

N
N 1 Z xt\t am $t|t - $t|t]T (2.17)
7j=1

2.3 Implementation for real-time water-level retrieval

In this study, the EnKF will be used to estimate in real-time the height of a water surface
with respect to a GNSS antenna by using the oscillating part of the observed SNR as
measurements and the nonlinear measurement model described by Equation 1.12. To
operate the filter in real time, the SNR must be detrended in real time as well. The trend
part of a satellite arc mostly depends on the antenna gain pattern and the strength of
the satellite signal, and then it is typically constant. Thus, one way to remove it in real
time is by utilizing the average of a few of the most recent passes of the same satellite to

approximate the trend.

The elements of the system state vector in the EnKF implementation are n normalized
weighting factors W used in the prediction step and the components of the Equation 1.12,
the surface height h, the damping factor A, amplitude A, and phase delay ¢. The last
two parameters are satellite-frequency-specific. Hence, two state vector elements have to
be estimated for every satellite system and transmission frequency used. The height and
the damping factor are shared by all reflected signals, so each adds only one element to

the state vector. The total number of state vector elements M is given by
M =n+2M;+2 (2.18)

where M; is the number of satellite-frequency used. For example, if GPS L1, GPS L2,
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GLONASS L1, and GLONASS L2 are used, then M; = 4.

The initial state vector xy elements can be defined with the SN R from 24 hours previous
to the instant of time in which the filter will be started. The initial height h is estimated
by using the LSP method to obtain an approximation of the current water level. This
approximation should be estimated with the data closest to the time the filter will start.
Otherwise, it is not possible to guarantee that the initial height estimate is similar to
the actual water level, making it difficult for the EnKF to converge. This is especially
relevant when monitoring sea level, which is expected the water height to be constantly
varying due to tidal influence. The initial amplitude A can be estimated as the value of
30 of the SN R, and the phase delay ¢ can be initialized as zero. Finally, good guesses
of the damping factor A were empirically defined as 0.1 for filter implementations in sea

level monitoring and 0.01 for river level monitoring.

The initial covariance matrix Py needed to define the sample collection of the EnKF with
Equation 2.10 is defined with the values shown in Table 2.1. The values were defined as
high variances so that the sample spreads out around the initial values and allows the
filter to converge towards the best estimates of the state of the system. The weighting

factors W are initialized with 0 variance.

Table 2.1: Initial covariance matrix Py values (diagonal values) used when starting the EnKF.

Parameter Variance
h 1210~2m?
A 1210 2(V/V)?
) 1210~ 2rad?
A 12107°

Once the filter is started, the prediction step is defined to

Typp—1 = Zy—qp—1 + Z WiAh—; + wy (2.19)

i=1
where the best prediction of the future state Zy,_; is the previous state &;_;;_, plus a
weighted moving average of the height changes 6h;_; determined in n'® previous times,
multiply by the weighting factors W;, plus the process noise w; that accounts for the

possible error in the prediction step.
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At the beginning of the implementation, the weighting factors are estimated as

1
A

Wi

where At is the sample rate of the SNR used in the implementation. And normalized so

that X7, W; = 1.

Subsequently, the n'* power factors are added to the state vector so that the filter takes

care of updating them based on the evolution of the data.

Under normal conditions, no significant changes are expected in water level in short pe-
riods of time (e.g. few millimeters even in coastal areas with large tidally influenced
variation). Likewise, as was explained by Strandberg et al. (2016), the other state ele-
ments can be considered to be slowly variable even in long periods of time (e.g. days)
and affected in part by surface conditions that are difficult to predict. For instance, the
amplitude is mainly influenced by satellite signal strength, receiver characteristics, and
electromagnetic properties of the reflecting surface while the phase delay is derived from
the same electromagnetic properties (Nievinski & Larson, 2013). Therefore, in this imple-
mentation, all these external factors are considered constant and their changes as random
processes defined by small process noises, allowing the elements of the state vector to

change during the update process if the residuals are improved.

The selected values for the process noises determine how well the EnKF implementation
will be able to estimate the water level and the other parameters of the system state.
Inadequate values can prevent the filter from adapting to environmental changes, making
it unable to provide good estimates. For example, if the height process noise is small, the
filter will not be able to modify the height following the level variations caused by tides
or derived by weather conditions. On the other hand, if the process noise is too large,
the filter could estimate sudden changes in the water level that should be absorbed by
the other parameters. As the real water level dynamic is site-specific and also depends on
external factors, the right process noise is difficult to be defined. In this study, the process
noise for every tested site was established to guarantee a stable solution under the site
conditions at the moment the data was measured. The same process noise was defined
for all amplitude and phase delay parameters. In the case of the weighting parameters,
a small system noise of 12107 is added to allow the filter to add small updates to the

factors.

In the update step, as the real measurement noise is unknown, is defined as the variance

of the 6SNR.
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The simulated real-time solution performance is evaluated by comparing the results along
with tide or river gauges time series by using Root-Mean-Square Error (RMSE), which is

a common way to estimate how predicted values match up to observed values by

N (Xpredj - Xobsj)2

_ | 2
RMSE = J I (2.20)

where X,,.q and X5 are vectors of N the predicted and observed values respectively.
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Chapter 3

Study area and data collection

This chapter details the selected sites where the real-time implementation is performed
and the instruments used for data measurement, as well as the GNSS and the co-located
tide/river gauges data set used. It also gives a close-up of the data sets and gnssrefl

software used in the data collection process.

3.1 Study areas

In order to assess the precision of the Kalman filter-based retrievals, we used SNR data
from five test sites with different characteristics. Two of them on the coast and three on
riverbanks. All the GNSS antennas are co-located to tide or river gauge stations, whose
water level records were used in the validation process as a reference and are assumed to

provide ground-truth values.

3.1.1 TGMIX site

TGMX test installation is a site located at Puerto Morelos, Quintana Ro, Mexico, and
consists of a GNSS antenna co-located with a Radar tide gauge. See Figure 3.1.1.1.
Location data of the site is detailed in Table 3.1. The GNSS station is administrated
by the University NAVSTAR Consortium (UNAVCO) and the National Autonomous
University of Mexico (Spanish: Universidad Nacional Auténoma de México, UNAM) and
consists of a Trimble TRM59800.00 choke ring antenna paired with a Trimble NETR9
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receiver recording GPS, GLONASS, and Galileo data at a rate of 15 Hz. Rinex data can
be obtained from the UNAVCO data center (https://www.unavco.org/data/gps-gnss/

gps-gnss.html) using the 4 characters name "tgmx".

Figure 3.1.1.1: Test site TGMX. (a) Location of the GNSS antenna and tide gauge in Puerto
Morelos, Quintana Ro, Mexico. Footprints of the reflected GPS signals are projected on a Google
Earth image. Reflection zones corresponding to azimuth 30°-190° and elevation 4° and 20°. (b)
The GNSS antenna was installed on top of a fixed structure in a dock. The tide gauge is also
attached to the same structure. Source: https://gnss-reflections.org/rzones

Table 3.1: Approximated geographical information of the station TGMX. Source: https://
gnss-reflections.org/rzones

Station TGMX
Latitude 20.86811584
Longitude -86.86685458
Ellipsoidal Height (m) -4.665
Reflection Height (m) 7.185

The tide gauge is administrated by United Nations Educational, Scientific and Cultural
Organization (UNESCO) and consists of a RADAR gauge that records water-level data at
a rate of 1 minute in units of mm with an approximated accuracy of 1 cm. Sea level records
can be obtained from the UNESCO data center (http://www.ioc-sealevelmonitoring

.org/) using the station code "pumo2".

The reflection area of this site was mainly defined on the coastline, this can be observed
in Figure 3.1.1.1 (a). Elevation angles larger than 20° were omitted due to those can

introduce reflections from the dock.
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3.1.2 CALC site

CALC test installation is a site located in Calcasieu Pass, Louisiana, United States,
and consists of co-located GNSS antenna and an Acoustic-sensor tide gauge. See Fig-
ure 3.1.2.1. Location data of the site is detailed in Table 3.2. The GNSS antenna is
administrated by National Oceanic and Atmospheric Administration (NOAA) and the
National Geodetic Survey (NGS) and consists of a Trimble TRM115000.00 antenna (Trim-
ble Zephyr 3 Geodetic Antenna) paired with a Trimble ALLOY receiver recording GPS,
GLONASS, and Galileo data at a rate of 15 Hz. Rinex data can be obtained from
the NOAA data center (https://geodesy.noaa.gov/CORS/data.shtml) using the 4-

characters name "calc".

Figure 3.1.2.1: Test site CALC. (a) Location of the GNSS antenna and tide gauge in Calcasieu
Pass, Louisiana, United States. Footprints of the reflected GPS signals are projected on a Google
Earth image. Reflection zones corresponding to azimuth 190°-340° and elevation 4° and 25°.
(b) The GNSS antenna was installed on top of a fixed structure in a dock. The tide gauge is
also attached to the same structure. Source: https://gnss-reflections.org/rzones

The tide gauge is administrated by NOAA in the National Centers for Environmental
Information (NCEI) and consists of an acoustic-sensor gauge that records water-level
data at a rate of 6 minutes in units of mm with an approximated accuracy of 1 e¢m. Sea
level records can be obtained from the NCEI data center (https://www.ngdc.noaa.gov/
hazard/tide/#) using the 7-digit National Ocean Service (NOS) station ID: 8768094.

