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Abstract

Forests are an integral part of the Earth’s climate system, having shaped the
conditions of life throughout millions of years, but the coverage and conditions
of forests are under rapid change. To monitor this change and predict the
impact on climate, yearly global mapping of forest Above-Ground Biomass
(AGB) is needed. Synthetic Aperture Radar (SAR) is a well-suited technique for
this purpose, able to sense through dense canopies with high spatial resolution.

Tomographic SAR (TomoSAR) resolves the vertical distribution of backs-
catter by constructing 3D tomograms of forested areas. Here, results obtained
in the TomoSense project are presented, where sensitivity of P- and L-band
TomoSAR to AGB of a temperate forest is analysed. For the first time, differ-
ences between the AGB dependence of spruce and beech vertical backscatter
profiles are identified. Moreover, unique observations of ground slope influence
on TomoSAR AGB retrieval are presented. The effect for P-band is significant,
but not for L-band. For spruce, AGB was estimated for P-/L-band (ground
slopes below 10◦), with R2 = 0.86/0.75 and RMSE = 15.6/12.5%. Without
separating forest types, R2 = 0.77/0.54 and RMSE = 11.4/12.0%.

Finally, unique L-band radar tomography observations using the BorealScat
tower-based radar are presented. Time series of the vertical backscatter profile
of a boreal forest during the summer of 2018 is analysed. Weekly diurnal cycles
up to 1.3 dB are observed, showing clear differences depending on both canopy
height layer and polarization. These differences are new results which are likely
related to tree transpiration phenomena but needs further study.

Keywords

Forest remote sensing, radar tomography, P-band, L-band, above-ground
biomass, temporal backscatter variations, vertical reflectivity profiles
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Chapter 1

Introduction

1.1 The Role of Forests in the Global Climate

Forests play a central role in shaping the Earth’s climate. At the time when our
Homo Sapiens species evolved and started burning them to create open lands
or viewing them as a material resource, forests had through millions of years
set up and stabilized the conditions for life on our planet [1], [2]. Trees are
among the longest living organisms known to us, with several existing specimen
being several thousand years old [3]. The fact that they can accomplish this
while standing stationary, trapped in a pile of soil, suggests that we have a lot
to learn from trees when it comes to sustainable resource management.

Before the industrial revolution, about one twelfth of atmospheric carbon
was exchanged by forests each year, in a cycle of carbon uptake and release,
accounting for 50% of terrestrial photosynthesis [4]. Subsequent changes in
anthropogenic emissions, tropical deforestation and forest fertilization (due to
a higher atmospheric concentration of CO2) have disrupted this balance of
atmospheric carbon exchange. Between year 1700 and today, the total coverage
of forest has reduced from about 37% to 31% of the land area [5]. The rate of
loss has reduced since the 1990s, largely due to an increased area of plantation
forest [6], but future widespread loss is anticipated due to current changes in
global climate [7].

The World Meteorological Organization (WMO), in cooperation with other
organizations, have identified a set of Essential Climate Variables (ECVs)
needed to model and predict the trajectory of climate [8]. Forests have an
integral role for the ECVs summarized in Table 1.1. Their importance for
the biosphere is apparent, e.g. by being host to among the most bio-diverse
ecosystems, being vital for oxygen production and enriching soils with nutrients.
They act as a global carbon sink and account for a large part of the carbon flux,
but our knowledge of the distribution and amount of forest biomass is far from
comprehensive [9]. To reach acceptable uncertainties, global Above-Ground
dry Biomass (AGB) mapping with annual repetitions is necessary. To achieve
this, satellite missions are deemed necessary. An example is the European
Space Agency (ESA) BIOMASS mission, which will bring the very first P-band

3



4 CHAPTER 1. INTRODUCTION

Observing system ECVs
Carbon cycle Carbon dioxide

. . . Above-ground dry biomass

. . . Soil carbon
Biosphere Oxygen

. . . Nutrients

. . . Leaf area index

. . . Land cover

. . . Fraction of absorbed photo-
synthetically active radiation

Hydrological cycle Evaporation from land
. . . Surface water vapour
. . . Soil moisture
. . . Groundwater
. . . Precipitation

Energy balance Land surface temperature
. . . Surface air temperature
. . . Albedo

Composition and transport Surface wind speed & direction
. . . Aerosols

Table 1.1: Forest-related ECVs and the part of the climate system they observe.

(432-438 MHz) Synthetic Aperture Radar (SAR) instrument into orbit [10].

Perhaps not as often appreciated, forests interact strongly with the hy-
drological cycle involving ECVs such as evaporation from land, soil moisture
and precipitation. Through photosynthesis, vegetation binds carbon from the
atmosphere and releases oxygen, but this process requires significant amounts
of water vapour. The daily water use of tropical tree species with tree dia-
meters of 34 to 98 cm was estimated to about 40 to 800 liters per tree [11].
Furthermore, the presence of natural tropical forest slows groundwater flows,
thereby balancing its level during dry periods, and increases its rate of recharge
compared to a tree savanna [12]. Water also evaporates from the ground surface
and upon the interception of rain. The total water vapour release is a function
of both evaporation from the ground, canopy intercepted precipitation and
transpiration, collectively referred to as Evapo-Transpiration (ET). The water
transferred to the atmosphere via ET, in combination with released aerosols
from the trees, enhance cloud formation and precipitation directly over the
forest itself and in surrounding regions [13].

