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ABSTRACT

Forest rainfall Interception is the portion of the gross rainfall that does not reach the soil due to the
leaves and branches of the tree. It is one of the important aspects related to hydrology. It influences
the climate system through its role in the hydrological cycle. Forest rainfall interception influences
the amount of infiltration on the forest floor, sub-surface run-off, soil moisture as well as flood
generation. This study attempts to detect forest rainfall interception using GNSS measurement
with a low-cost antenna. The global National Satellite System (GNSS) is a constellation of satellites
for timing and positioning. The signals from GNSS are influenced (degraded) by the nearby surface
of an object and can be recorded as Signal to Noise ratio (SNR) using a low-cost GNSS antenna.
SNR from GNSS is such undervalued information as the signals that travel through the atmosphere
and forest will degrade the GNSS signal which is commonly discarded for positioning purposes.
However, the SNR information has been successfully used to derive geophysical information such
as snow depth, soil moisture, wind speed etc. The attenuation of the GNSS signals due to forest
has been analysed by Liu et al. (2017) to predict attributes such as biomass, and diameter at the
breast height (DBH) of the forest. This opens up an idea to analyse the effect of GNSS signal
attenuation due to rainfall interception. Forest rainfall interception in this study was estimated
using a physical-based model by Gash, Lloyd, and Lachaud (1995). The low-cost GNSS antenna
receiver was installed under the canopy that continuously received the signals transmitted by
GNSS satellites. The signals recorded in SNR were correlated to the forest rainfall interception
that has been estimated using Gash et al. (1995) model in an attempt to test the ability to detect
interception with a low-cost antenna. The SNR data was represented in two metrics from each
pass of a single satellite which are the mean value and intercept value of quadratic polynomial of
SNR data. This was performed in two different scenarios based on the azimuth angle of 0-120°and
elevation angle of 20-70°for scenario I and it was a 60-90°azimuth angle and 40-60°¢levation angle
for scenario II. It was hypothesized that SNR data will have a negative/reverse correlation with
forest rainfall interception as the presence of water will attenuate/degrade the signals. However,
the metrics extracted from these two scenarios established in this study did not give a significant
correlation when they were plotted against forest rainfall interception. Some of the challenges
and limitations were highlighted that might influence this current study. these issues are the lack
of in-situ measurements for meteorological data and the latest data for forest parameters, and the
impact of atmospheric attenuation remains unknown. Hence, for future study, these issues should
be solved or minimized.
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Chapter 1

Introduction

1.1 THE IMPORTANCE OF CAPTURING RAINFALL INTERCEPTION

Rainfall interception is the amount of rainfall intercepted by the forest and evaporates back into
the atmosphere. The amount of rainfall that does not manage to reach the soil is quantified as
the interception loss (mm). The interception loss based on I. R. Calder (1990) in the upland
catchments of Britain accounts for 35% with annual rainfall > 1000mm and about 40-50% in the
area where the rainfall is around 500-600 mm. However, interception loss does not depend only on
the intensity of rainfall but it depends also on vegetation type, structure and cover of the forest
and potential of evaporation (Carlyle-Moses & Price, 2007; Chow,|1959; Dunne & Leopold, 1978;
V. Jetten, [1996; Llorens & Domingo,|2007). Based on the study conducted by Cisneros Vaca, Van
Der Tol, and Ghimire (2018), the interception loss (mm) accounts for 38% of gross rainfall in a
mature Douglas fir stand in the Netherlands.

Based on the proportion of forest interception on rainfall, the interception loss can not be disre-
garded from hydrological models. Through hydrological cycle interception influences, the climate
system and the recycling of the local rainfall (Bonan,|2008; Rotenberg & Yakir,|2010). In the hydro-
logical cycle, interception is the first chain from rainfall to run-off which influences infiltration (soil
moisture). Some models have developed due to the significance of rainfall interception. Amongst
the models that have been developed, the physical-based models have been considered the most for
the Interception study (Muzylo et al., 2009). These physical models are the analytical model of
rainfall (Gash et al.,|1995) and storm-based analytical (Gash,|1979). Both the models are further
explained in the next chapter under the section [2.2]for the need of this study.

Most of the interception loss studies were conducted at the plot level of trees where throughfall
which is the portion of rainfall that can reach the forest floor is measured (David et al.,|2006; Gash
& Morton, [1978; Ghimire, Bruijnzeel, Lubczynski, & Bonell, 2012; Mateos & Schnabel, 2001;
Pereira et al.,|2009). From the measurements of the throughfall where the fractions of interception
loss are derived (Aston, [1979; Bryant, Bhat, & Jacobs, 2005; Ian R Calder, 2001; Goémez, Giraldez,
& Fereres, 2001; Victor Gerlof Jetten et al.,|1994; Pypker, Bond, Link, Marks, & Unsworth, 2005).
At the large-scale level, it would be difficult to implement these studies. Therefore, to provide the
solution for interception loss estimation, new techniques such as GNSS signal measurement are
worth investigating.
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Forest Thickness

Antenna receiver

Antenna Height (H)

Figure 1.1: GNSS signals received by the ground-based antenna which consist of direct signals, reflected signals and scattered
and attenuated signals that penetrate through forest canopy

1.2 SIGNAL TO NOISE RATIO AS AN UNDERVALUED SOURCE OF INFORMATION

The Global Navigation Satellite System (GNSS) is a constellation of satellites that transmit signals
for positioning and timing data to a ground-based receiver. GNSS signals are degraded negatively
by the signals reflected by the nearby surface of an object. Figure[L.1]illustrates the signals received
by the antenna installed under the canopy. The antenna does not only receive direct signals but
also signals that have been scattered and attenuated by the forest or might be some of the reflected
signals from the forest floor. The reflected signals travel a longer path compared to direct signals
before arriving at the antenna. The reflected signals and those signals that have been scattered and
attenuated will interfere with direct signals known as multipath.