As shown in Figure 3.1.2.1 (b), both instruments are housed in a structure specifically
built to resist hurricanes and other significant storms. When severe disasters occur, the

strengthened stations are better equipped to continue operating and provide crucial in-
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formation on water levels and winds that help emergency response agencies.

Table 3.2: Approximated geographical information of the station calc. Source: https://gnss
-reflections.org/rzones

Station CALC
Latitude 29.76813859
Longitude -93.34288999

Ellipsoidal Height (m) -15.180

Reflection Height (m) 12.460

The reflection area of this site was mainly defined on the coastline, this can be observed
in Figure 3.1.2.1 (a). Elevation angles larger than 25° were omitted due to those can

introduce reflections from the basement structure.

3.1.3 GWES site

GWES test installation is a site located in Wesel, Germany. This station is admin-
istrated by the German Federal Institute of Hydrology (German: Bundesanstalt fiir
Gewasserkunde, BfG). It consists of co-located GNSS antenna and a pressure-sensor river
gauge. See Figure 3.1.3.1. Location data of the site is detailed in Table 3.3 The equip-
ment consists of a Leica AR25 (LEIAR25.R3 with Radome LEIT) antenna paired with
a LEICA GR10 receiver recording GPS, GLONASS, and Galileo data at a rate of 30
Hz. Rinex data can be obtained from the (BfG)(https://www.bafg.de/DE/05_Wissen/
02_Veranst/2021/2021_11 23 _schmitz.html). The station 4-characters name is "gwes".

The river gauge consists of a pressure-sensor gauge that records river-level data at a
rate of 15 minutes in units of ¢m with an approximated accuracy of 3 ecm. River level
records from the last thirty days can be obtained from the German Federal Waterways
and Shipping Administration (WSV) (https://www.pegelonline.wsv.de/gast/start)

using the station name "wesel".
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Figure 3.1.3.1: Test site GWES and WESL. (a) Location of the GNSS antenna GWES, the PRP
WESL, and tide gauge in Rhine river, Wesel, Germany. Footprints of the reflected GPS signals
are projected on a Google Earth image. Reflection zones corresponding to azimuth 260°-320°
and elevation 5° and 15°. (b) Both antennas were installed on top of a stilling well river structure.
The tide gauge is in the same structure. Source: https://gnss-reflections.org/rzones

Table 3.3: Approximated geographical information of the station GWES. Source: https://
gnss-reflections.org/rzones

Station gwes
Latitude 51.64614917
Longitude 6.60678307

Ellipsoidal Height (m) 73.057
Reflection Height (m) 16.500

As shown in Figure 3.1.3.1 (b), both instruments are housed in a structure built on the
river bank. The reflection area of this site was mainly defined on the river banks, this can
be observed in Figure 3.1.3.1 (a). Elevation angles less than 5° were omitted due to their
approach to the opposite river bank. All the reflections from the southwest were ignored

because they may be affected by interference due to the presence of the bridge.

3.1.4 WESL site

WESL test installation was temporally placed from March 2020 to November 2021 in

Wesel, Germany (Karegar et al., 2022). The location of this site corresponds to the same
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GWES site, co-located with a pressure-sensor river gauge administrated by the German
Federal Institute of Hydrology (German: Bundesanstalt fir Gewasserkunde, BfG). See
Figure 3.1.3.1. Location data of the site is detailed in Table 3.4. The equipment consists
of a Raspberry Pi Reflector (PRP). It includes a low-cost single-frequency (L1) GPS
module and a GPS navigation antenna connected to a Raspberry Pi computer and a
cellular modem. The receiver is recording GPS L1 data at a rate of 1 Hz. Processed data
can be obtained from https://doi.org/10.1029/2021wr031713.

The river gauge is a pressure-sensor that records river-level data at a rate of 15 minutes
in units of cm with an approximated accuracy of 3 cm. River level records from the
last thirty days can be obtained from the German Federal Waterways and Shipping Ad-
ministration (WSV) (https://www.pegelonline.wsv.de/gast/start) using the station

name "wesel".

Table 3.4: Approximated geographical information of the station WESL.

Station WESL
Latitude 51.64614917
Longitude 6.60678307

Ellipsoidal Height (m) 73.057
Reflection Height (m) 13.000

As shown in Figure 3.1.3.1 (b), the reflection area defined is the same as the one established
for the GWES site.

3.1.5 BEUE site

BEUE test installation is temporally placed since March 2020 until today in the Rhine
river in Bonn-Beuel, Germany. See Figure 3.1.5.1. A pressure-sensor river gauge ad-
ministrated by the German Federal Institute of Hydrology (German: Bundesanstalt fiir
Gewasserkunde, BfG) is located in the vicinity. Location data of the site is detailed in
Table 3.5. The equipment consists of a Raspberry Pi Reflector (RPR). It includes a low-
cost single-frequency (L1) GPS module and a GPS navigation antenna connected to a
Raspberry Pi computer and a cellular modem. The receiver is recording GPS L1 data at
a rate of 1 Hz.

The river gauge consists of a pressure-sensor gauge that records river-level data at a

rate of 15 minutes in units of ¢m with an approximated accuracy of 3 ecm. River level
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records from the last thirty days can be obtained from the German Federal Waterways
and Shipping Administration (WSV) (https://www.pegelonline.wsv.de/gast/start)

using the station name "bonn".

Table 3.5: Approximated geographical information of the station BEUE.

Station BEUE
Latitude 50.728231
Longitude 7.118579

Ellipsoidal Height (m) -
Reflection Height (m) 4.500

As shown in Figure 3.1.5.1 (b), the instrument is placed in a steel rod attached to a pier on
the river bank. The reflection area of this site was mainly defined on the river banks, this
can be observed in Figure 3.1.5.1 (a). Elevation angles less than 3° were omitted. Most of
the northwest reflections were ignored because they may be affected by the interference

of the pier.

Figure 3.1.5.1: Test site BEUE. (a) Location of the PRP GPS antenna in Rhine river, Bonn-
Beuel, Germany. Footprints of the reflected GPS signals are projected on a Google Earth image.
Reflection zones corresponding to azimuth 140°-280° and elevation 3° and 20°. (b) The PRP
was installed on a pier. Source: https://gnss-reflections.org/rzones


https://www.pegelonline.wsv.de/gast/start
https://gnss-reflections.org/rzones

36 Study area and data collection

3.2 gnssrefl software Overview

In this thesis, the real-time implementation is going to be performed as an extension of
the gnssrefl open-source python software package (Larson, 2021). This software was
created primarily for ground-based GNSS-IR applications, and it can currently estimate
reflector heights using spectral or inversion methods, although it is limited to non-real-time
applications. Manual and installation guides are available from https://github.com/

kristinemlarson/gnssrefl

The package allows downloading either RINEX or SNR daily files (hereinafter SNR —
ready) from global archives of GNSS data (e.g. UNAVCO, NGS, BKG) for format con-
version, reflector height computation, data assessment, as well as producing daily or sub-
daily solutions of reflector height. It provides support for formats RINEX versions 2.11
(Gurtner & Estey, 2007a) and 3.00 (Gurtner & Estey, 2007b) as well as NMEA (NMEA,
2018).

The SNR data used for the real-time simulation at the tested sites TGMX, CALC, and
GWES were obtained through the gnssrefl package by using the command rnz2snr that
directly gives SNR — ready files by providing the station name, year, Day of the year
(DOY) of the desired data and other optional information. The station name format varies
depending on the RINEX version stored. For the TGMX and CALC, the RINEX version
is 2, so the station name is lowercase four-character (tgmx, cacl). On the other hand,
GWES is RINEX 3 version, so the station name is lowercase nine-character (gwes00deu).
In the case of data measured at WESL and BEUE stations, the measurements collected
by PRP devices in format NMEA were directly obtained and translated to SN R — ready

files using the utility nmea2snr.

The SN R—ready files contain information such as satellite ID, SNR observed, time stamp,
and satellite azimuth and elevation angle. The azimuth and elevation angle are used to
determine the data that comes from sensing zones that are reflected only on the surface
of the water. The gnssrefl package contains the quickLook and refl ones utilities, as
well as the Reflections Zones online service (https://gnss-reflections.org/rzones)
are useful tools to estimate the azimuth and elevation angle mask by visualizing the
reflection footprints and level height estimations computed with LSP method. Once the
reflection zones are defined, the SNR — ready data can be used to simulate water level

in real-time through the implementation previously described in the sub-section 2.3.