The energy balance of the Earth is modulated by the low albedo of forests
and the cooling effect of ET [14]. Forests are carbon neutral or carbon sinks,
which also contributes to a global net cooling effect. Tropical forests are
estimated to have a net cooling effect, due to their high ET, while the global
influence of temperate and boreal forests remain uncertain. The relatively low
ET and low albedo (compared to snow cover) of boreal forests even suggests
that their presence contribute to net global warming, but at the same time are
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Technique Observables
Optical Surface reflectance and spectrum:
. . . VIs, FAPAR, LAI, SOC, SIF, albedo, biomass

Lidar Height and density of returns:
. . . Vertical structure, LAI, biomass
SAR Backscatter, coherence, polarization and VOD:
. . . Vertical structure, biomass

Table 1.2: Important techniques for global forest remote sensing, with respective
observables and related biophysiological variables. Included abbreviations:
Synthetic Aperture Radar (SAR), Vegetation Index (VI), Fraction of Absorbed
Photosynthetically Active Radiation (FAPAR), Leaf-Area Index (LAI), Soil
Organic Carbon (SOC), Sun Induced Fluorescence (SIF) and Vegetation Optical
Depth (VOD).

a large part of the terrestrial carbon sink [14].
Many feedbacks between forests and the global climate system are still

unexplored and the reliability of climate models are limited by the uncertainties
or lack of coverage of current forest-related ECV measurements. When it
comes to monitoring and modelling the global carbon budget, the amount of
carbon storage and disturbance in tropical forests is believed to have the largest
uncertainty [15].

1.2 Forest Monitoring

Many different techniques are used to monitor the Earth’s forests. They estim-
ate a number of biophysiological parameters assessing the health, composition
and dynamics of forest ecosystems, each with respective limitations. Three
main cathegories of techniques can be identified: remote sensing, field surveys
and inventories, and in-situ sensor systems. Only satellite remote sensing
techniques are feasible for global forest monitoring, since the pure scale of the
problem and its corresponding resource requirements rules out all other options.
Reviews of terrestrial carbon cycle monitoring using remote sensing and flux
towers are covered in [16] and also for the hydrological cycle in [15]. Aerial
and terrestrial techniques are reviewed in [17]. Remote sensing applications to
forest biodiversity are covered in [18].

Important techniques for global remote sensing, with respective observ-
ables and related estimated biophysiological variables, are summarized in
Table 1.2. Remote sensing methods include passive techniques, such as pho-
tography/spectral imaging and microwave radiometry, and active techniques,
such as lidar and radar. The fundamental difference between passive and
active techniques is that active techniques provide their own illumination and
thereby rely on utilizing their control of the transmitted signal properties. As a
consequence, spaceborne SAR sensors are able to acquire far superior resolution
(meters) compared to passive radiometric sensors (kilometers). Additionally,
cloud cover is a limitation of optical sensors, while clouds are transparent for
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microwave sensors. There still remains potential to further improve and extend
the measurement capabilities of forest monitoring techniques. For example,
P-band radar has shown sensitivity to forest transpiration processes [19], which
may enable new forest vitality and hydrological observations.

Usually, local observations from field surveys or inventories and in-situ
sensors are used to develop models which relate the remote sensing observations
to the biophysical parameters of interest. Among ground-based systems, the
global networks of eddy-covariance flux towers are especially important for
monitoring forest ecosystem carbon, water and energy exchange [16]. In-situ
forest water dynamics is usually monitored using semi-invasive sensors such as
dendrometers, sap-flow sensors, soil-moisture sensors and flow sensors in water
sheds. Forest species and biomass inventories typically includes traditional
diameter-at-breast-height (DBH) measurements, tree height and tree count
within randomized plot areas [20]. Furthermore, sophisticated Terrestrial Laser
Scanning (TLS) techniques are evolving, including mobile and UAV platforms
[16]. TLS is able to provide very detailed information of the forest structure
by constructing proper 3D images of the forest where species, stems, branches
and leaves are segmented.

1.3 Objectives

The work presented herein aims to improve the understanding of how tomo-
graphic radar techniques can be used to estimate forest biophysiological prop-
erties and processes. More specifically, prospects of relating the observations
to forest biomass and water dynamics is assessed. This is of importance for
evaluating Tomographic SAR (TomoSAR) as a technique for future global forest
carbon stock and flux monitoring as well as for investigating its sensitivity to
ET processes by connecting observations to microwave scattering and forest
hydrology models. The goals of this work were to

• Evaluate the sensitivity of P- and L-band TomoSAR observations to
temperate forest above-ground dry biomass and assess related nuisance
factors, as a part of the TomoSense ESA campaign (Papers I and II).