The multipath can be visible in the Signals to Noise Ratio (SNR). For positioning purposes, the
multipath effect causes noise which needs to be mitigated. This can be done by rejecting low
elevation signals, using a geodetic antenna which is less sensitive to reflection and left-hand circular
polarized (LHCP) signals and using SNR for outlier detection and weighing in position algorithms.
However, GNSS Reflectometry takes advantage of this as the source of valuable information such
as geophysical characteristics of the earth’s surface properties such as sea level (Lowe et al., 2002

Martin-Neira, , sea ice thickness (Komjathy, Maslanik, Zavorotny, Axelrad, & Katzberg, @b
land surface conditions, including snow depth (Cardellach, Fabra, Rius, Pettinato, & D’Addio,

2012; Rodriguez-Alvarez, Camps, et al.,2011), soil moisture (Masters, 2004).

Furthermore, GNSS signal strength which is measured in SNR can be used to predict forest
attributes such as diameter at breast height, tree height and stem volume (Liu et al.,[2017). The
signal penetrates through the forest canopy is analysed to see how the attenuation by the forest
canopy impacts the SNR. Besides, Rodriguez-Alvarez et al. tried to retrieve vegetation
water content by observing the attenuation power of GNSS signals. This study has enabled the
first approximation to infer a factor related to leaves and opacity of the forest and it shows good
agreement of the GNSS measurement and ground truth data of a factor related to leaves (r = 93%)).
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1.3 THE ADVANCEMENT IN GNSS REFLECTOMETRY

GNSS multipath signals have been exploited opportunistically to retrieve land surface characteristics
such as soil moisture, snow depth, and vegetation changes. These versatility results can be the
source of opportunities to implement GNSS reflectometry as a promising remote sensing technique
(Jin, Cardellach, & Xie, 2014; Zavorotny, Gleason, Cardellach, & Camps, 2014).

Wind Speed

Komjathy et al. (2004), found that the estimated wind speed produced from surface-reflected GPS
data shows good agreement (within 2 m/s) with data from a nearby buoy and independent wind
speed measurements taken from the TOPEX /Poseidon altimetric satellite. This was done by
collecting the measurement of GNSS reflected signals using aircraft with a delay mapping receiver

during flights to the Hurricanes Michael and Keith in October 2002.

Soil Moisture

In the study conducted by Larson et al. (2009) on soil moisture, over 7 months from the con-
tinuously operating geodetic quality GPS receiver in the U.S. that manage by Planet Boundary
Observatory (PBO), National Science Foundation (NSF) and National Geodetic Survey (NGS).
The soil moisture measurements from conventional water content reflectometer sensors (in-situ
measurement) demonstrate good agreement (r? = 0.9 to 0.76) with the variation in the frequency
of reflected GPS signals, with the majority of the disagreement occurring when the soil moisture
content is less than 0.1 cm? /cm®.

Snow Depth

For the study on snow depth, McCreight, Small, and Larson (2014), discovered that the mean snow
depth measured manually at 18 sites in the Rocky Mountains, in the U.S., in the 1000 m? scale
region around each antenna is reasonably similar to the daily snow depth determined from GPS
reflection data. This comparison covers depths ranging from 0 to 150 cm on average across the site.
Across this range of snow depths, the GPS depth data showed a minor negative bias (around -6 cm).

GNSS reflectometry has become one of the alternatives for earth observation over the last two
decades. The interest in GNSS signals reflected from the Earth’s surface to monitor various
geophysical parameters has rapidly grown. GNSS operation is regarded as highly precise, and
continuous with a near real-time temporal resolution, as well as the weather condition does not
bind it for the measurement since it operates in the L-band of the frequency spectrum (1-2 GHz).
The signal is not very sensitive to clouds and rain hence, the impact of rain on the transmitted
signals is negligible (Balasubramaniam & Ruf, [2020).

The characteristics mentioned above indicate that GNSS has huge advantages to be applied to
various objects and surfaces. However, all the studies mentioned above used expensive devices
e.g., geodetic-quality GNSS receivers. This antenna is designed to screen off multipath signals
but for GNSS reflectometry the multipath is the source of information to be captured. The
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Figure 1.2: The upper picture shows the SNR of a single satellite as the function of elevation angle. It contains direct signals
and reflected signals from the planar reflector hence, we can still see the oscillation compared to the lower picture which shows
SNR data from the antenna installed under the canopy due to reflected signals coming from everywhere (tree leaves, branches
and might also be from the forest floor(modified from Chang et al. (2019))

expensive antennas are also more sensitive to right-hand circular polarized (direct signals) compared
to left-hand circular polarized signals (reflected) (Jiang & Groves, 2012). Besides, this type of
antenna has a hemispherical dome shape which can not catch all the signals reflected from below
the antenna. However, the low-cost antenna has disadvantages such as larger antenna phase centre
errors. Low-cost antennas are also sensitive to left-hand circular polarized signals which are coming
from the reflection (of Right-hand circular polarized GNSS signals) but these disadvantages re
actually advantages for GNSS reflectometry.

1.4 THE CHALLENGE OF FOREST CANOPY SENSING

A few vegetation sensing studies have been done to estimate the biophysical properties and growth
based on the effect of vegetation on multipath GNSS signals. Small, Larson, and Braun (2010),
described a GPS multipath approach for estimating vegetation growth by using the schedule of
agricultural manipulation (planting, cutting, etc.) that enabled to isolate the impact of vegetation
growth on GPS multipath. Subsequently, this method can provide height and vegetation water
content. In fact, according to Rodriguez-Alvarez, Bosch-Lluis, et al. (2011) the study of vegetation
height retrieval showed that the mean retrieval of two different plants e.g., wheat, barley and
maize agree well with ground truth data. Maize height results are quite satisfied with the Pearson
correlation coefficient (p) and the coefficient of determination (R?) ~ 99.74%. The wheat field
was shown p ~ 89% while the coefficient of determination R? ~ 80 and barley field with ~ 97%
and R? ~ 94%.

Different from the forested area, the two studies above were carried out using GNSS reflectometry as
the assumption of the planar reflector can be applied. The GNSS reflectometry is further explained

in chapter 3 under the section and The example of the signals recorded through SNR

for planar reflectors and non-planar e.g., antenna installed under the canopy can be seen in the

figure

In the forest setting Liu et al. (2017), tried predicting forest attributes by analysing the attenuation
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of the GNSS signals due to forest canopy. The data was collected using 2 receivers installed on an all-
terrain vehicle (ATV) platform. The ATV was moving inside the forest to collect signals under the
canopy called the in-forest receiver. The other receiver was placed in the open space condition called
the out-forest receiver which measured the strength of signals without forest attenuation. Forest
attributes, including mean canopy height, were predicted using statistical features from signals loss
due to forest attenuation. The most common remotely sense forest canopy height estimations are
using synthetic aperture radar (SAR) (InSAR), including polarization interferometry (PolInSAR),
(Patenaude, Milne, & Dawson, |2005) which are validated by using airborne imaging light detection
and ranging (LiDAR). However, the inconvenience of LiDAR is high operating cost, during heavy
rain or with low-hanging clouds it is ineffective and due to the huge data sets and complexity of the
data collected, data analysis may require advanced skilled techniques.