The co-located tide gauge data from a specific data set (e.g. NOAA, UNESCO) can be
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also obtained through the gnssrefl package by using the utility other software utilities
(see https://pypi.org/project/gnssrefl). For site TGMX, the utility download_ioc
was used by using the station name "pumo2" and the desired time. In CALC, the utility
download_ tide was used by using the station id "8768094" and the desired time.


https://pypi.org/project/gnssrefl
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Chapter 4

Results and Discussion

This chapter covers the results derived by implementing the procedure described in the
sub-chapter 2.3. The resulting water levels are evaluated by comparing them to co-located
tide or river gauges water level series. Two coastal sites (TGMX and CALC) were used
to assess the real-time sea level monitoring and the detection of storm surges, while real-
time river level monitoring and river flood detection were evaluated in three river bank
sites (GWES, WESL, and BEUE). At the same time, in the river bank sites (WESL and
BEUE), it is explored the use of low-cost antenna data as a data source for river level

monitoring in real-time.

4.1 Real-time sea level monitoring

In this sub-chapter, the real-time GNSS-IR implementation is assessed for sea level mon-
itoring. The analysis includes exploring the impact of the reflecting zone size on the

performance of the implementation.

The test sites TGMX (3.1.1) and CALC (3.1.2) were selected as the two are sites with
GNSS stations that records GPS, GLONASS, and Galileo in time intervals of 15 seconds
and have a clear line of sight in the direction of the sea surface. The TGMX site has a
line of sight that allows a reflection zone that covers 160° between its azimuthal limits
(see Figure 3.1.1.1). This means that almost 50% of the azimuthal directions where
it is possible to observe GNSS data is available. In terms of the elevation angles, the
reflecting zone has good coverage at low angles. However, reflections from larger angles

(> 20°) were not used to avoid interference in the reflected signal that may be caused



40 Results and Discussion

by the dock, especially in the south direction. The CALC site also has a GNSS antenna
with a clear line of sight in the direction of the sea surface (see Figure 3.1.2.1). The
reflecting zone coverage is over 45% of the available horizontal directions with azimuthal
limits of 190° to 340°, mainly limited by the shape of the shore. The elevation angles
have good coverage that includes angles between 4° to 25°. This combination of multi-
GNSS antenna together with a wide reflection zone allows both sites to have observations
almost continuously, presenting only brief intervals with missing data that generally did
not exceed 10 minutes. Figure 4.1.1.1 (a) shows the number of observations every 15
seconds during 24 hours of measurement on February 16", 2022 in TGMX, where it is
possible to observe time instants with more than 20 observations simultaneously. Notice
that the number of observations does not mean the number of satellites observed, since
a single satellite transmitting various frequencies generates multiple measurements at the

same time.

Figure 4.1.0.1: (a) Time series of one-week sea level from the TGMX site tide gauge and real-
time GNSS-IR retrievals. The mean was eliminated to enable comparison. (b) Residuals as the
difference between GNSS-IR retrievals and tide gauge records.
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Table 4.1: System noise parameters used in the EnKF in TGMX and CALC.

Parameter TGMX CALC
h 12107 "m?/s 12107%m?/s
A 12107 7(V/V)?/s | 12107¢(V/V)?/s
© 12107 rad?/s | 1x107'rad?/s
A 121071 /s 1210719/s

The system noise parameters used are shown in Table 4.1. Since there is a lack of specific
information regarding the variables that could affect the SNR and how they changed over
time, the estimation of these parameters was done through empirical testing. The system
noise of the phase delay ¢ was imposed to have a small value since rapid changes in the
SNR related to sudden water level changes can be interpreted as phase changes of the
signal. The height noise was approximated based on the sea level variations observed
when the slope is maximum. For example, in TGMX the used value is the square of an
expected level change of 0.3 mm/s. The damping factor also has a small associated system
noise, which allows the filter to estimate changes in sea level in the presence of changes
in the reflecting surface, e.g. changes in surface roughness. However, it is necessary to be
careful when estimating this value, since other external factors that can affect the signal
strength can also attenuate the signal, causing the filter to be unable to estimate heights

in the presence of rapid changes.

In TGMX real-time sea level estimation was computed from thirty days of measurements
from February 12* to March 14 2022, using all the available observations and the
previously mentioned reflection zone. The EnKF in this implementation was initialized
with an amplitude of 50 Volt (same for all initial A) and a damping coefficient of 0.01

and the measurement noise was estimated as 300 Volts?.

The implementation was first run using GNSS data with a frequency of 15 seconds. A
subset of seven days of the tide gauge records and real-time GNSS-IR solution is presented
in Figure 4.1.0.1 (a). The tide gauge data used have a time rate of one minute, therefore,
the GNSS-IR solution was averaged to equal the sample rate by computing the mean of
all the available data in every minute and the mean of the time series was removed to
compare the water level variations. As a result, the GNSS-IR real-time solution showed
a RMSE of 2.8 em. The residuals (Figure 4.1.0.1 (b)) showed a good performance of the
real-time solution, with more than 90% of the residuals smaller than 5 ¢m. The high-
frequency variation noticed in the tide gauge time series is due to the fact that the radar
sensor is installed outdoors and its measurements are affected by near-shore waves. The

variation introduced by the swell has a greater effect on the tide gauge measurements than
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on the real-time solution because the footprint of the radar sensor on the sea surface is
much smaller than the area over which the signals used in GNSS-IR are reflected, causing

the tide gauge observations to be relatively noisier than the real-time solution.

Figure 4.1.0.2: (a) Time series of one-week sea level from the CALC site tide gauge and real-
time GNSS-IR retrievals. The mean was eliminated to enable comparison. (b) Residuals as the
difference between GNSS-IR retrievals and tide gauge records.

The implementation was again run using 30-second frequency SNR data. The resulting
time series showed the same RMSE previously obtained with the 15-second frequency
data. The similarity of the solutions can be explained by the low-range tidal variations
observed in the TGMX site during the study period. The sea level variations in TGMX
are dominated by sub-daily tides, usually with magnitudes of 20 ¢m, with periods close
to 6 hours, and maximum changes of 45 ecm. Meaning that, in time intervals of 15 or 30
seconds, water level variations of less than a few millimeters are expected. Hence, the

EnKF is able to estimate solutions with similar accuracy using any of the two sample
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rates.

In Figure 4.1.0.1 (a) it is also possible to appreciate a period of about six hours in which
the tide gauge was out of service while the GNSS device continued measuring. Therefore,
based on the RMSE results, it is possible to indicate that the GNSS-IR solution obtained
in TGMX could be used in order to recover that missing sea level data with equivalent

accuracy to the one obtained by the tide gauge measurements.

The real-time sea level estimation in CALC was computed from nineteen days of measure-
ments from November 22" to December 10, 2022, using all the available observations
and the previously mentioned reflection zone. The time interval used to test the implemen-
tation in real time was limited by the availability of consecutive data with a measurement
frequency of 15 seconds. The EnKF was initialized with an amplitude of 60 V olt (same for
all initial A) and a damping coefficient of 0.01 and the measurement noise was estimated
as 400 Volts®.

Figure 4.1.0.2 (a) shows a subset of seven days of the tide gauge records and real-time
GNSS-IR solution run using SNR data with a 15-seconds frequency. The tide gauge data
used have a time rate of one minute, therefore, the GNSS-IR solution was averaged to
equal the sample rate and the mean of the time series was removed. Unlike the TGMX
tide gauge data, in CALC the water level measurements are not affected by high-frequency

disturbances, so less noise is observed in the time series.

The GNSS-IR real-time solution using 15-second frequency data showed a RMSE of 4.2
cm. More than 85% of the residuals were lower than 5 ¢m, indicating that the real-time
solution performed well (see Figure 4.1.0.2 (b)). By using 30-second frequency SNR data
it was obtained the same RMSE. As in TGMX, this can be explained by due to the sea
level variations in CALC are dominated by diurnal tides, and influenced by runoff from
Lake Calcasieu, with magnitudes in the order of 120 ¢m. This means that the variations
expected in time intervals of 15 or 30 seconds are less than a few millimeters. Therefore,
the EnKF is capable of estimating solutions with similar precision using either of the two

sampling frequencies.