• Investigate the BorealScat tower radar L-band tomographic radar time
series observations and how they relate to the temporal water dynamics
of the forest (Paper III).

The next chapter will provide a brief introduction to the theory and practice
of tomographic radar forest remote sensing. First, radar tomography basics
are covered, followed by theory and examples of how the radar signal interacts
with the forest environment. This includes the effects of dielectric properties
and scattering mechanisms on radar backscatter. Thereafter, experimental
observations of the influence of forest biophysiological properties and pro-
cesses on temporal and spatial variations of tomographic radar backscatter is
summarized.



Chapter 2

Remote Sensing of Forests
using Radar Tomography

2.1 Radar Tomography

A radar system can measure the ratio of power returning to the radar from a
resolution cell relative to the power transmitted to the cell, i.e. the backscatter
of a surface or volumetric resolution cell in the scene [21]. Tomographic synthetic
aperture radar (TomoSAR) techniques provides vertical resolution and thus
enables more precise observations of the vertical distribution of backscatter [22].
In research on radar tomography of forests, dependencies of the temporal and
spatial characteristics of the vertical distribution of backscatter are analysed.
The goal is to identify and properly understand the connection between the
radar measurements and forest biophysiological properties.

2.1.1 Radar Principles

The most basic principle of a radar is to transmit a radio pulse and record
the arrival time of echoes from the environment. A measured time delay t is
converted to a range measure ρ by relating to the speed of light c as

ρ =
ct

2
. (2.1)

The attainable resolution in distance is the range resolution and is given by
[23]

δρ =
c

2B
, (2.2)

where B is the pulse (or system) bandwidth around the carrier frequency.
The operating frequency band of a radar system is referred to according to a
system of intentionally unrelated letters. Table 2.1 summarizes a few of these,
including name, frequency range and wavelength.

7
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Band Frequency Wavelength
VHF 3 - 300 MHz 10 - 1 m
P 216 - 450 MHz 139 - 67 cm
UHF 0.3 - 1 GHz 100 - 30 cm
L 1 - 2 GHz 30 - 15 cm
S 2 - 4 GHz 15 - 7.5 cm
C 4 - 8 GHz 7.5 - 3.75 cm
X 8 - 12 GHz 3.75 - 2.5 cm
Ku 12 - 18 GHz 2.5 - 1.7 cm
K 18 - 27 GHz 1.7 - 1.1 cm
Ka 27 - 40 GHz 1.1 - 0.75 cm
V 40 - 75 GHz 7.5 - 4 mm
W 75 - 110 GHz 4 - 2.7 mm
mm 110 - 300 GHz 2.7 - 1 mm
THz 0.3 - 1 THz 1 - 0.3 mm

Table 2.1: Radar frequency bands and corresponding wavelengths according to
IEEE standard 521-2019.

A radar signal incident over an area or object can be expressed as a
Fourier series expansion with time-harmonic electromagnetic (EM) plane wave
components, each with a phasor (i.e. a complex number representation) form

E⃗ = (v̂Ev + ĥEh)e
−jkk̂·R⃗, (2.3)

where v̂ and ĥ are unit vectors such that ĥ lies in a plane parallel to ground,
with both vectors orthogonal to each other and the wave propagation direction
k̂ [21]. That is, E⃗ consists of a vertical polarization component v̂Ev and a

horizontal polarization component ĥEh, where the amplitudes are complex
valued (j is the imaginary unit). k is the wave number and R⃗ describes the
radial distance and direction from the EM wave source. If the radar transmits
a pulse that is vertically polarized and also measures the received vertically
polarized power, it is said to measure the VV (vertical-vertical) power. Similarly,
a horizontally polarized transmit and receive measurement is abbreviated as
HH. The leftmost and the rightmost letter denotes the receive and transmit
polarization respectively. The two possible cross-polarized measurements are
thus HV and VH.

The Radar Cross Section (RCS) σpq at a polarization pq, where p and q are
V or H, of an object is the ratio of the power of the backscattered EM wave

E⃗p
s relative to the power of that incident E⃗q

i [24]. It is defined as

σpq = lim
ρ→∞

4πρ2
|E⃗p

s |2

|E⃗q
i |2

. (2.4)

ρ → ∞ implies that the antenna is located in the far-field of the scatterer and
that the scattered EM wave can be approximated as spherical. The ratio of
backscatter from a surface σ0

pq or volume σv
pq within a resolution cell, such
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as from soil or a vegetation cover, to the respective surface area or volume is
commonly referred to as the backscattering coefficient or the radar reflectivity
[21]. It is defined similarly to Equation (2.4) and expressed normalized by the
area A or volume V of coverage as

σ0
pq =

< σpq >

A
, (2.5)

or

σv
pq =

< σpq >

V
, (2.6)

where < · > denotes the statistical average.
Any radar system observing scenes where several objects or rough surfaces

are present in a resolution cell, such as usually in natural environments, is af-
fected by speckle noise. This type of noise is caused by the (from an observation
point of view) random constructive and destructive superposition of reflections
from multiple scatterers within a resolution cell. The power of such noise is
exponentially distributed and thereby its standard deviation proportional to
the average observed intensity (i.e. to the backscatter coefficient) [21], [25]. It is
often the dominant disturbance in radar observations of natural environments.
The residual standard deviation of the backscatter coefficient due to speckle
noise, sspeckle, is inversely proportional to the square root of the number of
independent samples Ns used in the averaging procedure as [21]

sspeckle =
< I >√

Ns

, (2.7)

where I is the observed intensity. Moving of the antenna such that the radar
return of the forest volume decorrelates can also be used to acquire more
independent samples to further suppress the speckle noise.