1.5 CONTRIBUTION OF THIS STUDY

The forest information retrieval through analysing GNSS signals attenuation opens up the idea to
perform the same study on forest rainfall interception. This study will observe the detectability of
forest rainfall interception through GNSS measurement using a low-cost antenna receiver. Similar
to Liu et al. (2017), the attenuation of the GNSS signals will be analysed. It is assumed that the
presence of water in the canopy will further attenuate the GNSS signals. This attenuation effect
may then be observed through the SNR.

Different from Liu et al. (2017) that used two antennas in two different settings(inside the canopy
and outside under the open sky) to analyse the attenuation of the GNSS signals, this study only
used a low-cost antenna installed under the canopy. One of the antennas was also installed above
the canopy but it was not working. The attenuation will be analysed based on the SNR of dry
conditions and wet conditions. The metrics from the SNR as well as forest rainfall interception
will be derived and analysed to find any correlation.

Some challenges may occur from this study such as the antenna might pick up signals from the
planar reflector forest floor and atmospheric water vapour change. It will be further explained in
chapter 3 regarding how significant these two effects are and whether they could be ignored. The
impact of signals from the forest floor is explained under the section and the impact of water
vapour change is explained under the section[3.3.1]

1.6 OBJECTIVES AND RESEARCH QUESTIONS

Main Objective

The main objective of this study is to assess the capabilities of using a low-cost GNSS receiver on
detecting forest rainfall interception through GNSS signals measurement. The GNSS signals will
be recorded as Signal to Noise ratio (SNR) and analysed based on the dry and wet conditions of the
forest.
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Sub-Objectives

In an attempt to achieve the main objective, it can be further broken down into several sub-objectives
as follows:

Defining a suitable metric for forest rainfall interception from forest canopy information
and meteorological data available.

Defining metric from GNSS signals measurement from SNR data recorded by the low-cost
antenna.

* Correlating the SNR from GNSS measurement to forest rainfall interception.

Testing whether the low-cost antenna can work.

Research Question

* How to compute a representative interception estimate for the site based on the forest canopy
information and meteorological data available?

e How useful are the metrics extracted from the SNR data?

® What is the correlation between forest rainfall interception and SNR data from low-cost
antenna measurement?

® What are the indications or findings to conclude whether the low-cost antenna can work for
this study?

1.7 THESIS STRUCTURE

The details of the study in this thesis are presented in 7 chapters and they are outlined as follows,

Chapter 1| describes the importance of the research of this thesis regarding the forest rainfall
interception|[L.1] This chapter also describes the SNR as the undervalued source of information|1.2}
The advancement in GNSS reflectometry highlights the applicability of the GNSS-R technique|1.3]
Furthermore, The challenge of the forest canopy sensing section is provided[1.4] Subsequently, the
contribution of the study in this thesis[1.5} as well as the main objective and sub-objectives, are also

described

Chapter [2| is dedicated to the interaction of the forest canopy with the surface. This chapter
describes the importance of the forest canopy and its interaction 2.1 which highlights the role of
rainfall interception as one of the significant components of the interactions. The last section of
this chapter describes how the forest rainfall interception is derived It is important to first
understand the interaction of the forest canopy, especially the role of rainfall interception as the
main object of this study. This section will give insight before it is further described from the
perspective of GNSS measurement in the next chapter.

Chapter 3| describes the sensitivity of GNSS observations to forest observable. This chapter is the
continuation of chapter 2 but more from GNSS measurements. This chapter firstly describes the
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principle of GNSS[3.1hnd The measurement of the GNSS signal 3.2] The GNSS signal strength3.3]
which includes the impact from the attenuation due to the forest canopy, atmosphere and forest
rainfall interception, is discussed in this chapter. The multipath effect and SNR for GNSS-
Reflectometry [3.3.3]are also provided. Subsequently, the last section is discussing the summary of
SNR as an undervalued source of geophysical information 3.4

Chapter [4| describes the Study areaft.1] the dataset and the instrument [4.2]in this study as well as
the methodology [4.3| where data are being processed for forest rainfall interception and SNR data
from GNSS measurement.

Chapter [5| Presents the result of all analyses conducted in this study including the estimation of
forest rainfall interception [5.1jand How is the relationship between SNR and Interception loss

Chapter [6| Presents the conclusion of this study as well as a Discussion which discuss the overall
findings, and limitations. The conclusion and discussion are presented by answering the research
questions related to the objectives of this study

Chapter [7| Presents the potential direction and recommendation for the future study based on the
discussion and elaboration of the findings as well as limitations from the previous chapter.
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Chapter 2

Interaction of The Forest Canopy With The Surface

2.1 THE IMPORTANCE OF FOREST CANOPY AND ITS INTERACTION

Forest canopy is defined as "the aggregate of all crowns in a stand of vegetation" (Parker, Lowman,
& Nadkarni, [1995). The canopy of a single tree consists of the crown rim and the interior of the
crown. The rim includes the leaves and small twigs which is the part that gets mostly exposure to
the sun. The crown interior includes the trunk and main branches which shapes the tree (Nadkarni,
Merwin, & Nieder, 2013).

The forest canopy is where the primary gas exchange happens between the atmosphere and veg-
etation. Approximately, it is responsible for 50% of carbon exchange between the atmosphere
and terrestrial ecosystem is made up by the forest canopy. The forest ecosystem is one of the key
components of the global climate and terrestrial carbon cycle as it is an important carbon sink
(Banskota et al.,|2014). Forest serves a function as a carbon sink to reduce the build-up of CO; in
the atmosphere which is one of the greenhouse gasses driving climate change.

