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Abstract

In the context of climate change, forests serve as crucial mitigators but are
also increasingly threatened by disturbances such as wildfires, insect outbreaks,
and windthrows. Monitoring forest vitality is essential, with tree water status
serving as an important indicator of forest health.

Spaceborne synthetic aperture radar (SAR), known for its sensitivity to
vegetation water content (VWC), offers a promising tool for providing forest
VWC on a global scale with high spatial resolution. However, the processes
linking SAR backscatter to forest VWC are not fully understood. This thesis ad-
dresses this gap by establishing a link between radar backscatter and stem water
content in boreal forests, using data from two tower-based radars, BorealScat
and BorealScat-2, as an intermediary platform.

In Paper I, for the first time, the relevance of tower-based radar observations
for spaceborne SAR was examined. This was done by comparison of time series
of BorealScat radar backscatter and backscatter observed by Sentinel-1 and
ALOS-2 PALSAR-2 at C- and L-band, respectively. A good agreement was
found for a healthy forest, with an RMSE of 0.9 dB and 0.6 dB at C-band and
L-band, respectively. At C-band, tree death was visible in tomographic tower-
based backscatter but not in Sentinel-1 or BorealScat full-forest backscatter,
indicating the potential value of tomographic spaceborne SAR missions for
forest vitality monitoring.

In Paper II, for the first time, forest backscatter was linked to high quality
stem water content measurements. A modified version of the water cloud
model was used to relate stem water content time series to canopy backscatter
and attenuation time series observed at L-band by BorealScat-2. Modelled
stem water content closely matched in situ stem water content with a relative
RMSE of 4% and 2% for the inversion of the canopy backscatter model and the
inversion of the attenuation model, respectively. These findings demonstrate
the feasibility of using L-band SAR backscatter to monitor VWC and the value
of tomography in future spaceborne SAR missions.
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Chapter 1

Introduction

Forests are an important component of the Earth’s biosphere, playing a critical
role in regulating the Earth’s climate [1], weather patterns and ecosystems.
They mostly act as carbon sinks, absorbing vast amounts of atmospheric
CO4 [2], and provide habitats for countless species, thereby sustaining global
biodiversity [3]. Forests also influence local and regional climates by modulating
temperature, humidity, and precipitation.

Healthy forests mitigate climate change by acting as carbon sinks and con-
tributing to a net cooling effect through evapotranspiration (ET) [4]. However,
climate change itself poses severe threats to forest vitality, with disturbances
like wildfires, droughts, insect outbreaks and windthrows expected to become
more frequent and severe [5].

Monitoring forest vitality and understanding forests’ roles in the Earth’s
hydrological cycle and climate are urgently needed. Vegetation water content
(VWQ) is a critical indicator of forest health, reflecting the tree’s physiological
state and responses to environmental stress [6], [7]. Moreover, continuous
monitoring of this variable helps quantify the role forests play in the Earth’s
hydrological cycle and their impact on the climate. Despite its importance,
no existing method can provide reliable large-scale measurements of VWC in
forests. Nevertheless, effective monitoring of forest health and their roles in
the hydrological and carbon cycles on a global scale is only feasible through
spaceborne platforms [8].

Passive microwave remote sensing can be used to estimate vegetation optical
depth [9], [10], which is often assumed to be linearly related to VWC. However,
most passive remote sensing sensors have a relatively coarse resolution, which
limits their applicability, particularly for heterogeneous forest landscapes.

Airborne lidar, operating at optical frequencies, is one of the most accurate
remote sensing methods for forest structure and above-ground biomass mapping
[11]. However, lidar is not directly sensitive to water stored within tree
structures and its application is limited by cloud cover. Additionally, spaceborne
applications of this technique face challenges due to unresolved issues related to
resolution, coverage, and technological constraints [12]. In contrast, microwaves
can penetrate vegetation canopies, operate under all weather conditions, and
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are directly sensitive to water content within tree structures, making them
useful for monitoring VWC.

Spaceborne synthetic aperture radar (SAR) operates at microwave frequen-
cies and can provide regional and global spatial coverage together with fine
spatial resolution. In addition, SAR has the potential of using tomography
which allows to separate contributions of different height layers [13].

The objective of this thesis is to understand the link between satellite SAR
data and VWC in forests. This link is not investigated directly but indirectly
by the use of the BorealScat radar towers [14]-[16]. In the first appended
paper, the relevance of the tower observations for spaceborne SAR missions
is established at two frequency bands, C-band and L-band (Paper I). In the
second appended paper, tower-based observations at L-band are linked to the
VWC of a forest by introducing a model, that relates backscatter to stem water
content (Paper II).