4.1.1 Reflecting zone size impact

As was mentioned in sub-Chapter 1.3.3, the size of the reflection zone strongly determines

the number of satellites that can be observed by the device during the measurement.
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Figure 4.1.1.1: Number of measurements per time instant at TGMX test site on February 12",
2022. (a) The number of measurements using reflection zones corresponding to azimuth 30°-190°
and elevation 4°-20°. (b) The number of measurements using reflection zones corresponding to
azimuth 84°-190° and elevation 4°-20°. (c¢) The number of measurements using reflection zones
corresponding to azimuth 137°-190° and elevation 4°-20°.
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Figure 4.1.1.2: Time series of one-day sea level from the TGMX site tide gauge and real-time
GNSS-IR retrievals on February 12t 2022. The highlighted sections indicate the presence
of missing data greater than 30 min. (a) Result using reflection zones corresponding to az-
imuth 30°-190° and elevation 4°-20°. (b) Result using reflection zones corresponding to az-
imuth 84°-190° and elevation 4°-20°. (c) Result using reflection zones corresponding to azimuth
137°-190° and elevation 4°-20°.
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Figure 4.1.1.3: Number of measurements per time instant at CALC test site on November
26" 2022. (a) The number of measurements using reflection zones corresponding to azimuth
190°-340° and elevation 4°-25°. (b) The number of measurements using reflection zones corre-
sponding to azimuth 190°-290° and elevation 4°-25°. (¢) The number of measurements using
reflection zones corresponding to azimuth 190°-240° and elevation 4°-25°.
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Figure 4.1.1.4: Time series of one-day sea level from the CALC site tide gauge and real-time
GNSS-IR retrievals on November 26", 2022. The highlighted sections indicate the presence
of missing data greater than 30 min. (a) The number of measurements using reflection zones
corresponding to azimuth 190°-340° and elevation 4°-25°. (b) The number of measurements
using reflection zones corresponding to azimuth 190°-290° and elevation 4°-25°. (c¢) The number
of measurements using reflection zones corresponding to azimuth 190°-240° and elevation 4°-25°.
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A small reflection area may result in no measurements for certain periods of time, during

which the EnKF cannot update the state vector.

The impact of missing data related to the established limits for the reflection zone was
evaluated by reducing the azimuthal mask limit to the range 84°-190° and the range 137°-
190° in TGMX and to 190°-290° and the range 190°-240° in CALC. Figure 4.1.1.1 (b)
and (c) shows how the number of observed data decreases when the reflecting zone was
decreased in TGXM. When the limits of the azimuthal mask are changed to 84°-190°,
multiple time intervals up to 47 min in which there are no observations appear, and
reaching time spans up to 112 min and increasing in number when the reflection area was
limited to the range of 137°-190°.

In the case of CALC, the maximum duration of the intervals without observations were
up to 38 and 89 min respectively when reducing the azimuthal limits, and, as can be
inferred in Figure 4.1.1.3 (b) and (c), the frequency with which these intervals appear

increased significantly.

The time intervals without observations translate into intervals in which the EnKF cannot
update the state vector, causing the water surface to remain unchanged (due to the
assumption in the prediction step of the filter ). This effect can be seen in Figure 4.1.1.1,
where the highlighted sections in (b) and (c) indicate time intervals within a constant

filter solution, causing the filter solution to drift away from the actual water surface level.

Similarly, during the time with no observations, the EnKF adds system noise at each
prediction step without an update step to decrease it, steadily increasing the uncertainty
of the state vector elements. This causes the error in the water level estimation to spread

to subsequent solutions to the missing data.

The resulting RMSE values obtained after running the implementation using 15-second
frequency SNR data and the aforementioned azimuthal mask in TGMX were 4.1 and 4.8
cm respectively. The intervals without data caused the appearance of differences between
the estimation of EnKF and the observation of the tide gauge that reached up to 22 cm.
On the other hand, in CALC, the errors reached resulted in the divergence of the EnKF
estimation, making it not possible to implement real-time monitoring when the azimuthal
mask of 190°-240° was used. With this exercise, it was determined that the divergence
of the filter occurs when the difference between the estimated water level and the actual
level differ in magnitudes close to 40 cm. Therefore, it is possible to conclude that the
presence of long intervals without measurements does not allow real-time monitoring of

the water surface level using the GNSS-IR technique in places where large level variations
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are expected in short periods of time, as well as the monitoring of rapid changes in sea
level such as those related to atmospheric phenomena or seismicity. At the same time, it
highlights the great importance of the study and determination of the reflection zones for

real-time sea level monitoring with GNSS-IR.

4.1.2 Coastal storm surges monitoring

The Spectral Analysis method, which is a post-processing implementation of GNSS-IR,
has proven useful in storm surge monitoring. Real-time GNSS-IR has proven to be a
potential tool for sea level monitoring, thus its usefulness for storm surges observation

was explored in this sub-chapter.

A storm surge is an exceptional rise in the water level that exceeds the predicted as-
tronomical tides. They are primarily brought on by powerful winds from hurricanes
or tropical storms that push the water toward the shore causing potentially destructive

coastal flooding.

The study was carried out with data collected at the site CALC in 2017 and 2020. Between
August 25" and 29*", 2017, Hurricane Harvey moved through the area of the Gulf of
Mexico generating storm surges that hit a large part of the southern coast of the United
States of America, including the Louisiana coast where CALC is located. While in the
period from August 26" to August 28", 2020, Hurricane Laura passed directly over the
CALC site. Allowing the influence of these atmospheric phenomena on the sea level to

be measured on both occasions.

The EnKF implementation was run with 30-second frequency SNR data, using all the
available observations (constellations and frequencies). The filter was initialized with an
amplitude A of 60 Volt and a damping coefficient of 0.01. The system noise parameters

used are shown in Table 4.1.

As shown in Figure 4.1.2.1 (a), the water level estimated by the EnKF had a good
performance obtaining an RMSE of 4.4 ¢m, the same precision achieved at that site
when monitoring sea level under normal conditions. An increase in the magnitude of
the residuals was observed during the time that the water level was altered by the storm
(see Figure 4.1.2.1 (b)), which can be related to an increase in the variability of the
water surface that influences the GNSS antenna measurements, but does not affect the

measurements of the tide gauge, which is protected from external influences inside the
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structure in which it is installed. Despite this, the filter estimates remained within a
range of less than 5 em about 85% of the time, with the largest differences being related

to periods with missing SNR data.

Figure 4.1.2.1: (a) Time series of nine days of sea level from the CALC site tide gauge and
real-time GNSS-IR retrievals that monitored the storm surges caused by Hurricane Harvey in
2017. The mean was eliminated to enable comparison. (b) Residuals as the difference between
GNSS-IR retrievals and tide gauge records.

When monitoring the effect of Hurricane Laura it was found that the water level estimated
by the EnKF had a good performance until the winds caused by the hurricane reached
speeds higher than 30 m/s. This is shown in Figure 4.1.2.2 (a), denoted with red bars.
The strong winds cause an increase in the roughness of the water surface as a consequence

of the increasing significant wave height.

The decrease of the specular reflection reduces the amplitude of the SNR oscillating part,

which depends on both the direct and the reflected signals. In principle, this reduction
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in signal amplitude could be assimilated by the filter by adapting the parameters of the
state vector with each new measurement. However, most of the reflected signal that is
still detected by the antenna is reflected from the crests of the waves, whose height varies
continuously, causing the frequency of the oscillating part of SNR to also vary rapidly and
continues, causing the filter to not be able to adapt the state vector parameters efficiently,

and ultimately causing it to diverge.

Similar results were obtained by Larson et al. (2021), where it was determined that the
reliability of the post-processing GNSS-IR Spectral Analysis method is maintained until

the sea surface roughness inhibits coherent specular reflection.

Figure 4.1.2.2: (a) Time series of two days of sea level from the CALC site tide gauge and real-
time GNSS-IR retrievals that monitored the storm surges caused by Hurricane Laura in 2020.
The red bars represent periods where the wind speed was larger than 30 m/s. The mean was
eliminated to enable comparison. (b) Residuals as the difference between GNSS-IR retrievals
and tide gauge records.

The passage of the hurricane’s eye over the CALC location is represented by the time
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between the two red bars. During this time, both wind speed and ocean surface roughness
decreased. Regardless, the difference between the exact water level (as indicated by the
tide gauge) and the filter estimate at the time was more than one meter (see Figure
4.1.2.2 (b)). This difference is substantially greater than what the filter can assimilate
as a change in water level, hence no improvement in water level estimation occurred
during that interval. However, after the storm, the water level dropped closer to the filter
estimate and the solution began to converge again to a more correct result. The residual
did not diminish rapidly after the passage of the storm because the filter required time to
re-estimate all elements of the state vector, whose values were accumulating uncertainty

throughout the time the estimates were affected by the high roughness.

4.2 Real-time river level monitoring and flash floods

detection

In this sub-chapter, the real-time river level determination with GNSS-IR was explored
to assess the capability of the implementation to retrieve river levels, but it also focused

on the monitoring of level increases that can cause flooding.

The study was conducted on the site GWES from 31 days of measurements from July
1" to July 31%, 2021, using all the available observations (e.i. GPS, GLONASS, and
Galileo) with observations frequency of 30 seconds. The period of time studied is relevant
because, during it, significant rainfall drastically increased the level of various bodies of
water, inducing flood events. In the case of the Rhine, the river level rose by more than
4.9 m. The filter was initialized with an amplitude A of 80 Volt and a damping coefficient

of 0.01. The system noise parameters used are shown in Table 4.2.

Table 4.2: System noise parameters used in the EnKF in GWES.

Parameter Values
h 12107%m?/s
A 12107(V/V)?/s
© 1210~ M rad?/s
A 1xz1071/s

The site has a clear line of sight in the direction of the river surface. However, as observed
in Figure 3.1.3.1 (a), this is limited by the presence of a bridge that does not allow mea-

surements in the southwest quadrant. The reflection zone was delimited to the azimuth
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interval 260° to 320° and the elevation angles from 5° to 15°. This small size of the reflec-
tion zone results in multiple intervals of up to 90 minutes with no measurements in which
the filter cannot update the state vector. Nevertheless, the final result demonstrated that
the filter estimation was capable of accurately drawing the level changes before, during,
and after the rise of the river level (see Figure 4.2.1.1 (a)). Obtaining a RMSE of 3.7 cm.