The linkage between forest and climate change can be understood through the hydrological cycle.
The forest canopy function as an interception for the rainfall. The forest canopy will intercept a
large amount of rainfall that falls on it while some of it will reach the forest floor. In the hydrological
cycle, rainfall interception is the first process in the chain from rainfall to run-off. The amount
of rainfall interception will influence the infiltration on the forest floor, sub-surface runoff, soil
moisture (moisture recycle) and recharge flood generation (Tsiko, Makurira, Gerrits, & Savenije,
2012).

The significant role of the forest canopy in the hydrological cycle on how it interacts with other
components such as rainfall and surface run-off and infiltration (soil moisture) makes it relevant
to study. Remote sensing mission through microwave signals on soil moisture retrieval showing
the significant impact of the forest canopy on the signals that need to be corrected. Similar to the
signal for positioning purposes from the GNSS satellite constellation, the forest canopy is also
impacting this signal. This enables the study of the retrieval of forest canopy attribute through the
measurement of GNSS signals. This will be further explained in the next chapter under the section

The measurement of the GNSS signal related to the forest canopy opens up the opportunity to
also observe the detectability of forest rainfall interception. It is assumed that the presence of water
on the forest canopy will impact the GNSS signals. This case will be explained in detail in the next

chapter




DETECTABILITY OF FOREST RAINFALL INTERCEPTION THROUGH GNSS SIGNAL MEASUREMENT WITH LOW-COST RECEIVER

2.2 FOREST RAINFALL INTERCEPTION

Rainfall interception refers to the part of rainfall captured by the vegetation which unable to
reach the soil before it is evaporated back to the atmosphere (Cisneros Vaca et al., 2018). Rainfall
interception is an essential factor to understand in the hydrological cycle as it is estimated to account
for around 24-45% of gross rainfall in coniferous forest (Carlyle-Moses & Gash,2011; Gash, Wright,
& Lloyd,|1980; Rutter, Morton, & Robins, |1975).

The process of forest canopy interception is where the rainfall stays in the canopy until it evaporates
back into the atmosphere generating a rainfall loss of 9% - 60% the gross rainfall in general (Ma, Li,
Luo, Shao, & Jia, 2019). The interception loss (I, mm) due to the forest canopy is controlled by
several factors such as the structure of the canopy (canopy storage capacity), Characteristic of the
rainfall (duration, low and high intensity), the composition of the species of the vegetation, climatic
condition (evaporation of the wet canopy) (Carlyle-Moses & Price, 2007; Llorens & Domingo,
2007).

There have been many physically-based models developed to estimate rainfall interception of forests.
Based on the review conducted on 15 selected models of the rainfall interception by Muzylo et al.
(2009), the models that were mostly used were the storm-based analytical (Gash,|1979) and analytical
model of rainfall (Gash et al.,[1995) (69 cases application). The storm-based analytical(Gash et al.,
1995) was broadly used to estimate the rainfall interception based on the forest canopy, trunk, rainfall
rate and meteorological factors. The storm-based analytical model from Gash (1979) calculates the
interception by the canopy and trunk separately, hence more parameters are required such as trunk
storage capacity (S;) and stemflow (Pt) which are difficult to obtain.

The Gash model estimates rainfall interception into two conditions: low rainfall that will not
saturate the canopy where gross rainfall (Pg)< threshold value needed by the rainfall to saturate
the canopy (P’). The threshold value of gross rainfall required to saturate the canopy can be given
as follows:

Infl - (=)] 2.1

The threshold value of gross rainfall that can saturate the canopy is determined only for rainfall
> 0.5mm/h (Gash, |1979). This value is used to define the mean rainfall rate R and the mean
evaporation rate E.. According to the Gash et al. (1995) these two variables were measured in
the whole experimental period during the wet or saturated condition to replace the storm-based
analytical model (Gash, [1979) for this study. S¢ accounts for the canopy storage capacity and FVC
is fractional vegetation cover which is the ratio of the vegetation cover of a certain area. Based on
the saturation of the canopy, the rainfall interception loss (I) can be calculated as follows:

® Low rainfall condition that is unable to saturate the canopy (Pg < P'G):

[ =FVCPg 2.2)

® High rainfall condition that can saturate the canopy (Pg > P'g)
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I—FVCP/G—F(FVC%)(PG—P,G) (2.3)

Where I is Interception loss by the canopy in (mm), R is the mean rainfall rate during the saturated
condition in (mm/h), E. the mean evaporation rate in (mm/h), F'VC is fractional vegetation cover.
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Chapter 3

Sensitivity of GNSS Observations to Forest
Observable

3.1 PRINCIPLE OF GNSS

In general, GNSS consists of three segments: space, ground and user segment. The space segment
includes a constellation of satellites orbiting the earth in roughly circular planes (Dawoud, 2012).
The ground segments which control the system are responsible for ensuring the proper operation
of the satellites and also maintaining them. The user segment consists of the users e.g., civilians
and military by using passive receivers that could receive signals from the satellite and decode them
(Vu,2019). GNSS military signals are not available for civilians and can only be accessed with a
special receiver.

The main output from GNSS is positioning, receiver time offset and navigation. These can be
estimated from the transmitted signals from the satellite constellations. To estimate position,
timing, and velocity, it needs at least four satellites to get precise information. The basic concept
for this estimation is called trilateration or triangulation (Jin et al.,2014). An object’s distance to a
satellite can be determined based on the delay in signals between these two. When the distance from
a satellite to an object is known, the object can be placed around a circle centred at the satellite. The
position of the object can be mathematically computed when there are known distance between
an object to three different satellites based on the intersection of the three circles (figure [3.1).
The atmospheric condition has an impact on the calculation of distance through delay and speed
transmission(Oliveira, Zapella, & Hunt, |2018), the fourth satellite is principally needed to fix the
unknown receiver clock error (time offset of the receiver). Adding more satellites will further
increase the accuracy. In the case of GPS, it allows many more than 6 to 11 satellites that can be
tracked depending on the location and time.

GPS Satellite Constellation

The initial goals of GPS were primarily for military purposes however, GPS service has become
openly accessible for civilians as US president Ronald Reagan issued a mandate in 1983. By 1994,
GPS has become fully operational as the 24 satellite was launched (Jin et al., 2014). The satellite
constellations of GPS are placed nearly in a circular orbit at an altitude of 26,559km as it adopts
medium-altitude Earth orbit (MEO). Launch cost and global coverage become the consideration
of choosing MEO (Jin et al.,|2014). The orbit of the satellites is inclined 55°with reference to the
equatorial plane where four satellites are placed in each of six orbital planes. The six orbital planes
are assigned with letters from A to F and at a certain epoch which are also referred to as slots.