Chapter 2 will briefly explain water movement within the forest and how
tree water variables can be measured and modelled. Chapter 3 will then
introduce the measurement techniques used in this thesis, radar remote sensing
and discuss modelling of forest backscatter. Summaries of the appended papers
are given in Chapter 4. Future work is discussed in Chapter 5. Part II consists
of the appended papers to this thesis.



Chapter 2

Tree Water Dynamics

2.1 The Soil-Plant-Atmosphere Continuum

All trees require photosynthesis to sustain their life and growth. One con-
sequence of photosynthesis is transpiration, which is the loss of water via leaf
pores, known as stomata, to the atmosphere. Water transport from the soil
to the leaves occurs within the xylem tissue, which for conifers consists of
tracheids, which are pipe-like structures located in the roots, stem and branches
of the tree. The xylem tissue is surrounded by the cambium, and outside the
cambium is the phloem tissue, which consists of living, elastic cells that have
some water storage capacity[17].

Upward transport of water within trees occurs along the negative gradient
of water potential [18]. Water potential is a measure of the potential energy
of water in a system compared to pure water at a reference temperature and
pressure. The gradient of water potential determines the direction in which
water will move. Water potential generally consists of an osmotic component
due to the presence of solutes, a hydrostatic component due to physical pressure
in the system, a gravitational component and a matrix component due to the
adhesion of water molecules to surfaces. The movement of water along the
soil-plant-atmosphere continuum (SPAC) due to a gradient in water potential is
illustrated in Figure 2.1. An upward flow of water occurs when water potential
within the SPAC is lowest in the atmosphere and highest in the soil. Water
potential in the atmosphere is generally low when atmospheric relative humidity
is low or when temperature is high, leading to a high vapour pressure deficit
(VPD). VPD is the difference between the saturation vapour pressure at leaf
temperature and the actual vapour pressure of the air. Since the air spaces
within leaves are typically saturated, VPD effectively drives transpiration. The
steep potential gradient at the leaf surface leads to water loss from the leaves to
the atmosphere. Due to the strong cohesive forces between neighbouring water
molecules, negative hydrostatic pressure [20] occurs in the xylem, forcing water
to be pulled upward. The cohesive properties of water maintain a continuous
column from the roots to the leaves, enabling the continuous movement of
water from the soil, through the stem, and into the atmosphere.
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Figure 2.1: Ilustration of water movement within the soil-plant-atmosphere
continuum. Water moves from high water potential in the soil through the tree
to low water potential in the atmosphere. (©)2013 Nature Education. Reprinted
with permission from [19].

Water stored in stems, branches, and foliage can act as a buffer when
transpirational demands are high [21]. Horizontal redistribution of water within
the stem [17] occurs when there is a difference in water potential between the
xylem and surrounding tissues, leading to withdrawal of water from the storage
tissue and to effective shrinkage of the stem [22]. As a result of this dynamic
storage, variations in total tree water content occur.

2.2 Measurement of Tree Water Variables

There exist a number of variables that are used to quantify tree water dynamics.
In the following, the focus will lie on measurements and planned measurements
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Figure 2.2: Diurnal variations in vapour pressure deficit (VPD), sap flow and
stem water content during May 18, 2024, in the Svartberget Experimental
Forest in northern Sweden. VPD is estimated from temperature and relative
humidity measurements [32]. Sap flux density and stem water content are from
point measurements in a single pine tree [33].

within the forest area of interest to this thesis that is located within the
Svartberget Experimental Forest in northern Sweden [23].

Instruments used to quantify tree water dynamics at the tree level collect
generally invasive point measurements. Dendrometers [24] measure changes
in stem radius at a specific point on the tree trunk or branch which can be
used to quantify changes in stored water content in the elastic phloem tissue of
the tree. Sap flow sensors measure water flow within the hydrologically active
xylem of the tree using typically heat-based methods [25], where a heat pulse
is emitted, and the temperature difference between two probes is measured
to determine the sap flow rate. Tensiometers measure water potential [26] in
soils [27] or tree stems [28]. Soil moisture sensors have been successfully used
to measure volumetric water content in tree stems [29]. Capacitance-type soil
sensors measure the charging time that depends on the dielectric permittivity
of the material in which the probe is inserted. In soils, as well as in trees, the
dielectric permittivity is dominated by the volume fraction of liquid water [30].
In soils, a calibration curve is used to convert the measured charging time to soil
moisture content. If inserted in a tree stem, the sensors have to be recalibrated
to the wood density of the specific tree species to measure volumetric water
content. All these in situ sensor require relatively high maintenance and rely
on data loggers and power supplies for functioning.