Figure 4.2.0.1: (a) Time series of one-month of river level from the GWES site river gauge and
real-time GNSS-IR retrievals. The mean was removed to enable comparison. (b) Residuals as
the difference between GNSS-IR retrievals and tide gauge records.

The impact of missing data on the magnitude of the results was most noticeable between
July 12" and 17" when the rate of river level rise was at a maximum ( 4 cm/h). Despite
this, the evolution of the residuals in Figure 4.2.1.1 (b) indicates that the filter was able

to update the estimates quickly even in the presence of continuous missing data.

In Figure 4.2.1.1 (b) it is also possible to observe a difference between the river gauge

and the filter solution that indicates the presence of a bias, whose magnitude increases
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as the level of the river subsides and vice versa. When comparing the results obtained
only at moments of time in which the river level variations have less magnitude (e.g. July
1%¢ to 12%"), the RMSE was reduced to values around 2.0 ¢m. This seems to indicate the
existence of a systematic error when comparing the heights estimated with GNSS-IR in
real-time with the observations of the pressure sensor installed in the site. The study of
this overestimation of the real-time GNSS-IR solution must be studied in more detail,
and will ideally require another external data source that allows validating the results of
both devices.

4.2.1 Real-time river level monitoring with low-cost antenna

The preceding subchapter highlighted how the real-time GNSS-IR approach can be used
to monitor rivers by employing measurements from GNSS antennas capable of receiving
multiple satellite constellation signals, even when flood conditions are present. This leads
to the question of whether it is possible to use observations obtained with low-cost GPS
devices for the real-time monitoring of rivers. Hence, in this sub-chapter, the performance
of the EnKF implementation using a PRP (Karegar et al., 2022) instrument data will be

assessed.

A PRP instrument was installed in the sites WESL and BEUE in different epochs. In
both test sites GPS L1 observations were recorded in time intervals of 1 second (1 Hz).
However, the SNR data rate was decimated at 30 seconds in order to match the results

with what has been previously obtained using more sophisticated GNSS antennas in
GWES.

The WESL site shares location with GWES, but the PRP GPS antenna was installed
about 3 m below the other antenna and a few meters away from it. Therefore, both have
a similar line of sight to the river surface, with the same limitations. For this reason,
the same azimuth and elevation masks were defined from 260° to 320° and from 5° to 15°

respectively.

During its operation in WESL, the PRP instrument was used in two different orientation
setups. At first, the GPS antenna was installed in the zenith orientation position (the
common way of using GPS for location tasks), while in the second orientation set-up, the
antenna was tilted 90° from the vertical direction toward the river with the purpose of
increasing the power of the signal reflected on the surface of the river. For this reason,

the use of real-time implementation was studied using both data sets separately.
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Table 4.3: System noise parameters used in the EnKF in WESL and BEUE.

Parameter WESL-1 WESL-2 BEUE
h 12107°m?/s 12107%m?/s 12107%m?/s
A 121077 (V/V)?/s | 121077(V/V)?/s | 121077(V/V)?/s
© 12107 % ad?/s | 12107'rad?/s | 1x107'rad?/s
A 1210712 /s 121071 /s 121071 /s

The first part of the study in WESL was conducted from 31 days of measurements from
July 1% to July 31%, 2021, which is the same period used with GWES during which there
were heavy rains that caused flooding as a result of the rise of the Rhine river. In this
period, the GPS antenna was installed in the zenith orientation position. The filter was
initialized with an amplitude A of 57 Volt and a damping coefficient of 0.01. The system

noise parameters used are shown in Table 4.3 in column "WESL-1".

Figure 4.2.1.1: (a) Time series of one-month of river level from the GWES site river gauge and
real-time GNSS-IR retrievals. The mean was removed to enable comparison. (b) Residuals as
the difference between GNSS-IR retrievals and tide gauge records.
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The first implementation in real time showed poor results, in which the filter was not able
to follow the variation of the river level accurately (see Figure 4.2.1.1 (a)), showing an
RMSE of 43.3 em. For comparison, the data obtained by GWES were processed again but
used only the GPS L1 signal using the parameters of Table 4.2, yielding results with an
RMSE of 5.6 em (see Figure 4.2.1.2). Both devices were in operation simultaneously, so
both tracked the same satellite signals under technically similar ambient and environmen-
tal conditions. Hence, it can be intuited that even with a smaller number of data (since
only one satellite signal is available) it is possible to obtain precise results. Therefore, in
this case, the difference between the results must be mainly related to the capability of

each device to measure satellite signals accurately.

Figure 4.2.1.2: (a) Time series of one-month of river level from the GWES site river gauge and
real-time GNSS-IR retrievals. The mean was removed to enable comparison. (b) Residuals as
the difference between GNSS-IR retrievals and tide gauge records.

The second experiment of the study in WESL was conducted by using data measured with

the PRP instrument GPS antenna installed pointing to the horizon towards the direction
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of the river. This change in the orientation of the antenna resulted in an increase in the
amplitude of the SNR data and a decrease in noise in it, which strongly impacted the

results obtained.

Figure 4.2.1.3: (a) Time series of one-month of river level from the GWES site river gauge and
real-time GNSS-IR retrievals. The mean was removed to enable comparison. (b) Residuals as
the difference between GNSS-IR retrievals and tide gauge records.

The implementation was tested from September 21%¢ to October 21%¢, 2021. The filter
was initialized with an amplitude A of 150 Volt and a damping coefficient of 0.01. The
system noise parameters used are shown in Table 4.3 in column "WESL-2" obtaining a
real-time river level solution with a RMSE of 3.0 em. The results are shown in Figure
4.2.1.3 together with the result obtained using the GWES data, which resulted in an
RMSE of 2.2 em. In contrast to the previous experiment, with the data measured by the

PRP GPS antenna pointing to the horizon, the river level estimates improve significantly.

When evaluating the WESL result displayed in Figure 4.2.1.3 (a), it is possible to see a

high-frequency variation that is not present in the GWES estimation. These oscillations
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could be artifacts created by the filter when using the SNR with enhanced amplitude
measured by the GPS antenna of the PRP while tilted toward the horizon. The analysis
of this oscillation, however, requires an understanding of the antenna characteristics, such
as the antenna gain patterns, and how they influenced the solution given the new pointing

configuration.

The same GPS antenna orientation setup was used at the BEUE site, where the PRP
instrument was installed to test the real-time river monitoring results that can be obtained
with a larger reflecting zone than at the WESL site. The reflection zone at BEUE was
limited to an azimuthal range of 140° to 280° and elevation angles of 3° to 20°, implying
that the area across which reflections can be perceived is more than twice as wide as the
total area available at the WESL site. As a result, the number and duration of time

intervals without available measurements were reduced.

Figure 4.2.1.4: (a) Time series of 14 days of river level from the BEUE site river gauge and
real-time GNSS-IR retrievals. The mean was removed to enable comparison. (b) Residuals as
the difference between GNSS-IR retrievals and tide gauge records.
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The implementation was tested from November 2" to November 15, 2022. The filter
was initialized with an amplitude A of 190 Volt and a damping coefficient of 0.01. The
system noise parameters used are shown in Table 4.3 in column "BEUE", obtaining a real-
time river level solution with a RMSE of 1.9 em. As can be observed in Figure 4.2.1.4 (a)
and (b), more than 96% of the residuals are in the interval smaller than 5 ¢m, indicating
that the filter estimation accurately tracked the dynamics of the river level during the

days of GPS antenna operation.

With these results, it is feasible to deduce that real-time monitoring of river levels is
conceivable using low-cost devices like the PRP instrument when installed so that it
points towards the horizon and the water surface. This orientation setup enables the
accuracy of the results acquired to be equivalent to that of considerably more complex

and expensive geodetic antennas.
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Chapter 5

Conclusion and Outlook

The management of water resources, the protection of the environment, the prevention
of dangers, and the early warning of floods require control of the water level in real time
with monitoring systems capable of measuring variations in the water level accurately
while remaining safe and operational during flood events. Consequently, the objective of
this thesis was to evaluate water level estimates obtained with GNSS-IR in real time by

implementing a Kalman filter.

The Ensemble Kalman Filter (EnKF) was used to build a real-time GNSS-IR water level
monitoring system taking advantage of the easy implementation of the EnKF in nonlinear
systems that require a state vector with a large number of elements and the possibility
to avoid covariance matrix stabilization. The implementation was initially tested in the
estimation of the sea level variation by using data obtained by GNSS antennas capable of
measuring data from multiple satellite constellations and signals with a measurement rate
of 15 and 30 seconds in two different sites. The site TGMX, located in Puerto Morelos,
Mexico, and the site CALC, located on the coast of Louisiana, USA. To evaluate the
correctness of the real-time solution, sea level records from co-located tidal gauges were
used as ground truth sea level. The results showed that the implementation developed in
this thesis is capable of monitoring the sea level in sites with moderate tides with a good
performance following the dynamics of the ocean with differences between the estimated
water height and the reference value is less than 5 ¢m in more than 90% of the cases, and
nearly 100% less than 10 ¢m. Overall, an RMSE of less than 4.2 ¢m was achieved. This

demonstrates the potential of the developed implementation.