11
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Satellite A Satellite B

Your location

Satellite C

Figure 3.1: The triangulation principle (bttps: // www.x.bike/ blog / gps-location-and-geofence)

The 24 satellite locations are named based on the combination of the orbital planes’ letters with
numbers (figure (Peter ].G. Teunissen & Oliver Montenbruck, |2017). It can be seen from the
fig[3.2]that within the orbital plane the four slots or the position in orbit indicated by its longitude
are not spaced asymmetrically. This type of design was set as the best solution against satellite
failures (Beutler, Weber, Hugentobler, Rothacher, & Verdun, [1998).

The present constellation of GPS consists of up to 31 operational satellites. Some expendable slots
were added to the baseline of 24 satellites. Three slots, which were B1, D2, and F2 split into two slots
to make it 27 satellites in the constellation (Department Of Defense, |[2008). Other beyond the 27
operational satellites are normally placed near to the satellites which are close to their replacement
time (Peter J.G. Teunissen & Oliver Montenbruck, 2017)

We might think that GPS satellites cover completely all of the sky however, the satellites’ visibility
over the sky depends on their orbital plane. GPS satellite inclination relative to the equator is 55°
hence, only for the latitudes below or equal to this inclination that can be viewed at 90° elevation
(De Jong, Goode, Liu, & Stone, 2014). Besides, at all altitudes, some of the sky (at high altitudes)
will not cover by the GPS satellites (Swaszek, Hartnett, Seals, Siciliano, & Swaszek, 2018). As for
the example, (figure3.3) shows traces of the GPS satellites’ orbits over the Speulderbos (52.25117°N,
5.69006°F) site in the Netherlands of the period of 24 hours in 26 of June 2022 which shows no
satellite in the northern sky (gap towards the north). The consequence of this gap will decrease the
accuracy of positioning due to fewer satellites to no satellites visible at a certain time. in fact, the
visible satellites never pass along the northern azimuths in the sky.

3.2 GNSS SIGNALS

The signal that GPS satellites transmit is an L-band signal which is similar to the signals used for
microwave radar application (Small et al.,|2010). These signals are transmitted at the frequency
of 1575.42 MHz for link 1 (L1) and 1227.6 MHz for link 2 (L2). They are modulated by Pseudo
Random Noise (PRN) ranging codes and navigation messages. There are two types of PRN used to
broadcast GPS signals namely Coarse Acquisition (C/A) and code P (precise). The C/A raging code
modulates L1 carrier signals while the P-code modulates both L1 and L2 carrier signals. Selective
Availability (SA) and Anti-spoofing (AS) are two techniques to limit civilians from accessing the
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Figure 3.2: Orbital of the 24-satellite constellation for 1 July 1993 in 2D (Peter |.G. Teunissen & Oliver Montenbruck,

Figure 3.3: Sky plot shows the GPS satellites’ traces over the Spenlderbos, Netherlands over the period of 24 hours in 26, of
June 2022. Due to the orbital plane of the GPS satellite, no satellite trace on the northern part of the sky (gnssmissionplan-

ning.com /App/Skyplot)

full system of GPS. Selective Availability (SA) is degrading the GPS signal intentionally for C/A
raging code. However, SA was eliminated in 2000 hence, C/A is unencrypted and it is open for
civilian use (Hofmann-Wellenhof, Lichtenegger, & Collins, 2001). Anti-spoofing is the way to deny
all access to the P-code since the P-code is only intended for military use hence, it is encrypted as a

P(Y) code (Jin et al., 2014; Peter J.G. Teunissen & Oliver Montenbruck, 2017).

13
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3.2.1 GNSS Positioning Measurement

Based on the capacities of the antenna receivers, the positioning measurements can be done in
two different ways. The low-cost mass-market antennas with mono-frequency (L1) determine the
position by measuring the code observations. On the other hand, the more expensive antennas with
multi-frequency bands i.e., geodetic antennas use positioning based on carrier phase measurement.
In terms of positioning, the carrier phase measurement is considerably more accurate (Vu, 2019).
For surveying purposes, the stationary base station can improve the positioning accuracy by
receiving the GNSS signals as a corrector factor which is sent to rovers.

Code Measurement

The principle of code measurement is based on one of the PRN ranging codes, which is the Coarse
Acquisition (C/A) code. The C/A code consists of binary digits (0 and 1) or a sequence of 1,023
chips (bits). The C/A code has frequency of fo/10 = 1.023 MHz as the fundamental frequency (fo) of
GPS is 10.23 MHz. Therefore, the sequence repetition is 1,023/(1.023MHz) = 1000 MHz! which
is equals to 1 millisecond. As radio wave travels at the speed of light, 1 ms corresponds to 299.79
Km hence, each chip will equal to 293 m (Hofmann-Wellenhof et al., 2001; Hofmann-Wellenhof,
Lichtenegger, & Wasle, 2008; Kaplan & Hegarty, 2006).

Receiver
Generated Code
Satellite
Transmission

: &T

Figure 3.4: Code measurements (Warner & Johnston,|2003)

The GNSS receiver determines the time travel (AT) of the signals from the satellite by correlating
the received pseudo-random code -digital code which is unique for each satellite- with a replica
generated by the receiver. Travel time (AT) is obtained from the amount of time the receiver needs
to slide its code until it syncs up with the signal from the satellite (figure[3.4). This is commonly
referred to as pseudorange which is the distance between receiver and satellite which does not only
include the time offset between satellite and receiver but also the biases due to the atmospheric
delay, instrumental delay of receiver and satellite as well as the multipath effect. The error between
the satellite and receiver clocks is obtained as offset or different time scale of the satellite (¢5) and the
receiver (t,) considering the reference time (s) (figure 3.5). Therefore pseudorange can be expressed
as follows (European Space Acency, 2018):