Water transport in trees is closely linked to atmospheric conditions, which
influence transpiration demand. Atmospheric parameters at the stand- to
ecosystem scale are in general measured non-invasively. ET can be estimated
from latent heat flux measurements using flux towers [31]. VPD can be
calculated from measurements of air temperature and relative humidity.

Figure 2.2 illustrates the temporal connection between different tree water
dynamics variables in the course of a rain-free summer day in the Svartberget
Experimental Forest. When temperature rises in the morning and relative
humidity in the air decreases, VPD rises. Photosynthesis starts which leads
to decreased internal COs concentrations, which causes the stomata to open.
This leads to the onset of transpiration leading to the start of sap flow within
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the stem. VPD continues to increase until reaching a peak at midday, which
leads to an increase in sap flow with a peak around midday. The increasing
high water demand in the morning leads to a decrease in stem water content
when water reservoirs are depleted. When VPD and sap flow decrease in the
afternoon and sap flow drops to zero during the night, stem water reserves are
refilled again as it can be seen from the increase in stem water content.

While the different measurement techniques offer valuable insights into
the water transport within trees and its relationship to atmospheric drivers,
measuring the full SPAC remains a challenge. Temperature, humidity, and
water availability vary across locations, making it difficult to derive a single
representative VPD or ET value for a forest stand [34]. VWC and sap flow
vary with height, radial position, and exposure (e.g., north vs. south-facing
sides), complicating upscaling to whole-tree water budgets. Wind conditions
influence the area measured by ET sensors, causing temporal variations in
their representativeness. Separating soil evaporation from plant transpiration
remains an ongoing research challenge [35].

To overcome the limitations of current in situ sensors, models can be used
to link tree water variables and describe the SPAC over larger spatial scales.

2.3 Modelling Tree Water Dynamics

SPAC models work by simulating the interactions and processes that govern
the movement of water from the soil, through plants, and into the atmosphere.

Most of the practical models are defined on a landscape scale. Upscaling
from leaf and plant scales to landscape scales is one of the challenges that
SPAC models face [36]. As mentioned in Section 2.2, measurements quantifying
forest water dynamics are made at different scales. Point measurements of tree
water dynamics, such as sap flow and tree radius changes, must be upscaled to
the tree level and then related to meteorological or flux measurements, e.g.,
VPD and ET, at a stand or landscape scale.

Simple models at the tree scale have been developed [37] and expanded [38].
A version of the model described in [38], assuming constant soil water potential,
was calibrated using sap flow measurements and dendrometer data of several
trees in the study area (see Figure 2.3) that was used in this thesis. The model
input was a transpiration time series estimated from the ET measured by a
flux tower which had a flux footprint overlapping with the study area. Figure
2.4 shows transpiration estimated from ET used as a model input and internal
tree water fluxes and water potentials estimated by the model output over 15
days in summer 2023. The cyclic nature of tree water variables is due to the
depletion and refilling of internal water reserves.

Most hydraulic models require complicated calibration and were developed
for trees under controlled conditions [37], [39]. Outputs under natural conditions
do not agree well with in-situ VWC measurements, especially for long-term
trends, if no further calibration is applied. Therefore, in this thesis, the focus is
placed on linking in situ sensor measurements directly to radar measurements.
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Figure 2.3: Photograph of the forest under study in this thesis. A point
dendrometer is installed on the tree at the centre of the image.
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Figure 2.4: Input and output of a hydraulic tree dynamics model based on

[38]. Transpiration in the top graph is derived from ET measured by the ICOS
flux tower [32] and scaled to match a single tree transpiration. The model
was calibrated using sap flow and dendrometer measurements during a 15-day
period in summer 2024. Model outputs are crown and stem water potential
given in the middle graph. Vertical stem water flow as well as horizontal stem
water flow, i.e. water flow from phloem to xylem are shown in the bottom

graph.



Chapter 3

Radar Remote Sensing of
Forests

Remote sensing of Earth surface variables is widely used, and with an increasing
number of new satellites launched [40]-[45], more options are available for global-
scale monitoring of Earth observables [46]. Passive sensors receive signals from
the Earth and rely on reflected sunlight and thermal radiation emitted by the
Earth. Active sensors transmit signals that are scattered and received by the
sensor. In particular SAR, which is an active sensor, is promising for mapping
forest water variables remotely due to a number of properties and advantages

in comparison to other Earth observation techniques:

1. SAR systems operate from moving platforms, e.g. satellites or airplanes.

By combining signals from multiple radar pulses over time, they achieve
fine spatial resolution (1 to 50 m) while offering wide area coverage (10
to 500 km swath). This gives SAR systems a distinct advantage over
other microwave remote sensing sensors, whose resolution is limited by
the physical antenna size.