2.1.2 Tomographic Synthetic Aperture Radar

Radar range measurements taken from different positions, such as along a line
when an airplane, drone or satellite carrying the radar instrument is moving
along its trajectory, can be combined to construct a synthetic aperture larger
than the physical antenna [22]. The positions of measurements can be arbitrary,
but linear apertures are often practical and straightforward to apply theory to.
In general, several trajectories of radar measurements, such as from consecutive
flights along closely-spaced parallel tracks as is shown in Figure 2.1, builds up
a sparse 3D synthetic aperture antenna. The 2D projection of this antenna
aperture as seen from a position on the ground will determine the resolution in
azimuth and elevation, as is illustrated in Figure 2.1. Resolution in range is
already provided by the pulse bandwidth, resulting in a 3D imaging capability.

Assuming parallell line trajectories with equispaced sample points and
baselines (distance between trajectories), the following results of resolution
can be derived. The resolution in the azimuth dimension, as given in [23],
corresponds to

δaz =
λ

2θint,az
(2.8)
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Figure 2.1: Illustration of a TomoSAR acquisition geometry and the resulting
resolution cells compared to that of SAR (a single flight track). ∆r is the
range resolution, ∆v the elevation resolution and ∆z the corresponding vertical
resolution. ©2011 IEEE. Reprinted, with permission, from [26].

and the resolution in the vertical dimension is given by [22], [27] as

δz =
λρ

2LB
sin θ. (2.9)

where λ is the wavelength, θint,az the synthetic aperture integration angle in
the azimuth dimension, ρ the slant range, θ the look angle (the angle from
zenith in the resolution cell to the antenna aperture) and LB the baseline of
the aperture in the elevation dimension.

Common techniques to compute a TomoSAR tomogram from the radar
range profiles at each sample point are backprojection, Fourier beamforming,
Capon beamforming and compressive sensing [27]–[29]. Backprojection and
Fourier beamforming conserve the radiometric accuracy of the image, while
Capon beamforming and compressive sensing are methods that can acquire
vertical super-resolution (i.e. better than that of Equation (2.9)) but at the
cost of decreasing radiometric stability.

2.2 Dielectric Properties

An EM wave propagating in a medium or incident on an object is attenuated
and scattered due to induced electric currents. The mechanism of these currents
is a combination of ohmic conduction and charge displacement currents. The
alignment of polar molecules to the electric field of the EM wave causes
displacement currents. Since the field is oscillating, charges are in motion, i.e.
in current. In natural environments such as the troposphere, ocean, grassland,
bare soil or forests, the main conducting substance for radio- and microwaves
is water. Its presence dominates the value of the complex dielectric constant,
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which controls the attenuation in a media and reflection at (or transmission
through) a surface. Observing these environments, the radar instrument is
sensitive to water. In a forest, water is present everywhere - in the stems,
branches and leaves of trees and other vegetation as well as in the ground soil.
All these are components that build up a complex three-dimensional structure
which the radar signal is sensitive to.

The dielectric properties of a material describes how an incident EM wave
induces movement of charge and heat dissipation in the material. This is
encapsuled in the complex dielectric constant ϵ, defined (for isotropic materials)
as

ϵ = ϵ0ϵr = ϵ0(ϵ
′ − jϵ′′), (2.10)

where ϵr is the relative dielectric constant, which consists of ϵ′, the relative
permittivity, describing the displacement of charge causing an induced electric
field, and the dielectric loss factor ϵ′′, which accounts for the energy transfer
from the EM wave to the material [30].

The dielectric properties of soil are highly dependent on the soil moisture
content. At a frequency of 1.4 GHz and a variation of volumetric soil moisture
content of 0 to 50 %, ϵr varies from about 2.5 − j0 to 35 − j8 [32], with ϵ′

eventually approaching that of water at about 77 [33]. The level of salinity in
water mostly affects the dielectric loss factor at frequencies below 10 GHz [30].
The dielectric loss factor ϵ′′ varies as much as from 4 to 90 between pure and
sea water at 1 GHz. As temperatures dive below zero, water forms into ice and
ϵr changes drastically. Pure ice has a loss factor ϵ′′ below about 10−3 in the 1
to 10 GHz range [30]. ϵ′ is almost independent of temperature and frequency
in this region, with a value of about 3.2. So, ice is virtually transparent and
close to lossless in the P- to X-band frequency range usually considered for
radar remote sensing of forests.