Ry = c(t; — ts) (3.1)

where c is the speed of light and (¢;) and (t,) respectively are signal transmission measured by satellite
clock (s) and received signal measured by receiver clock (s). This equation can be expressed as
the geometric range (p) between satellite and receiver. Geodetic accuracy can be acquired from
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Figure 3.5: Pseudorange Model (Takasu, 2013)

code measurement by performing other corrections apart from measuring the geometric distance
between satellite and receiver (p) and the clock synchronous error of receiver (dt,) and satellite (dT's).
Other terms that need to be taken into accounts such as the error that occurs from the propagation
of the signal through the atmosphere which is ionospheric () and tropospheric (T") delay, and
the measurement errors (ep) include the multipath effect, receiver’s and satellite’s instrumental
delays (European Space Acency, 2018). Therefore, the pseudorange that represents GNSS code
measurement can be written as follows (Takasu, 2013) :

Ry = c((tr + dte(t,)) — (£ + dTi(ts))) + I + T + ep
= oty — t3) + c(dty(t;) — dTs(ts)) + 1+ T+ ep

= p+c(dt(t;) —dTs(ts)) + 1+ T +ep (3.2)

The correction of these errors enables the code measurement to obtain an accuracy of around a few
meters and can be improved to a meter by using augmentation systems such as WAAS (USA) or

EGNOS (Europe). (European Space Acency, 2018; Vu,|2019).

Carrier Phase Measurement

Carrier phase measurement is the measurement of the range between a satellite and receiver based
on the phase shift. The phase of the signal transmitted by the satellite is compared between a replica
that the receiver generates (O’Driscoll, |2010). Phase shift measures the cycle fraction which is the
offset between signals from the satellite and the replica generates by the receiver at time ¢. The
signal that reaches the antenna receiver is a complete integer number of complete cycles N and
the portion of the waveform that is only the part measured by the receiver which is known as the
phase of the signal (Ay). The information of the integer number of cycle NV is unknown to the
receiver, hence it is called integer ambiguity. As the receiver measures the signals continuously
the phase shift ¢ can be calculated (Perez-Ruiz & K.,|2012; Vu,2019). The phase shifts ¢ at time ¢
between carrier signal and replica can be computed as:

o(t) = Ap(t) +n(t) + N (3.3)

n(t) is the number of cycles proceeding from the start of measurement. The phase shift (¢)
measurement can be seen from the fig3.6] As the phase measurement can be calculated, the distance

15
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Figure 3.6: Principle of Carrier Phase Measurement (Perez-Ruiz & K.,|2012)

between the satellite and the receiver can be computed. The carrier phase measurement can provide
rage accuracy up to millimetres which is much smaller as the wavelength of the L1 carrier wave is
19 cm which can act as an accurate reference compared to code measurement (Perez-Ruiz & K.,
2012).

3.3 GNSS SIGNAL STRENGTH INFORMATION

Signals from the satellite are transmitted in the radio frequency (RF) spectrum. The atmosphere
and other natural objects such as trees, mountains as well as artificial e.g. buildings can impede
signals from the satellite and cause delay (Oxley, [2017; Vu, 2019). As it is known that signals
from GNSS satellite constellations are electromagnetic waves hence, when they encounter certain
objects they will be reflected, scattered, absorbed and attenuated (National Aeronautics and Space
Administration, Science Mission Directorate, [2010).

The signal strength received by a receiver antenna is measured in SNR (Wang, Zhang, & Zhang,
2018). The formula is SNR = PR/PN, with the signal power and noise power being the numerator
and denominator, respectively. The GNSS receiver’s SNR data for all frequencies (such as GPS
L1/L2 or BDS B1/B2/B3) and all multipath effects can be independently examined for all visible
satellites (Bilich & Larson, 2008). As a result, SNR data can be used to quantify multipath effects.
The modulated signal of SNR(C/N) obtained from the receiver can also be referred to as Carrier to
noise ratio (C/N). It is defined as a ratio between carrier signal power (C) to noise power (N) and is
usually represented in decibel-hertz (dB Hz). To be consistent the term SNR will be used to refer
to this.
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Figure 3.7: The signal received by the antenna under the forest canopy

3.3.1 GNSS signal Scattered and attenuated by the Forest Canopy

The strength of carrier signal power (C) of SNR is affected by the scattering away of signal that
results in signal attenuation through the forest canopy while the strength of the noise (N) is affected
by the scattering that results in multipath. The multipath effect in certain conditions can result
in sinusoidal oscillation due to its dependency on the surface reflector. Under the forest canopy,
the multipath effect will affect the GNSS signal where the signal will be scattered and attenuated
due to the properties of the tree e.g., leaves, branches etc. The attenuation due to the multipath
effect caused by the tree’s properties can be recorded through SNR. The signal received by the
antenna installed under the canopy can be illustrated as (figure[3.7). The signals penetrating through
the forest will reach the forest floor however, due to the impact of the forest canopy which has
scattered and attenuated the signals, the impact of reflected signals from the forest floor is assumed
to be insignificant. This is similar to the approximation made for the upward model on L-band
microwave emission that it mainly consists of vegetation and sky components hence, the emission

from the forest floor by the soil could be neglected (Jennifer P. Grant et al., 2008).

It has been well documented through published studies that vegetation especially forests significantly
affect the L-band satellite frequency. Thus, the forested area is usually left out for the retrieval of
soil moisture from the forest floor. Some of the soil moisture retrievals were rather performed
for the less dense forest type (Della Vecchia, Saleh, Ferrazzoli, Guerriero, & Wigneron, 2006).
However, the results only indicated the potential of soil moisture retrieval which still required
further experiments. In the case of the denser forests, the sensitivity towards the retrieval of soil
moisture decreases (Della Vecchia, Ferrazzoli, Wigneron, & Grant, J. P. Grant et al., .
Kurum et al. Investigated the effect of vegetation at L-band, acknowledging that the scattering
due to the attributes of forest canopy such as branches and trucks is significant and needs to be
evaluated. Furthermore, the forest canopy attribute such as vegetation water content also impacts
the L-band signals, particularly if the vegetation water content > 5kgm2. The high vegetation
water content will not enable the L-band radiometer from reaching the accuracy of 0.04 cm3.cm.3

of soil moisture (Entekhabi, Njoku, & O’Neill,|[2009).