. Radar systems operate in the microwave region of the electromagnetic
spectrum, which allows them to penetrate through clouds, rain, and smoke,
in contrast to optical sensors. Because they are active sensors, radar
systems can operate independent of the availability of e.g. sunlight as
needed for optical sensors. This makes radar remote sensing independent
of weather conditions and usable both day and night, providing consistent
observations.

. Microwaves interact with forest components such as trunks, branches,
leaves, and soils. The radar backscatter intensity depends on the dielectric
and geometric properties of the forest, which are dominated by the liquid
water content and its spatial distribution. This makes radar particularly
sensitive to changes in VWC, making it promising for monitoring forest
water status and dynamics.

11
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4. Depending on the frequency band used, radar can penetrate the forest
canopy to varying depths, making them sensitive to different forest struc-
tures. Lower frequency bands, such as P-band (420-450 MHz), penetrate
deeper into the forest as they are less attenuated and become sensitive
to larger tree structures such as branches and stems. In contrast, higher
frequencies, such as C-band (4-8 GHz), are scattered and attenuated
by smaller structures such as branches and leaves, making them more
sensitive to the upper forest canopy.

5. Some SAR systems use multiple flight paths, providing observations of a
scene from multiple incidence angles. This provides vertical resolution, a
technique called radar tomography. Radar tomography separates backs-
catter contributions from different heights, which is particularly useful
for understanding the vertical distribution of water across different forest
layers, separating VWC dynamics from soil water dynamics.

3.1 Speckle

In radar remote sensing of distributed scatterers, an important phenomenon
to account for is speckle. A forest can be treated as a randomly distributed
ensemble of scattering elements (e.g. leaves, branches, stems and ground). The
average scattering intensity (radar cross section) per area of such a distributed
target can be described in terms of the backscattering coefficient ¢%. The
backscattering coefficient at a given frequency, polarisation and incidence angle
is, through electromagnetic interactions, related to the dielectric and geometric
properties of the forest.

However, the radar signal received from a single resolution cell is the
coherent sum of the complex amplitudes of all individual scatterers within that
cell. Due to the coherent sum, a single radar measurement does, in general, not
provide a good estimate of the backscattering coefficient. Instead, it exhibits
random fluctuations due to constructive and destructive interference between
scattered waves, leading to multiplicative noise in images known as speckle.

The influence of speckle variations on the backscatter estimate can be
reduced by taking an ensemble average over several independent measurements
of the same distributed target. Averaging can be performed in space over a
homogeneous area or by dividing the frequency content into sub-bands. If
dielectric properties of the forest remain constant between two measurement
acquisitions, and the measurements are decorrelated, averaging can even be
applied over time to reduce speckle.

The effect of averaging on the probability distribution of the backscatter
estimate is illustrated in Figure 3.1. When no averaging is applied, the backs-
catter intensity follows a negative exponential distribution, where the mean and
standard deviation (SD) are equal to the true backscattering coefficient, i.e.,
i—l(? = 1. With a higher number of independent samples that are averaged, the
probability density function becomes narrower. While the mean still equals the
backscattering coefficient, the standard deviation is reduced by a factor 1/ VN,

where N is the number of independent measurements, resulting in > = TN
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Figure 3.1: Probability distribution of the backscatter estimate from averaging
N independent samples [47]. The backscatter mean is 1 for all distributions.

Radiometric resolution can be defined as the ratio between standard devi-
ation and mean of backscatter, i.e. it is a measure of the spread of backscatter
due to speckle variations. Achieving fine radiometric resolution requires aver-
aging many independent samples IV, which improves radiometric resolution by a
factor of 1/v/N. For a distributed target like a forest, this can be accomplished
through spatial averaging. Therefore, there is a trade-off between radiometric
resolution and spatial resolution.

In Paper II, a different definition of radiometric resolution is used, as the
time series are presented in dB scale. Here, radiometric resolution is defined as
the standard deviation of logarithmic backscatter.