The usage of real-time implementation for storm surge monitoring was examined using

GNSS data collected in the site CALC during the passages of Hurricanes Harvey and Laura
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on the southern coast of the USA, in 2017 and 2020, respectively. The results provided
evidence that variations in water surface roughness can be assimilated by the filter to
the point where extreme storm winds minimize the specular reflections by substantially
increasing the significant wave height. Therefore, it is appropriate to consider the use of
the models applied in the estimation of the significant wave height by means of GNSS-IR
as an alternative to improve the performance of the real-time implementation under the

previously mentioned challenging conditions.

In the case of river monitoring, the real-time implementation was used with GNSS data
measured at the GWES station in Wesel, Germany, which is located on the bank of
the Rhine River. The results have shown good performance in monitoring river level
variations, including the measurement of flood occurrences, with an RMSE of 3.7 c¢m,
evidencing the high accuracy of the water levels estimated by the filter, and demonstrating
that real-time river level monitoring can be determined with precision comparable to that

obtained with river pressure gauges.

Data from devices that only measure GPS signals at the L1 frequency were used to
address the usage of low-cost devices for real-time GNSS-IR monitoring of the river level.
The implementation was carried out at the WESL site, located in Wesel, Germany, on
the bank of the Rhine River, using data obtained by the instrument in two different
orientation setups. The first setup has the GPS antenna pointing toward the zenith,
while the second has the antenna pointing toward the horizon and the direction of the
river. The results showed that when the low-cost antenna was mounted facing toward
the zenith, the river level calculations performed poorly, with RMSE of more than 43 cm.
Nevertheless, when the antenna was tilted 90° to the vertical, excellent performance was
attained with RMSE of 3.0 em. Demonstrating that results comparable to those obtained
using data acquired by more expensive and higher-quality antennas can be achieved.
These results support the use of low-cost devices as an alternative to monitoring water
surfaces with non-intrusive techniques. Exploring the use of low-cost devices capable of
measuring multiple constellations and signals is an alternative for future work to test the

accuracy of the solution in real-time monitoring of sea and river levels.

The implementation proved to be suitable for real-time monitoring of the dynamics of
water surfaces. The filter performance, however, is strongly dependent on the process
noise values used in each implementation. The process noise can vary depending on
external factors, such as the geometry around the receiver or meteorological conditions.
The absence of models that explain the underlying dynamics of the parameters involved
in establishing the process noise caused that in this thesis the process noise values were

chosen empirically and assumed as constant. Therefore, a more complete study of these
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parameters and their dynamics will be a task that can generate an improvement in the

results of this implementation.

On the other hand, the simplifications in the measurement model that describes the
oscillating part of the SNR cause signal changes associated with the surface and the
antenna gain pattern to be mixed in the damping coefficient. Thus, modeling the antenna
characteristics together with the Fresnel coefficients in the model function could improve

the interpretation of the surface properties.
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Implementing real-time water level retrieval for
GNSS interferometric reflectometry
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Abstract

Real-time water level monitoring enables the fast and precise
collection of information that may then be utilized to guide
emergency response and decision-making processes. Due to
the vulnerability of conventional measurement equipment dur-
ing extreme events, alternative non-intrusive techniques such
as ground-based GNSS Interferometric Reflectometry (GNSS-
IR) should be prioritized. For that reason, this thesis aims
to develop a real-time GNSS-IR implementation using Ensem-
ble Kalman filter (EnKF) to create a tool compatible with the
python package gnssrefl capable of monitoring water levels
both at the sea surface and in rivers. The results demonstrated
that the developed implementation can monitor sea and river
levels in real-time using GNSS high-quality devices with RMSE
of 4.2 cm. The use of low-cost devices was explored in river mon-
itoring, finding that it is possible to obtain RMSE values of 3.0
cm or lower when the instrument is installed pointing towards
the horizon in the direction of the river.

GNSS-IR | Real-time | Ensemble Kalman Filter | Flood monitoring | GNSS
Correspondence: s7alvega@uni-bonn.de

Introduction

Access to water has historically influenced human settlement
patterns and societal systems. Currently, roughly 10% of the
world’s population lives in coastal areas, which are home to
some of the world’s largest cities, while another large num-
ber has lived in areas near rivers and lakes (1, 2). Thus, nu-
merous human activities and water bodies have a strong in-
teraction, but these settlements are prone to natural calami-
ties and risks. Communities can be warned of potential flood
threats and take the required steps to preserve lives and prop-
erty by monitoring changes in water levels. Remote sens-
ing techniques such as ground-based GNSS Interferometric
Reflectometry (GNSS-IR) allow real-time monitoring, pro-
viding timely and accurate information, without the need to
install measurement instruments in vulnerable areas, which
makes it possible to guarantee the tracking of natural disas-
ters (e.g. floods) without losing crucial information that can
be used to inform decision-making and emergency response
activities.

GNSS-IR is based on the use of multipath effects to deduce
the properties of surfaces around the GNSS antenna. The
multipath is measured as the Signal-to-noise ratio (SNR),
which is a ratio between a signal and a reflected version of
it. As shown in Figure 1, the SNR is detected as an inter-
ference pattern whose oscillatory part (signal detrended by
means of a polynomial of degree 2) stores information from

Fig. 1. Placeholder image of Iris with a long example caption to show justification
setting.

the reflecting surface. Hence, SNR can be used to deduce the
position of the reflective surface.

The most commonly used method for GNSS-RI is the Spec-
tral analysis method which implements the Lomb-Scargle
analysis, which studies the oscillating pattern drawn by the
SNR to determine the dominant frequency f and uses it to
retrieve the height of the reflective surface. Focusing only on
the information carried in the detrended oscillating compo-
nent of the SNR, it can be defined as

SNR = Acos <@ sin(e)+<,9> (40

where A is the amplitude of the oscillations and ¢ a phase
delay caused by surfaces reflective properties (3) . Consid-
ering SNR as a sine wave function of sin(e), and h constant,
the frequency f of the signal can be described by (? )

f=5 @)

For water level, the assumption of a static reflective surface is
applicable only when it is relatively stationary during a satel-
lite pass. In the case of a dynamic surface with considerable
fluctuations the preceding premise is no longer valid. The re-
trieved height must be rectified by the change range in this



scenario (4), expressing the frequency by

where h represents the height range of change and ¢ the
change in the elevation angle.

An alternative approach for measuring dynamic surfaces is
the Least Squares inversion method Strandberg et al. (5). This
method builds on the idea of fitting modeled SNR by

3

SNR = A;cos <4W>}\L(t) sin(e) 4+ go) ¢~ hi* Asin® (€) “@
7

where the factor A is the damping coefficient that depends on
surface properties and antenna gain pattern and accounts for
signal attenuation. The subscript ¢ denotes that those param-
eters are satellite system and transmission frequency depen-
dent (e.g. GPS L1).

However, because the two aforementioned methods require
several observations to develop a solution, they are limited
to time-delayed solutions. For this reason, the goal of this
research is to create a way for using Kalman filtering tech-
niques in conjunction with the inverse modeling approach to
retrieve water levels in real time as a tool for GNSS-IR appli-
cations.

Current state of Kalman filter approach for
GNSS-IR

Focusing on the use of Kalman filters for real-time water level
retrieval, which is the main objective of this thesis, we came
across the implementation shown by Strandberg et al. (6) for
real-time sea level monitoring, in which the use of Unscented
Kalman filter (UKF), which is based on the unscented trans-
form (7), was explored as an alternative to deal with highly
nonlinear measurement models.

The definition of dynamic height sea level and the state vec-
tor in this approach is similar to the one used in the least-
squares inversion method. However, due to the nature of the
real-time processing, the number of scaling coefficients in the
state vector is limited. Therefore, a dynamic update of the
state vector was implemented by establishing a time window
for a given interval bounded by the scaling coefficients. The
results of this study showed that sea level real-time monitor-
ing with GNSS-IR is possible using the UKF and a dynamic
B-spline approach.

Kalman filter approach for water-level re-
trieval

The findings of Strandberg et al. (6) showed that sea level
real-time monitoring with GNSS-IR is possible using the
UKEF and a dynamic B-spline, obtaining water level retrievals
with good precision. Nonetheless, the imposition of a B-
spline dynamic model can cause the appearance of artifact
variations in the water level. Additionally, the UKF has
proven to be an easily implemented tool in multiple appli-
cations. However, the filter can be unstable depending on the

system noise and measurement noise that are chosen, easily
causing the filter to diverge. For this reason, the Ensemble
Kalman Filter (EnKF) as presented by Crassidis and Junkins
(8) is going to be explored in this thesis as an alternative ap-
proach for highly nonlinear models that can be implemented
for real-time water retrieval.