17
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The significant impact of the forest canopy on the L-band signals can be applied to the GNSS
signals as well as it is transmitted in the same frequency. This impact has given an idea to focus
on retrieving information from the forest canopy. Therefore, several studies have been published
related to the attenuation of SNR such as the study on correlating GNSS signal response towards
the effect of forest canopy (Guerriero et al.,2020; Liu et al., 2017), attenuation of L-band signals by
vegetation (Wright et al.,|[2008). Furthermore, Rodriguez-Alvarez et al. (2012) has attempted to
retrieve vegetation water content using GNSS measurement by analysing the attenuation power of

the GNSS signals.

The principle applied by Liu et al. (2017) to get the information of the forest attribute was by
analysing the GNSS signals penetrating through the forest. Two antenna receivers were installed
where one was installed under the canopy and the other was under the open sky. The signal strength
in terms of carrier-to-noise ratio (C/N) received by the two receivers was compared and showed
that the receiver that was placed under the forest canopy had lower signal strength. The study
analysed the GNSS features related to the attenuation of the signals through the forest and correlate
them with the forest variables. The prediction of forest attributes from GNSS signal measurements
was given an accuracy similar to the spectrometry and aerial photographs. In fact, in terms of
RMS and correlation coefficient, GNSS signal measurements gave higher prediction compared to
satellite-based 2-D techniques.

Attenuation due to atmosphere

One of the sources of error in GNSS positioning is attributed to the atmosphere. The GNSS signals
travel a long way through the atmosphere before the signals reach the antenna receiver. The signals
that travel through the atmosphere will experience some changes which cause the error in the
accuracy of GNSS. Two regions that can alter and change the GNSS signals are the ionosphere and
troposphere.

The ionosphere is one of the regions of the atmosphere where the free electrons can be found as
they occur from the ionisation of the radiation from the sun. The radio frequency (RF) i.e., GNSS
signals travelling through the ionosphere will be disturbed by the free electrons which will induce
an error. The error can vary from a few meters at the low elevation angle (horizon) to around tens

of metres at the high elevation angle (zenith) (Macgougan, Lachapelle, Nayak, & Wang, |[2001).

The ionosphere is a dispersive medium that can contribute to delay depending on the frequency of
the signals. The ionosphere dispersive property impacts the codes and carrier waves differently
hence, it will cause the group delay where the code P and C/A are slowed or delayed while
the carrier phase will be speeded up. However, the dispersive property causes refraction that is
dependent on the frequency enable to correct the delay through dual frequency (L1 & L2). The
degradation/attenuation of GNSS signals can be caused by the ionosphere which is known as
scintillation due to plasma irregularity and density fluctuation. This effect mostly occurs in the
equatorial, auroral and polar cap zone and it has seasonal dependence (J. Sanz Subirana, J.M. Juan
Zornoza and M. Hernandez-Pajares, Technical University of Catalonia, Spain., 2011; Macgougan
et al.,[2001).

The troposphere is the lowest layer of the atmosphere extending from the earth’s surface to the
altitude of 60 km. The troposphere is the opposite of the ionosphere which is non-dispersive for
RF. The effects caused by the troposphere on GNSS signals are signal delay, attenuation and a small
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portion of scintillation (Macgougan et al.,2001). As it is non-dispersive the effects due to refraction
become non-frequency dependent which is unable the correction for the error using dual frequency
as the ionosphere. The refraction on the GNSS signals causes the delay which can be mitigated
using a model or estimating it from the observational data. The delay through the troposphere
can be modelled based on the wet and dry components of the troposphere. The dry component
is caused by dry gasses such as nitrogen and oxygen while the wet component is caused by water
vapour and clouds hence, it depends on the weather (J. Sanz Subirana, J.M. Juan Zornoza and M.
Hernandez-Pajares, Technical University of Catalonia, Spain., 2011).

The attenuation of the GNSS signals through the troposphere depends on the elevation angle of
the observer (antenna receiver). The water vapour, rainfall and gasses such as nitrogen and oxygen
in the troposphere also cause the attenuation however, it is insignificant (Macgougan et al.,2001).

Attenuation due to Forest Rainfall Interception

Based on the past studies above there is a potential to explore the attenuation of the GNSS signals
due to rainfall interception by the canopy. Rodriguez-Alvarez et al. (2012) in their study could
provide an approximation to infer a factor related to forest opacity and vegetation water content
which showed the good agreement between the ground-truth and GNSS measurements of the leave
with the correlation (7) of 93%.

In the case of rainfall interception, the forest canopy will intercept the portion of precipitation
which is expected to add more to the effect of scattering and attenuation caused by the presence
of water on the tree leaves and branches. The presence of water on the tree leaves and branches is
believed to impact the GNSS signals in the form of signal loss due to attenuation.Gernot (2007)
Observed the GPS signals using water as the medium and showed that 1 mm of water is sufficient to
block GPS signals or greatly decrease the signal amplitude. Although it was a completely different
setting, this can be related to the presence of water in the canopy which is interesting to be observed
and understand.

3.3.2 Multipath Effect

The signal from the satellite which is reflected and scattered will change direction and create a
multipath. As this signal travels a longer path, it will take a longer time to arrive at the antenna
receiver (Vu,|2019). These signals will have different amplitudes relative to the direct signals and
will result in certain delays and phases. The GNSS accuracy for positioning degrades by multipath,
hence for positioning the multipath effects are a source of error and have to be mitigated (Jin et al.,
2014).

The multipath effects on the GNSS signal depend on the environment around the GNSS antenna
receiver. Hence, It has been discovered that a specific type of GNSS multipath can be used to sense
the surface condition of the earth (Jin & Komjathy,|2010). Reflected signals which regard as the
source of error for positioning purposes contain crucial information that can be obtained through
the GNSS reflectometry technique. The properties around the antenna receiver can be traced
back by isolating the reflected signals (Vu,|2019). This concept was first suggested for altimetric
measurements by Martin-Neira (1993). Since then, this method has become a new alternative as a
remote sensing tool. It has been tested and utilized for different applications. GNSS-R has been
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Figure 3.8: The phasor diagram illustrates the carrier tracking loop on the received GNSS signal under direct and multipath
effect or reflected signals. The guadrature and in-phase components of the signal are specified in Q and I axes respectively.
There are three phasor indicated as Ay, Am, and Ac which are amplitudes of the direct, multipath and the composite of signals
respectively. g, de, 8¢ respectively are phase of direct, composite signals and the phase error due to multipath. The relative
phase of multipath is specified as 1) which is relative to direct amplitude (Larson et al.,|2008)

used to retrieve various geophysical properties of the earth surface i.e., sea ice thickness (Komjathy
et al.,|2000), sea level (Lowe et al., 2002; Martin-Neira,|1993), soil moisture (Masters,|[2004), etc.