3.2 Spaceborne Synthetic Aperture Radar

The number of spaceborne SAR systems are steadily increasing [40]-[46], [48]-
[63]. Electromagnetic waves at different frequencies exhibit different scattering
behaviours, making them sensitive to various structures and water pools within
the forest. The operating frequency bands of current and upcoming SAR
satellites lie within the range from P-band (420-450 MHz) to X-band (8-
12 GHz), all of which are of interest for monitoring different forest variables.
Currently, the spaceborne SAR with the lowest frequency operates within
the L-band (1-2 GHz). ALOS-2 PALSAR-2 and ALOS-4 PALSAR-3 by JAXA
acquire images at different observation modes at resolutions from 1 x 3 m to
100 m [48], [49]. The number of observations at a certain observation mode
per year and region varies depending on JAXA’s observation schedule and
user specific observation requests according to the Basic Observation Scenario
(BOS). The two SAOCOM satellites by CONAE, also operating at L-band,
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have different observation modes with resolutions between 10 and 100 m [50].
Mostly, the low-resolution operation mode is used for increased spatial coverage.
Spaceborne SAR tomography was recently demonstrated for the first time
using SAOCOM observations [54]. Two upcoming L-band satellite missions
are close to launch. NISAR, a joint mission by NASA and ISRO, is planned for
launch in 2025. NISAR will also feature an S-band (24 GHz) SAR. NISAR’s
highest resolution mode (3 to 10 m) will continuously acquire data. NISAR
will have a revisit time of 12 days for global coverage [41]. ROSE-L by ESA is
planned for launch 2028. ROSE-L is planned to have a revisit time of 3 to 6
days depending on the observation mode [43].

C-band (4 — 8 GHz) is widely used for land applications using the Sentinel-1
satellites by ESA [51], [55]. The current constellation includes Sentinel-1A,
launched in 2014, and Sentinel-1C, launched in 2024. Sentinel-1B, launched
in 2016, failed and was retired in 2021. The satellites (Sentinel-1A and 1C)
are orbiting 180° out of phase, offering a 6-day repeat cycle by combining
the individual 12-day repeat cycles. The most commonly used observation
mode of Sentinel-1 provides a resolution of 5 x 20 m [45]. Other SAR satellite
missions at C-band include RADARSAT-2 and the RADARSAT constellation
mission (RCM) by CSA. RADARSAT-2 is a single satellite [52] whereas RCM
consists of three identical satellites [56]. These satellites achieve, depending on
operation mode, resolutions, between 1 m and 100 m. RADARSAT-2 has a
24-day revisit cycle. RCM has a shorter revisit time, with some points of the
Earth imaged up to four times a day.

Several SAR satellite constellations are currently operating at X-band.
TanDEM-X by DLR consists of two X-band SAR satellites orbiting in close
formation [53]. ICEYE currently operates 27 microsatellites with X-band
SAR systems [57], providing fine resolution and short revisits. Capella Space
operates a constellation of currently 19 X-band SAR satellites, providing high-
resolution imagery [58]. Umbra Space operates a constellation of microsatellites
with X-band SAR systems, providing high-resolution imagery. The Umbra
constellation is planned to contain 32 satellites [59)].

No spaceborne SAR system is currently operating at P-band. The BIOMASS
satellite by ESA, planned for launch in 2025, will be the first spaceborne P-
band SAR. The satellite will feature a tomographic and interferometric SAR
with a near 3-day repeat cycle. The mission will last for five years and will
comprise a 14-month tomographic phase followed by an interferometric phase.
BIOMASS will not acquire data over Europe and North America due to ITU
Radio Regulations [13], [40].

Spaceborne SAR systems have in general a large, often global, coverage.
Spatial resolutions can go down to the order of meters, however, temporal
resolution is in general coarse and of the order of days to weeks. Current SAR
missions do not feature tomographic modes, so no vertical resolution is acquired.
To study forest processes on shorter time scales or smaller spatial scales, and
to separate processes in different forest layers, radar systems with very high
temporal and spatial resolution are needed. Tower-based radar systems can
provide both and improve our understanding of forest backscatter observed by
satellites.
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(a) BorealScat radar tower. (b) BorealScat-2 radar tower.

Figure 3.2: The two BorealScat radar towers. BorealScat was operating in
Remningstorp in southern Sweden until 2021. In 2022, BorealScat was moved to
the Svartberget Experimental Forest located in northern Sweden and upgraded
to BorealScat-2 to include a horizontally moving antenna frame.

3.3 Tower-Based Radar

There are only a handful of radar tower experiments conducted in forests.
The TropiScat [60] and AfriScat [61] radar towers, located in French Guiana
and Ghana, respectively, have acquired multi-polarimetric tomographic radar
observations of tropical forests at P- and L-band. In 2018, TropiScat was
upgraded to TropiScat-2 [62], which also included C-band non-tomographic
observations. SAR observables, mostly coherence, were studied over time scales
ranging from hours to months [60]-[62].

Three radar towers have been used to observe boreal forests. The SodSAR
experiment, a multi-polarimetric SAR located in Finland, has been utilized to
study SAR observables of a sparse boreal forest at L-, C-, and X-band [63].
The radar system is mounted on a rail, allowing it to operate in a SAR mode.