The EnKf is a prominent approach in various geoscientific
disciplines since it is a Monte Carlo-based version of the
KF for very large-dimensional, nonlinear, and non-Gaussian
state estimation problems. It is based on the idea that the
sample covariance can be used to replace the covariance ma-
trix P in the KF by employing a collection of N state vectors
(also called ensembles). Avoiding numerical issues that can
occur in trying to maintain and use the state covariance ma-
trix in other KF implementations (8). The samples collection
x] with j = 1,...,N is defined only at the beginning of the
implementation and is defined based on an initial state vector
o and an initial covariance Py as

& = N(zo, Po) )

The prediction step consists of passing the sample collection
through a model to estimate multiple future states of the sys-
tem. The method can be implemented with a nonlinear sys-
tem model f so that by

i.{|t71 = f(i"{futq) +w] (6)

where w; is the zero mean multivariante normal distribution
w~N(0,Q), with Q; as the system noise covariance matrix.
The subscript (¢|t — 1) and (¢ — 1|t — 1) denote the predicted
and prior states respectively.
The update step occurs at the moment new observations are
available, and consists of the use of the Kalman gain K and
innovation residuals §; to update the predicted collection of
samples by _ ' _

ﬁiu zaﬁg‘t71+th]§ ™

where subscript (¢|t) denotes that the updated stated corre-
sponds to the current time. The Kalman gain K is computed
using

Ky =P/ Pyt 8)
where PYY is an approximation of the cross-covariance of the
modeled observations given by

A :

Pf’yZmZ[@i—@d[ﬁi—ﬁt]TvLR )
j=1

where §j; is the mean of a collection of modeled measure-
ments defined with the predicted states :%il ¢ and the non-
linear measurement model h and given by

9 = (@], )+ (10)

with v; as the zero mean multivariante normal distribution
v~ N(0,R), with R; as the measurements noise covariance
matrix. And P;"Y given by

N
T 1 ~7 A ~] N
P = N_1 Z[Ii\t_1 — &[0 — )7 an
j=1



where Z4;_1 is the mean of the collection of predicted states.
After the update step, the resulting updated state vector &y
is computed as the mean of the states obtained with Equation
7.

The covariance matrix P is not needed in the computation of
the EnKF. However, it can be approximated using the sample
covariance through

N
R 1 N R v T,
P = ﬁ;[mi‘t DA 12)

The elements of the system state vector in the EnKF imple-
mentation are n normalized weighting factors W used in the
prediction step and the components of the Equation 4, the sur-
face height h, the damping factor A, amplitude A, and phase
delay ¢. The last two parameters are satellite-frequency-
specific. Hence, two state vector elements have to be esti-
mated for every satellite system and transmission frequency
used. The height and the damping factor are shared by all
reflected signals, so each adds only one element to the state
vector. The total number of state vector elements M is given
by

M=n+2My+2 (13)

The initial state vector xy elements were defined with the
0SN R from 24 hours previous. The initial height % is esti-
mated by using the LSP method, the initial amplitude A can
be estimated as the value of 30 of the 6 SN R, and the phase
delay ¢ can be initialized as a small value (e.g. 0.01 rad). Fi-
nally, good guesses of the damping factor A were empirically
defined as 0.1.

The initial covariance matrix Py is needed to define the sam-
ple collection of the EnKF. The initial values were defined as
high variances so that the sample spreads out around the ini-
tial values and allows the filter to converge towards the best
estimates of the state of the system. The weighting factors W
are initialized with O variances.

Once the filter is started, the prediction step is defined to

n
Bojpor = Eg1pp—1+ Y Willhy i+, (14)
i=1

where the best prediction of the future state £4;_1 is the pre-
vious state &; ;1 plus a weighted moving average of the
height changes 6h;_; determined in n*"* previous times, mul-
tiply by the weighting factors W;, plus the process noise wy
that accounts for the possible error in the prediction step.

At the beginning of the implementation, the weighting factors
are estimated as

1

Wi= R

where At is the sample rate of the SNR used in the imple-
mentation. And normalized so that ) ;" ; W; = 1. Subse-
quently, the n'" power factors are added to the state vector
so that the filter takes care of updating them based on the
evolution of the data.

Under normal conditions, no significant changes are expected
in water level in short periods of time. Likewise, as was ex-
plained by Strandberg et al. (5), the other state elements can
be considered to be slowly variable even in long periods of
time (e.g. days) and affected in part by surface conditions
that are difficult to predict. Therefore, in this implementa-
tion, all these external factors are considered constant and
their changes as random processes defined by small process
noises, allowing the elements of the state vector to change
during the update process if the residuals are improved.

The process noises determine how well the EnKF implemen-
tation will estimate the water level and the other parameters
of the system state. As the real water level dynamic is site-
specific and also depends on external factors, the right pro-
cess noise is difficult to be defined. In this study, the pro-
cess noise for every tested site was empirically established
to guarantee a stable solution under the site conditions at the
moment the data was measured. The same process noise was
defined for all amplitude and phase delay parameters. In the
case of the weighting parameters, a small system noise of
1210~ is added to allow the filter to add small updates to
the factors. In the update step, as the real measurement noise
is unknown, is defined as the variance of the ) SN R.

The real-time solution performance is evaluated by compar-
ing the results along with tide or river gauges time series by
using RMSE, which is a common way to estimate how pre-
dicted values match up to observed values by

N 2
N XX
RMSE — \/ 2= K ;ij obs) (15)

where X4 and X ps are vectors of N the predicted and
observed values respectively.

Results and Discussion

The resulting real-time water level estimations were evalu-
ated by comparing them to co-located tide or river gauges
water level series. Two coastal sites (TGMX and CALC)
were used to assess the real-time sea level monitoring and
the detection of storm surges, while real-time river level mon-
itoring and river flood detection were evaluated in three river
bank sites (GWES, WESL, and BEUE). At the same time,
in the river bank sites (WESL and BEUE), it is explored the
use of low-cost antenna data as a data source for river level
monitoring in real-time.

Both TGMX and CALC are sites with GNSS stations that
records GPS, GLONASS, and Galileo in time intervals of 15
seconds and have a clear line of sight in the direction of the
sea surface. The TGMX site has a reflection zone that covers
160° between its azimuthal limits (almost 50% of available
data). In terms of the elevation angles, data in the range of
4° to 20° were used. The CALC site has a reflecting zone
with azimut limits of 190° to 340°, while the elevation angles
include angles between 4° to 25°.

In TGMX, the estimation was computed from February 1
to March 14t", 2022, using all the available observations.
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Fig. 2. Placeholder image of Iris with a long example caption to show justification
setting.

Fig. 3. Placeholder image of Iris with a long example caption to show justification
setting.

The implementation was run using SNR data with a fre-
quency of 15 and 30 seconds. A subset of seven days of
the tide gauge records and real-time GNSS-IR solution is
presented in Figure 2 (a). As a result, the real-time solu-
tion showed a RMSE of 2.8 ¢m. The same result was ob-
tained when using 15 and 30 seconds data. This is because
the change in sea level that occurs in both time intervals is
equivalent. The residuals (Figure 2 (b)) showed a good per-
formance of the real-time solution. The high-frequency vari-
ation noticed in the tide gauge time series is due to the fact
that the radar sensor is installed outdoors and its measure-
ments are affected by near-shore waves.

In CALC, the estimation was computed from November 22th
to December 10", 2022, using all the available observations.
The GNSS-IR real-time solution using both frequency rate
data showed a RMSE of 4.2 cm.

The usefulness of the real-time implementation was proved

for storm surge observation with data collected at the site
CALC in 2017 and 2020. Between August 25" and 29",
2017, Hurricane Harvey moved through the area of the Gulf
of Mexico generating storm surges that hit where CALC is
located. While in the period from August 26" to August
28t" 2020, Hurricane Laura passed directly over the CALC
site. Allowing the influence of these atmospheric phenomena
on the sea level to be measured on both occasions. And it was
found a good performance obtaining a RMSE of 4.4 ¢m mon-
itoring storm surges, the same precision achieved at that site
when monitoring sea level under normal conditions. How-
ever, it was determined that when the winds caused by the
hurricane reached speeds higher than 30 m/s there is an in-
crease in the roughness of the water surface as a consequence
of the increasing significant wave height that decreases the
specular reflection to the point in which the filter is not able
to assimilate the water surface changes.

The real-time river level determination with GNSS-IR was
explored to assess the capability of the implementation to re-
trieve river levels, but it also focused on the monitoring of
level increases that can cause flooding.

The study was conducted on the sitt GWES from July 15
to July 315, 2021, using all the available observations (e.i.
GPS, GLONASS, and Galileo) with an observations fre-
quency of 30 seconds. The period of time studied is relevant
because, during it, significant rainfall drastically increased
the level of various bodies of water, inducing flood events. In
the case of the Rhine, the river level rose by more than 4.9
m. The reflection zone was delimited to the azimuth interval
260° to 320° and the elevation angles from 5° to 15°. This
small size of the reflection zone results in multiple intervals
of up to 90 minutes with no measurements in which the filter
cannot update the state vector. Nevertheless, the final result
demonstrated that the filter estimation was capable of accu-
rately drawing the level changes before, during, and after the
rise of the river level (see Figure 3 (a)). Obtaining a RMSE
of 3.7 cm.