Vegetation dielectric properties are dependent on the volumetric water
content. E.g. for corn leaves with a volumetric water content varying from 0
to 60 %, ϵr changed from 0 to about 40− j15 [34]. The dielectric constant of
tree trunks is known to vary on a diurnal scale. A time series measurement
from [31] of P-band ϵr change at four heights in a Norway spruce (Picea abies
[L.] Karst) tree is shown in Figure 2.2. The ϵr of tree trunks is dependent on
depth from its surface, polarisation (hence it is not isotropic) and tree species.
These diurnal variations of tree trunks are supposedly related to tree water
content and its change due to transpiration activity.

2.3 Scattering Mechanisms

Not only is the EM wave interaction with the forest environment dependent on
the dielectric properties of materials, it also depends on their geometry. Even
if the dielectric properties of the material would be constant with frequency,
the geometry strongly determines the scattering properties. The backscatter
dependency on object size d is often divided into three scattering zones: Rayleigh
scattering (d << λ), Mie scattering (d ≈ λ) and geometrical optics scattering
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Figure 2.2: Plots of Vapour-Pressure Deficit (VPD) (an indicator of favourable
transpiration conditions), rainfall, relative dielectric constant real part ϵ′ and
imaginary part ϵ′′ at P-band and at four heights in the stem of a Norway spruce
(Picea abies [L.] Karst) tree. The VPD reference is set to the top of the graph,
normalized to the standard atmospheric conditions at sea level (1013 mbar).
©2002 IEEE. Reprinted, with permission, from [31].

(d >> λ) [35]. For objects smaller than the wavelength, i.e. for Rayleigh
scattering, the backscatter is proportional to λ−4 and is thus weak. Therefore,
radars operating at different frequencies are sensitive to structures of different
size in the forest. E.g. leaves and smaller branches in the forest canopy strongly
reflects an X-band signal with 3 cm wavelength, while they are transparent
for a P-band signal with 70 cm wavelength [36]. Although, attenuation is
proportional to λ−1 and can still be significant for a layer of distributed
particles [35]. Moreover, objects with large and smooth surfaces (compared
to the wavelength) cause coherent scattering (the wave is reflected with a
uniform wavefront) that is strong in the specular direction (i.e. it acts like a
mirror). Conversely, rough and randomly structured objects cause incoherent
scattering that add up constructively or destructively randomly in any direction
(causing the speckle effect). In terms of sensor parameters, the reflection on
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Figure 2.3: Illustration from [37] of backscatter components in a forest, subject
to different combinations of scattering mechanisms.

and transmission through surfaces and structures depends on the polarization,
wavelength and incidence angle of the EM wave.

As the microwave radar signal propagates through the complex forest canopy
structure, it is subject to a vast number of single- and multiple-scattering events.
This dilutes its power density, which also reduces due to heat losses [35]. The
power of the forest backscatter observed by the radar is dominated by the lower
order scattering terms. EM scattering models of forest consider a number of
components contributing to the total backscatter, as is illustrated in Figure
2.3. An example of a forest scattering model is MIMICS [37], [38], which has
been applied in e.g. [39]–[46]. A computation of L-band backscatter using this
model is shown in Figure 2.4. A polarisation dependence is seen, where the
largest difference is due to the ground-trunk double-bounce contribution.

Three key mechanisms involved in the forest backscatter, in addition to
absorption, can be mentioned: Fresnel reflection, Bragg scattering and dihedral
scattering. First, forward scattering from a plane wave incident on a dielectric
surface is described by the Fresnel reflection scattering mechanism [35]. The
strength and polarisation of the reflected wave is dependent on the dielectric
properties of the material and the incidence angle, but the HH reflection is in
general stronger than the VV reflection for a horizontal surface. The Fresnel
reflection assumes a specular reflection, i.e. for a smooth surface. Slight
surface roughness, with small height variations relative to the wavelength,
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Figure 2.4: Example of simulated L-band backscatter components of a forest
using the MIMICS model in [37].

can be accounted for by assuming a quasi-specular surface, which reduces the
magnitude of the Fresnel reflection [35], [47]. This mechanism is involved in the
ground and stem reflections of component 1, 2, 4, 7, 8, 9 and 10 in Figure 2.3.

A second important mechanism is that causing the backscattered wave from
a rough dielectric surface, such as direct ground backscatter, as is involved in
component 5 and 6 in Figure 2.3. Slightly electromagnetically rough surfaces
(for about 2π∆s/λ < 0.3, where ∆s is the rms surface height) exhibit Bragg
scattering, a result of approximate Fraunhofer diffraction over the random
surface, while rougher surfaces approach Lambertian scattering that is isotropic
in all directions [35]. Conversely to Fresnel reflection, Bragg backscatter is in
general up to a few dB stronger for VV than for HH. This phenomena was
observed for bare soil in e.g. [48], [49].