3.3.3 Signals to Noise Ratio (SNR) for GNSS-Reflectometry

The signals received by the GNSS antenna are quantified through the amplitude of SNR. Most
of the GNSS receivers derive SNR from the carrier tracking loop. The carrier tracking loop is
lining up the locally generated carrier with the incoming signal (Hafidhi & Boutillon, 2016). The
carrier tracking loop was described under the simplified model using a phasor diagram (Bilich &
Larson, [2007; Ward, |1997) which illustrates the relationship between the 7 (in phase) and the Q
(in quadrature). The diagram shows the component of received signals. In the case of no reflected
signals or multipath effects, the diagram will only contain a direct signal which is the amplitude
phasor of Ay. The carrier phase of A4 corresponds to ¢y . As it has been explained in phase
carrier measurement, the phase of the signal transmitted by a satellite is compared to a replica from
receiver (O’Driscoll, 2010) hence, any mismatch will result in a non-zero phase angle of ¢4 . By
keep tracking the ¢d, the carrier phase of GNSS signals can be calculated. In a theoretical case
where there is no multipath effect, SNR will equal to the direct phasor (signal), SNR = A;.

When the multipath effect exists the additional phasor is added to the diagram which is the amplitude
of multipath Ay,. With the presence of the multipath effect, the carrier tracking loop will lock on
the composite of signals amplitude A, and its phase ¢.. This composite signal is the sum of the
vector of all phasors which are direct and multipath, hence the measurements of the composite
signal amplitude are equal to SNR (4. = SNR). According to the model in the (figure 3.8} the bias
or the phase error due to multipath d¢ = ¢, - ¢4, then based on the law of cosine, SNR with the
presence of direct and reflected signals or multipath can be described as follows (Bilich & Larson,
2008):

SNR? = A% = Af* 4+ An? 4 244 A cost) 3.4
d d
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Figure 3.9: Geometry model of GNSS reflectometry in the case of a planar reflector. h is the height of the antenna concerning
the planar reflector and 0 is the elevation angle (Farzaneh, Parvazi, & Shali, 2021)

The geometrical model of SNR with the effect of multipath can also be simplified in the case of
the reflection of a planar reflector. This model has enabled various studies to retrieve information
related to ocean altimetry, soil moisture, sea ice thickness etc.

In the case of a planar reflector, the additional distance travelled by the reflected signal is § = 2h
sin (f) as seen in the (Put figure) h and 6 correspond respectively to antenna height relative to a
planar reflector and downward looking angle which is technically the same as elevation angle. So,
the phase shift caused by the multipath effect §¢ can be written as follows (Elosegui et al., 1995):

5¢:§5:@ﬂ¥mmm> (3.5)

By isolating the reflected signal or multipath the SNR of multipath is a function of amplitude A and
cosine of the phase shift by the multipath ¢ and the phase offset . The formula can be expressed
as follows (Larson, Lofgren, & Haas, 2013):

SNR = Acos(0¢p + ) (3.6)

multipath

Subsequently, the SNR of the reflected signals or multipath on the horizontal planar reflector can
be expressed as follows:

Arh
&W%mmm:Awd%%mm®+@) (3.7)

3.4 CARRIER TO NOISE SIGNAL AS AN UNDERVALUED SOURCE OF GEOPHYSICAL INFORMATION

The noise of the signal transmitted by the GNSS satellite is recorded by the antenna receiver as a
carrier-to-noise ratio. Attenuation affects the strength of the carrier signal while reflected signals
(multipath) affect the noise strength. For positioning purposes, these effects are something to
correct and avoid.
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The attenuation which degrades signals is caused by several things such as the atmosphere and
forest canopy. Due to this impact on the GNSS signals, some methods and models are used for the
correction. However, attenuation for the GNSS signals can be used as the source of information
to predict forest attributes such as biomass, tree mean height, and stem volume (Liu et al., 2017).
Furthermore, Guerriero et al. (2020) investigated the GINSS signals attenuation by analysing the
fluctuation of signals received by the antenna placed under the canopy to estimate forest biomass.
Therefore, the attenuation of the GNSS signal has the potential to be used for the presence of water
in the canopy e.g., rainfall interception.

For positioning purposes, the multipath effects cause noise that decreases the accuracy. The noise
caused by the reflected signals (multipath) has to be mitigated for better accuracy of positioning.
However, GNSS reflectometry reverses this paradigm by isolating the reflected signals to retrieve
various geophysical information about the earth as mentioned in the section on multipath above.
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Chapter 4

Study Area, Data & Methodology

4.1 STUDY AREA

Speulderbos is situated on a forest-rich elevated area (1100 Km2) named Veluwe in the province
of Gelderland in the Netherlands (figure[4.1). The Speulderbos forest is located at 52°15°08” N,
5°41°25” E, at an elevation of 52 above NAP (m), within a large forested area in the Netherlands. In
this study area, there is a scaffolding tower (47.4m) within a dense 2.5 ha Douglas fir (Pseudotsuga
menziesii) stand, a type of evergreen needle leaf species (Raj, Alexander Samuel Hamm, Van Der
Tol, & Stein, 2016). The area used to be sand dunes and at the end of the nineteenth century,
reforestation began. The current stand of the forest canopy was planted in 1962 from 2 years
old seedlings. According to the study conducted by Cisneros Vaca et al. (2018), the height of the
forest canopy was around 34m, and the stem density and mean diameter at breast height (DBH)
respectively were 571 tree/ha, and 34.8(£8.9) cm, meanwhile the leaf area index (LAI) was 4.5
m?/m?. Based on this study, the amount of interception by the forest canopy was 38% of gross
rainfall.

A GNSS antenna receiver is installed 11 m above the ground on the tower. The Speulderbos site is
currently in use as a NitroEurope site which is the project for integrated Europen research into the
nitrogen cycle and is also part of the global ForestGEO network of the large-scale forest-dynamics
plot (“Speulderbos”, n.d.). The Speulderbos site <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>