Based on the good performance obtained using high-quality
GNSS antennas, it is appropriate to examine if it is possible
to use observations obtained with low-cost GPS devices for
the real-time monitoring of rivers.

A PRP instrument (9) was installed in the sites WESL and
BEUE in different epochs. In both test sites GPS L1 obser-
vations were recorded in time intervals of 1 second (1 Hz).
However, the SNR data rate was decimated at 30 seconds in
order to match the results with what has been previously ob-
tained using more sophisticated GNSS antennas. The WESL
site shares location with GWES. Therefore, both have a simi-
lar line of sight to the river surface, with the same limitations.

During its operation in WESL, the PRP instrument was used
in two different orientation setups. At first, the GPS antenna
was installed in the zenith orientation position, while in the
second orientation set-up, the antenna was tilted 90° from the
vertical direction toward the river. For this reason, the use
of real-time implementation was studied using both data sets
separately. The first part of the study was conducted from
July 1% to July 315, 2021. In this period, the GPS antenna



was installed in the zenith orientation position.

The estimations showed poor results, in which the filter was
not able to follow the variation of the river level accurately
with a RMSE of 43.3 ¢m. For comparison, the data obtained
by GWES were processed again but used only the GPS L1
signal yielding results with an RMSE of 5.6 cm. However,
when implementation was tested from September 215¢ to Oc-
tober 21%%, 2021. With the instrument pointing toward the
river, the real-time river level solution was determined with a
RMSE of 3.0 em. Therefore, the difference between the re-
sults must be mainly related to the capability of each device
to measure satellite signals accurately.

The same GPS antenna was used at the BEUE site. The PRP
instrument was installed pointing toward the river. The re-
flection zone at BEUE was limited to an azimuthal range of
140° to 280° and elevation angles of 3° to 20°, implying that
the area across which reflections can be perceived is more
than twice as wide as the total area available at the WESL
site. The implementation was tested from November 2"¢ to
November 15", 2022, obtaining a real-time river level solu-
tion with a RMSE of 1.9 cm.

Conclusions

With these results, it is feasible to deduce that real-time mon-
itoring of river levels is conceivable using low-cost devices
like the PRP instrument when installed so that it points to-
wards the horizon and the water surface. This orientation
setup enables the accuracy of the results acquired to be equiv-
alent to that of considerably more complex and expensive
geodetic antennas.

The Ensemble Kalman Filter (EnKF) was used to build a real-
time GNSS-IR water level monitoring system. The imple-
mentation was tested in the estimation of the sea level vari-
ation by using data obtained by GNSS antennas capable of
measuring data from multiple satellite constellations and sig-
nals with a measurement rate of 15 and 30 seconds in two
different sites. The results showed that the implementation
developed in this thesis is capable of monitoring the sea level
in sites with moderate tides with a good performance follow-
ing the dynamics of the ocean with differences between the
estimated water height and the reference value is less than 5
cm in more than 90% of the cases, and nearly 100% less than
10 em. Overall, an RMSE of less than 4.2 ¢m was achieved.
This demonstrates the potential of the developed implemen-
tation. In river monitoring, the real-time implementation
has shown good performance in monitoring river level varia-
tions, including the measurement of flood occurrences, with
an RMSE of 3.7 ¢m, evidencing the high accuracy of the wa-
ter levels estimated by the filter, and demonstrating that real-
time river level monitoring can be determined with precision
comparable to that obtained with river pressure gauges.

The usage of real-time implementation for storm surge mon-
itoring provided evidence that variations in water surface
roughness can be assimilated by the filter to the point where
extreme storm winds minimize the specular reflections by
substantially increasing the significant wave height. There-
fore, it is appropriate to consider the use of the models ap-

plied in the estimation of the significant wave height by
means of GNSS-IR as an alternative to improve the perfor-
mance of the real-time implementation under the previously
mentioned challenging conditions.

Results using data from devices that only measure GPS sig-
nals at the L1 frequency showed that when the low-cost an-
tenna was tilted 90° to the vertical, excellent performance
was attained with RMSE of 3.0 cm. Demonstrating that re-
sults comparable to those obtained using data acquired by
more expensive and higher-quality antennas can be achieved.
These results support the use of low-cost devices as an alter-
native to monitoring water surfaces with non-intrusive tech-
niques. Exploring the use of low-cost devices capable of
measuring multiple constellations and signals is an alterna-
tive for future work to test the accuracy of the solution in
real-time monitoring of sea and river levels.
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Implementing real-time water level retrieval for GNSS
interferometric reflectometry
Master thesis submitted by Alonso Vega-Fernandez

Abstract

|
Real-time water level monitoring enables the fast and precise collection of information that may then be utilized to guide emergency response and decision-making
processes. Due to the vulnerability of conventional measurement equipment during extreme events, alternative non-intrusive techniques such as ground-based g
GNSS Interferometric Reflectometry (GNSS-IR) should be prioritized. For that reason, this thesis aims to develop a real-time GNSS-IR implementation using
Ensemble Kalman filter (EnKF) to create a tool compatible with the python package gnssrefl capable of monitoring water levels both at the sea surface and in W
rivers. The results demonstrated that the developed implementation can monitor sea and river levels in real-time using GNSS high-quality devices with RMSE of
4.2 cm. The use of low-cost devices was explored in river monitoring, finding that it is possible to obtain RMSE values of 3.0 cm or lower when the instrument u
is installed pointing towards the horizon in the direction of the river. -
|
|

Study area Real-time implementation

» The Ensemble Kalman filter (EnKF) was implemented to create a tool
compatible with the python package gnssrefl capable of monitoring water
levels both at the sea surface and in rivers.

» The prediction of the state was enhanced by taking into account the height
changes of n instates towards the past, assigning weights so that the
changes closer to the present have greater weight.

Fig. 1. Test site TGMX. (a) Mask, azimuth:  Fig. 2. Test site CALC. (a) Mask, azimuth: » The measurement model is based on the function of the SNR inverse
30°-190° and elevation angle: 4>-20°. (b) 190°-340° and elevation angle 4°-25°. (b) modeling method.
Location. Location. 4Ah(t 2
SNR = A; cos ( )\( )sin(e) + (,0) ek hsin’(e) o))
i

» Observations are SNR values measured using GNSS antennas measuring
multiple satellite constellations and frequencies. In addition to low-cost
devices that only measure GPS L1.

» The filter solutions were compared with measurements from tide gauges and
river gauges to estimate the precision of the result by

Fig. 3. Test site WESL. (a) Mask, azimuth: Fig. 4. Test site BEUE. (a) Mask, azimuth: N 2
o o . . E° 1Re o o . o Ane Z':l (Xpred' - Xabsj)
260°-320° and elevation angle: 5°-15°. (b) 140°-280° and elevation angle 3°-20°. (b) RMSE = J J )
N

Location. Location.

. o . Fig. 5. (a) River level estimation, GWES. (b) Residuals
Fig. 5. (a) Sea level estimation, TGMX. (b) Residuals

The developed implementation can monitor sea level in real-time using measurements that capture multiple constellations and frequencies with RMSE of 4.2 cm.
However, the performance of the filter was limited when facing extreme conditions where the surface roughness ban specular reflections. River level in real-time
was determined with RMSE of 3.7 cm. The use of low-cost devices showed that it is possible to obtain RMSE values of 3.0 cm or less when the instrument is
installed pointing towards the horizon in the direction of the river.
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time river level monitoring when installed by tilting the antenna 90° from the
vertical direction toward the river.

Institut fiir Geodasie und Geoinformation

Professur fiir Astronomische, Physikalische und Mathematische Geodisie
Nussallee 17, 53115 Bonn



	Introduction
	The importance of real-time monitoring of water level
	The contribution of GNSS-IR to real-time water-level measurements
	Principle of GNSS-IR for water-level measurement
	Spectral analysis method
	Least Squares Inversion method
	Sensing zones definition for GNSS-IR in water level monitoring

	Contribution of this study
	Thesis structure

	Water level determination using a Kalman filter approach in real-time
	Current state of Kalman filter approach for GNSS-IR
	Kalman filter approach for water-level retrieval
	Implementation for real-time water-level retrieval

	Study area and data collection
	Study areas
	TGMX site
	CALC site
	GWES site
	WESL site
	BEUE site

	gnssrefl software Overview

	Results and Discussion
	Real-time sea level monitoring
	Reflecting zone size impact
	Coastal storm surges monitoring

	Real-time river level monitoring and flash floods detection
	Real-time river level monitoring with low-cost antenna


	Conclusion and Outlook
	List of Abbreviations
	List of Figures
	List of Tables
	References
	Appendices
	Summary Paper
	Poster