A third mechanism is dihedral scattering, which is the combination of two
Fresnel reflections in a corner [50], possibly between two materials with different
dielectric properties such as a ground layer and a tree stem. This corresponds
to components 4, 9 and 10 of Figure 2.3. Just as for a single Fresnel reflection,
the dihedral backscatter return is stronger for HH than for VV. Thereby, direct
backscatter from the ground can be expected similar or stronger for VV than
for HH, while dihedral-like structures such as the ground-trunk double-bounce
implies a stronger HH backscatter. This agrees well with the simulation results
of L-band backscatter contributions due to different scattering mechanisms in
a forest shown in Figure 2.4.

2.4 Backscatter Variations

As has been established in the previous sections, the amount of backscatter
measured by the radar from a forest under observation is caused by the
biophysiological properties of that forest environment. In the case of radar
tomography, the vertical distribution of backscatter is commonly referred to
as the vertical reflectivity profile (VRP). In general, if excluding radar sensor
parameters, spatial and temporal changes of the radar backscatter are caused
by structural or dielectric variations. Over an area, the structure of the forest
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canopy, such as tree height, tree species, tree age and sub-canopy vegetation,
or that due to forest management, contribute to forest texture variations.
Moreover, topography has a significant influence on the ground backscatter
and double-bounce components, and so does spatial soil moisture variations. If
observing a forest area from a fixed position over time, the temporal backscatter
variations are caused by changes of the value of the dielectric constant or its
distribution as well as by movement of leaves, branches and stems e.g. due
to wind. This includes seasonal changes, e.g. deciduous trees losing their
leaves in fall or soil moisture variations and ground cover changes (caused
by e.g. inundation, runoff, drought, rain or snow), and movements of stems,
branches and leaves. Anthropogenic activity can of course also cause backscatter
variations, deforestation being an obvious example.

2.4.1 Studies of Spatial Characteristics

TomoSAR observations of the spatial variations of the VRP in forests have
mainly been done by means of airborne campaigns. The TropiSAR campaign,
carried out in 2009, resulted in studies connecting the P-band VRP to tropical
forest tree height, sub-canopy ground topography and the sensitivity of its
variation to AGB [51]–[58]. AfriSAR was another tropical forest TomoSAR
experiment, carried out in 2015-2016, with acquisitions at both P- and L-band
[54], [59]–[63]. These studies have treated e.g. estimation of forest height,
ground topography, 3D structure, disturbance (forest clearing) and forest AGB.
The BioSAR-1 and -2 campaigns, in 2007 and 2008 respectively, provided
P- and L-band results from boreal forest sites [26], [64]–[68]. The studies
have covered the VRP variations relationship to boreal forest height, AGB
and the influence of sloping terrain. An experiment done in Switzerland in
2006 provided a P- and L-band TomoSAR dataset over a partially forested
area, where the VRP relationship to forest height, ground topography and
polarimetric information was studied [69]. In 2008-2016, DLR carried out P-
band and L-band TomoSAR acquisitons over a temperate forest site, providing
results focused on the estimation of forest 3D structure parameters (also after
the event of rain) and their use for AGB estimation [70]–[75]. In 2020, the
TomoSense campaign acquired P- and L-band TomoSAR observations of a
temperate forest site [76].

In general, these studies have found that the spatial variations of TomoSAR
VRPs provide information well suited for estimation of forest height, ground
topography, 3D structure and AGB. P-band backscatter is observed to be more
sensitive to AGB than L-band, while L-band is more sensitive to forest height.
Also, due to the canopy being more transparent for lower frequencies, ground
topography is better observed at P-band. In addition to covering locations
with different forest types and topography, differences between studies lie in
implementation and system parameters such as resolution, acquisition modes,
estimation methods and (radiometric and polarimetric) calibration quality. A
better resolution is often possible for L-band acquisitions due to restrictions of
bandwidth allocation for P-band. However, questions remain to be answered
regarding the influence of e.g. soil moisture, ground slope and the mix of tree
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species in the forest composition.

2.4.2 Studies of Temporal Characteristics

Radar tower experiments are currently the only platforms enabling analyses
of the temporal characteristics of forest backscatter on time-scales of seconds
to years. Tropical forests have been observed at P-, L- and C-band by the
TropiScat, TropiScat-2 and AfriScat tower radars [77]–[84]. Temporal coherence
was studied on the time-scale of hours to months, where daily cycles were
seen during dry days (as they were otherwise perturbed by rain) [79]–[81], [83].
Differences in the polarization dependence of the time series was also observed.
Coherence dropped during mid-day, the cause being wind. The forest phase
center (i.e. height of ”center of mass” of the VRP) was seen to exhibit a diurnal
motion vertically, with a hypothesized connection to forest ET phenomena
[77]. P-band temporal decorrelation was concluded to be at a minimum at
night or early morning, due to less wind and temperature changes [78]. P-band
temporal coherence was also observed to vary vertically, decorrelating quicker
in the forest canopy than at ground level. A significant drop of coherence was
linked to the onset of transpiration activity in the morning, established by flux
tower measurements [80], [81].