The BorealScat experiment, shown in Figure 3.2(a) operated between 2017
and 2021 in southern Sweden, acquiring multi-polarimetric observations of
a hemi-boreal forest at P-, L-, and C-band [14]. Tomographic images were
produced at all frequency bands. Due to short measurement durations, this
radar tower acquired the first tomographic images that were robust to wind-
induced tree movement. The radar measurements had a very high temporal
resolution, with measurements taken every 5 minutes. These measurements
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consisted of the average of four repeated measurement in order to improve
radiometric resolution [14]. In low wind conditions, these four measurements
were highly correlated, thus no significant improvement of radiometric resolution
was achieved. In windy conditions, the measurements were partly decorrelated
and could be averaged to improve radiometric resolution [14].

In 2022, the tower was moved to northern Sweden to observe a boreal forest
and was reconstructed as BorealScat-2, shown in Figure 3.2(b). Tomographic
images were again produced at all frequency bands. The new set-up incorpor-
ated a horizontally moving antenna frame at L- and P-band, i.e., effectively a
tomographic SAR system, and a fixed radar at C-band [16], [64]. The moving
antenna frame is however not mainly used to reconstruct 3D tomograms, as
the image focus depends on scene decorrelation. Instead, the images acquired
during the measurement sequence are treated as independent samples and
averaged to a new 2D image with improved radiometric resolution [16]. One
measurement of this kind is acquired every 30 minutes.

The number of independent samples N, along the track which the antenna
array moves on can be calculated as

N, = Tsin 5 (3.1)
where [}, is the horizontal antenna beam width and L is the length of the track.
Equation (3.1) follows from Equation (14.123) in [65] when inserting Equation
(14.34) in [65] and observation time (T = L/u), where u is the velocity of the
frame. For BorealScat-2 85 ~ 90° and L = 4 m. For P- and L-band, N, is,
hence, 16 and 49, respectively. This means, the number of independent samples
is improved by these factors due to the moving antenna frame.

As discussed in Section 3.1 this higher number of independent samples gives
a finer radiometric resolution compared to BorealScat, resulting in backscatter
estimates of higher precision [16]. This allows to study small backscatter
variations without additional averaging in time or space, resulting in tomograms
with finer temporal, spatial and radiometric resolution than any other radar
tower has ever provided.

The studies described in the papers appended to this thesis were conducted
using observations from both BorealScat and BorealScat-2.

3.4 Modelling Radar Backscatter of Forest

SAR observables obtained over forests can be linked to the forest variables
introduced in Section 2. In this section, the dependency of the backscattering
coefficient on several forest variables will be briefly discussed.

The scattering of an electromagnetic wave at a given frequency and polarisa-
tion from a non-magnetic object can theoretically be calculated if the dielectric
properties, shape, and orientation of the object are known. In forests, the
dielectric constant is predominantly influenced by water content in vegetation
and soil, directly linking backscatter to water-related forest variables. How-
ever, even with a detailed description of all forest components, including their
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Figure 3.3: Illustration of the dominant scattering mechanisms in a forest.

geometry and dielectric constant, solving the scattering problem analytically is
infeasible. Numerical methods can be applied to a discretized forest, but the
computational cost remains extremely high.

Approximative forest scattering models, while less accurate, are more
practically invertible for the retrieval of forest parameters due to the fewer
number of model parameters. These models are particularly valuable for
applications such as spaceborne SAR missions, where in situ data are limited.

Most forest backscatter models represent forests as consisting of three
primary components: tree trunks, tree canopy, and the ground surface. Ac-
cording to radiative transfer theory, when only single scattering effects within
the canopy are considered, the different backscattering contributions can be
attributed to three main scattering mechanisms as illustrated in Figure 3.3.
Under the assumption that the extinction coefficient k. that accounts for ab-
sorption and scattering losses is uniform within the full canopy, attenuation of
p-polarised waves through the canopy can be modelled as

o d
Lp—exp<“ ) (3.2)

cos 0;

where d is the canopy height and 6; is the incidence angle of the radar wave.
Denoting receive/transmit polarisations pq, the backscattering contributions
illustrated in Figure 3.3 can be described as follows [65]:
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1. Direct ground backscatter occurs when the incident wave is scattered
back towards the radar by the ground. It can be expressed as

o) =00 L 'L;', (3.3)

9raq Spq
where 0V is the backscattering coefficient of the ground surface.

2. Direct canopy backscatter occurs directly from all canopy elements (stems
are also included here) at various heights within the canopy. Assuming
that the canopy can be represented as a homogeneous layer, the canopy
backscatter can be modelled as

back
o cos 0;
0 v i —17—1
O, = (1 -L,"L, ) , (3.4)
Ke, + Ke,
where o%%°* is the volume backscattering coefficient of the vegetation
medium.

3. Double-bounce scattering between ground surface and canopy or trunk
describes a process where the electromagnetic wave is first scattered
from vegetation element towards the ground and then reflected back
towards the radar. This process can also occur in reverse order. The
strength of this scattering contribution is particularly significant at lower
frequency bands (P- to L-band) due to reduced attenuation and the effect
of ground roughness and stronger interactions with tree trunks. Assuming
a relatively flat surface in comparison to the wavelength, coherent addition
of the vegetation-ground and ground-vegetation scattering can be applied
and the double-bounce scattering can be modelled as

0 bist -2
Ocq, =40y dlyL,~, (3.5)
where 0% is the bistatic volume scattering coefficient and I" is the Fresnel
reflectivity.

All mentioned backscattering contributions are directly linked to the dielec-
tric properties of the canopy through attenuation which depends on the dielec-
tric properties of the canopy and for direct canopy and tree-ground scattering
through the backscatter or bistatic scattering, respectively. In the simplest can-
opy backscattering model, the water cloud model, vegetation is modelled as a
homogeneous volume of identical scatters, an equivalent water cloud [66]. Then
the water content of this water cloud, representing the VWC, can be directly
related to backscatter observed by a radar. However, the water cloud model
fails to explain the observed backscatter time series at L-band by BorealScat-2,
an issue addressed in Paper II.

The direct ground backscatter and the Fresnel reflectivity in the tree-ground
scattering depend in addition on the dielectric properties of the ground surface.
Hence, soil moisture of the ground and water content at all vegetation heights
directly relates to the forest backscatter through their influences on the dielectric
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constant. Thus, changes in these forest water variables will lead to changes in
backscatter.

The relationship of water within the forest to forest backscatter is exploited
when trying to estimate soil moisture content [67], [68] and above-ground
biomass [69] from SAR systems observing forests. Estimation of forest VWC
from SAR backscatter has not been evaluated yet and is addressed in Paper II.
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Chapter 4

Summary of Appended
Papers

4.1 Paper I: Comparison of Tower-Based and
Satellite L- and C-Band Radar Backscatter
from a Boreal Forest

One objective of observing forests with tower-based radar is to enhance the
understanding of forest scattering mechanisms to improve forest variable re-
trieval algorithms for spaceborne SAR missions. However, the relevance of
tower-based observations for satellite observations has not been verified yet.

This paper evaluates the applicability of tower-based radar observations for
spaceborne SAR missions by comparing Sentinel-1 and ALOS-2 PALSAR-2
products with BorealScat radar tower backscatter at L- and C-band.

At C-band, the tomographic capabilities of the BorealScat tower were used
to integrate intensity over a canopy-region of interest and a full forest region
of interest, producing both canopy-only and full forest backscatter time series.
At L-band, full forest backscatter time series were produced from BorealScat
tomograms. Sentinel-1 products were used to produce backscatter time series
of the BorealScat footprint and a larger region of interest in a reference forest
close to the BorealScat tower. ALOS-2 PALSAR-2 products were used to
produce backscatter time series of a BorealScat forest stand region of interest.
A 14-month backscatter time series for L-band and a 3.5-year backscatter time
series for C-band were produced. The C-band time series included tree deaths
in the BorealScat forest stand due to a bark beetle infestation in the end of
the time series.

For the healthy forest, the agreement between BorealScat and Sentinel-1
observations was within 0.9 dB (RMSE) for C-band. However, a significant
drop in canopy-only backscatter was observed during the time period of forest
dieback. The drop was less significant in the full forest backscatter observed by
BorealScat and not observed in the Sentinel-1 observations. It is hypothesized
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that in the case of tree deaths the contribution of the ground backscatter
increased due to decreased canopy attenuation. At L-band, the agreement of
BorealScat and ALOS-2 PALSAR-2 observations was within 0.6 dB (RMSE).

This first-ever comparison of tower-based and spaceborne radar time series
demonstrated that BorealScat indeed provided relevant observations for space-
borne SAR missions. However, the lack of vertical resolution of current C-band
SARs severely limits their ability to provide useful information about forest
canopies. With upcoming tomographic SAR missions, spaceborne radar holds
the potential to observe forest dynamics with a quality matching needs of
applications.

Contribution to the paper: I processed the spaceborne SAR data and produced
the data analysis results. Interpretation of the results was done together with
my co-authors. I prepared the manuscript together with A. R. Monteith, with
finalization involving all co-authors.