The BorealScat tower radar acquired multi-polarimetric P-, L- and C-band
data of a boreal forest site [19], [85]–[88]. Changes of radar backscatter and
temporal coherence were studied, in relation to environmental parameters. As
temperatures dropped below zero, backscatter was observed to decrease 4-10
dB [85], [86]. Variations of the backscatter was also seen at times of high wind
speed. P-band backscatter was observed to be more stable in the canopy than
at the ground level (during non-frozen conditions) and diurnal backscatter
variations were observed during hot periods, hypothesized to originate from
ET phenomena [19]. Diurnal variations of P- and L-band coherence was
seen, supposedly due to convective winds and ET phenomena, with minimum
decorrelation at night or early morning [86].

The SodSAR experiment, a fully polarimetric SAR operating in the L- to
X-band range, has provided boreal forest backscatter time series mainly in
or near subzero conditions [89]–[91]. The attenuation of the forest canopy
was studied, where temperature subzero-drops was observed to cause a 4 dB
decrease [90]. From L-band to X-band, there was an increase of up to 18 dB
in apparent two-way attenuation, with another 1-4 dB increase in attenuation
with a snow covered canopy. The frequency dependence of temporal coherence
in a lightly forested area was also analyzed [91].

These studies have shown that temporal variations of the VRP in a forest
occur due to e.g. changing temperature, precipitation, wind and ET conditions.
The influence of temperature is apparent as the backscatter and canopy attenu-
ation reduces drastically as it drops below zero. Lower frequency bands exhibit
a longer decorrelation time, i.e. stays coherent for longer times. The presence
of wind causes the backscatter to decorrelate. A link between backscatter
variations to transpiration activity and forest water dynamics is hypothesized,
for observations of both tropical forest in dry season and boreal forest during
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hot summer periods.
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Chapter 3

Summary of Appended
Papers

3.1 Paper I: TomoSense: A unique 3D data-
set over temperate forest combining multi-
frequency mono- and bi-static tomographic
SAR with terrestrial, UAV and airborne
lidar, and in-situ forest census

S. Tebaldini, M. Mariotti D’Alessandro, L. M.H. Ulander, P. Bennet, A.
Gustavsson, A. Coccia, K. Macedo, M. Disney, P. Wilkes, H.-J. Spors, N.
Schumacher, J. Hanuš, J. Novotný, B. Brede, H. Bartholomeus, A. Lau, J.
van der Zee, M. Herold, D. Schuettemeyer and K. Scipal. Remote Sensing of
Environment, Vol. 290, 15 May 2023, 113532.

This paper describes the data collected in the ESA-funded TomoSense exper-
iment. The campaign was carried out to support research on forest remote
sensing using SAR and TomoSAR at P-, L- and C-band. The data was collected
over the temperate forest of the Eifel National Park in north-western Germany.
The dominant species of the area were beech and spruce, with forest heights
ranging from around 10 to 30 m and peaks up to 40 m. The Above-Ground
dry Biomass (AGB) of the area ranges from 20 to 300 tonnes per hectare
(t/ha), with peaks over 400 t/ha. A monostatic acquisition was done by a
single flight for the P-band data, while both monostatic and bistatic acquisitons
were done for L-band using two parallel flight tracks. Acquisitions were done
in two headings, with up to 30 trajectories flown in each heading, to provide
tomographic imaging capabilities. Complimentary 3D structural measurements
were done via terrestrial laser scanning (TLS), unmanned aerial vehicle lidar
(UAV-L) and airborne laser scanning (ALS) and in-situ forest sensus.

Contribution by P. Bennet: Results and discussion of the TomoSAR vertical
reflectivity profile’s AGB dependence, for spruce and beech forests separately,
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and AGB retrieval performance for P- and L-band. This encompasses Figures
13 and 14 and related paragraphs.

3.2 Paper II: Sensitivity of P- and L-band SAR
Tomography to Above-Ground Biomass in
a Hilly Temperate Forest

P. Bennet, L. M.H. Ulander, M. Mariotti D’Alessandro and S. Tebaldini.
Submitted to IEEE Transactions on Geoscience and Remote Sensing (2023).

This paper assesses the above-ground biomass (AGB) sensitivity of the P- and
L-band TomoSAR dataset acquired in the TomoSense ESA campaign. Details
on the TomoSense campaign can be found in [76]. There is a knowledge gap
regarding the influence of forest type (i.e. mix of tree species) and the nuisance
effect of ground slopes on TomoSAR AGB retrieval capability. The TomoSAR
data cover a highly topographic area, with many ground slopes above 20◦ and
even up to 40◦. It is thus well suited for ground slope nuisance analysis. The
two dominant forest types of the area were beech forest and spruce forest. For
the analysis, data points were divided into three forest type categories: beech,
spruce and temperate (a mix of all forest types). An Airborne Lidar Scanning
(ALS) estimated AGB map was used as a reference. Data points were extracted
by means of a uniform grid, with each data point covering an area of 0.5 ha.
The average Vertical Reflectivity Profile (VRP) of each data point was used
for the sensitivity assessment.