4.2 Paper II: Estimation of Stem Water Content
from Tower-Based L-Band Radar Backscat-
ter of a Boreal Forest

Radar is highly sensitive to VWC. While models linking radar backscatter to
biomass [68], [70]-[72] or directly to VWC [73] have been proposed, no in situ
forest VWC measurements have yet been used to train or validate those models.
This paper investigates the relationship between VWC and tower-based L-band
radar backscatter in a boreal forest. It also explores the potential of using the
proposed backscatter model for VWC retrieval.

Earlier observations have shown that BorealScat-2 radar tower backscatter
at L-band peaks during mid day and has minima during the night [16], an
anomaly that cannot be explained by the original water cloud model [66]. In
this study, an extended water cloud model that treats the relationships of
attenuation and scattering on VWC separately was employed to link forest
backscatter and stem water content. Tomographic images at L-band produced
by BorealScat-2 during rain-free time periods, spanning approximately one
month in total, were used to extract time series of canopy backscatter and
relative attenuation. These time series, combined with in situ stem water
content measurements, allowed for the estimation of the model parameters.

The parameter estimation process confirmed that only model coefficients
that correspond to a ratio of volume backscattering coefficient and extinc-
tion that anticorrelates with VWC are able to describe the observed canopy
backscatter-VWC relationship. The stem water content estimated from canopy
backscatter aligned well with the diurnal and long-term trends observed in
the measured stem water content. However, during a short time period a
small drop in average backscatter occurred, while average attenuation remained
unchanged. During these days, which coincided with low VPD variability, the
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backscatter model overestimated stem water content. The attenuation-based
model outperformed the canopy backscatter model, particularly during these
days. In both models, a phase shift occurred between the modelled and meas-
ured stem water content, suggesting that the modelled stem water content
represents a different tree water pool, likely located higher up in the canopy,
compared to the in situ stem water measurements.

This is the first time that forest stem water content was extracted from
tower-based radar observations and compared to high-quality in situ stem water
observations. The results demonstrate that variations in canopy backscatter
observed at L-band by the BorealScat-2 experiment can be effectively captured
by the proposed model, making the inversion of canopy backscatter to VWC
feasible. These findings further emphasize the potential of tomographic L-band
spaceborne SAR missions for monitoring forest VWC.

Contribution to the paper: I designed the model with L. M. H. Ulander. 1
processed the data from tomographic images, performed the model parameter
estimation process, produced the data analysis results and prepared the manu-
script. Interpretation of the results and finalization of the manuscript was done
together with the co-authors.
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Chapter 5

Future Work

The aim of this thesis was to establish a link between spaceborne SAR ob-
servables and VWC in a boreal forest. In the first paper, the relevance of
tower-based radar observations for spaceborne SAR observations was investig-
ated at C- and L-band comparing BorealScat data to Sentinel-1 and ALOS-2
PALSAR-2 data. Currently, additional in situ measurements are taken and
planned to be taken near the BorealScat-2 radar tower. Therefore, the relev-
ance of tower-based radar observations for spaceborne SAR data at this site is
planned to be further investigated. This will involve comparing C- and L-band
BorealScat-2 tower observations with spaceborne SAR data from new satellite
missions such as NISAR (planned to be launched in 2025), ALOS-4 (launched
in 2024), as well as additional C-band data from the dual-satellite Sentinel-1
mission operating again.

In the second paper, a model that links canopy backscatter and forest VWC
was tested for BorealScat-2 L-band backscatter with promising results. However,
further refinement and calibration of the backscatter model is necessary. In
2025, additional in situ sensors will be installed in trees within the footprint of
the BorealScat-2 tower. This includes more stem water sensors, also located
higher up in the trees, and water potential sensors in several trees. These
installations aim to provide new data for VWC inversion models by the end of
2025. This will allow the incorporation of more training and validation data to
further develop the backscatter model.

So far, the modelling work was focused on L-band, but also other frequency
bands are of interest and could be tested for the used model. Data is currently
acquired at C-, UHF-, and P-bands, for which a validity of the model could be
tested. Additionally, an X-band radar is scheduled for installation in spring
2025. Data acquisition is still ongoing and possibly new forest events, e.g.,
droughts, will be captured and analysed.

Although the upcoming BIOMASS mission will not acquire data over
Europe, forest sites within its observation area with already existing in situ
data have been identified and could be studied in the future to examine the
effect of variation in forest VWC on spaceborne SAR backscatter at P-band.

The conducted and planned research will further advance the development
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of a retrieval algorithm for VWC based on spaceborne SAR data.
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