The results show the VRP to exhibit a general dependence (in all obser-
vations) for increasing AGB, with the height of the canopy backscatter peak
increasing and the intensity of the ground backscatter decreasing. Importantly,
different dependencies on AGB are seen for spruce and beech forest. Spruce
forest VRPs exhibit a growth in total intensity with increasing AGB, while
beech forest does not. Instead, the beech forest AGB information in the VRPs
is exclusively contained in the height of the upper canopy response. Another
result is the evaluation of AGB retrieval performance for three different intensity
retrieval methods: the total intensity Itot, the 20 to 30 m canopy layer intensity
Ic and the canopy-to-total ratio Icr = Ic/Itot. Note that Icr is a normalized
metric, i.e. the absolute intensity information is removed. The total intensity
of the beech forest shows no sensitivity to AGB, while spruce forest HV is seen
slightly sensitive. The retrieval based on Ic makes the benefits of TomoSAR
vertical resolution evident, as all bands show sensitivity to AGB for all forest
types. AGB retrieval performance for temperate forest HV at P/L-band is
38/36 t/ha RMSE (or 15/14 % relative RMSE). The normalized Icr metric
show a corresponding performance of 40/35 t/ha RMSE (16/13 %).

The influence of ground slope on the AGB retrieval performance is found to
be significant for L-band and even more pronounced for P-band. When limiting
the ground slope to below 10◦, the R2 correlation coefficient of the temperate
forest P-band Ic AGB retrieval increases from 0.53 to 0.77. For this ground
slope limitation the P-band R2 increases similarly for all methods and forest
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GRAPHIC SAR BACKSCATTER IN A BOREAL FOREST
DURING SUMMER: OBSERVATIONS BY THE BOREALSCAT TOWER RADAR 21

types, with the most significant R2 of 0.86 being observed for spruce forest.

3.3 Paper III: Diurnal cycles of L-band tomo-
graphic SAR backscatter in a boreal forest
during summer: Observations by the BorealS-
cat tower radar

P. Bennet, A. Monteith and L. Ulander. Accepted for publication in 2023
IEEE International Geoscience and Remote Sensing Symposium (IGARSS).
Pasadena, CA, USA, 16-21 July 2023.

Diurnal cycles in L-band tomographic radar backscatter times series acquired
by the BorealScat tower radar are identified over summer 2018. This summer
was a dry period in Sweden, with widespread drought leading to tree water
stress and consequently bark beetle infestations. In this paper, the Vertical
Reflectivity Profile (VRP) times series are shown, where the diurnal variations
are present for HH and VV polarizations. The average diurnal variation per
height layer is analyzed over four 7-day time intervals of interest, in May, June,
April and August, representing the progression of summer. Characteristics of
the vertical extent of diurnal cycles are identified, with average magnitudes up
to 1.3 dB at both polarizations. They are seen to vary throughout summer
and exhibit a very different behaviour for HH and VV.

The VV diurnal cycle is seen to be occurring mainly in the upper and lower
forest canopy, with its maximum at night or early morning and minimum at
noon. These are regions where the branch density is lower than in the middle
canopy, exposing the stem more. The VV diurnal cycle is also the strongest in
June and July, a period when transpiration activity is expected to be the most
intense as well as a period of supposedly increasing water stress. The diurnal
cycle seen at HH is, conversely, the strongest in the middle canopy, a region of
high branch density. Its phase is the opposite of that seen for VV, with the
HH diurnal cycle having its minimum at night and maximum at noon or early
afternoon. It is also the strongest in the beginning of summer, before drought
hits and the VV cycle intensifies.

These diurnal cycles are compared with Vapour-Pressure Deficit (VPD) time
series, computed from in-situ measurements of air humidity and temperature.
VPD is an indicator of favourable transpiration conditions. The VPD and the
HH and VV diurnal variations are seen to co-vary closely, strengthening the
hypothesis that tree water dynamics have an influence on L-band backscatter.
The differences between the VV and HH observations are a surprising result
that is yet to be properly understood.
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Chapter 4

Discussion and Future
Work

This thesis revolves around research done within the TomoSense and the
BorealScat projects. The common denominator is the use of radar tomography
to identify variations of the vertical distribution of backscatter and relate those
to forest biophysiological parameters. Regarding Papers I and II, TomoSAR
is reinforced as a well suited technique for forest AGB mapping. The results
regarding reflectivity profile-AGB dependence, tree species dependence and
ground slope nuisance indicate there to be more work to do when it comes
to understanding and applying TomoSAR to forest AGB retrieval. Future
work with the TomoSense dataset may focus on estimation of forest structure
parameters, improving AGB estimation methods and to develop a proper
understanding (including possible mitigation) of the ground slope nuisance.

Currently, the most obvious way forward is to continue the work started
in Paper III. In that study, BorealScat L-band vertical reflectivity profiles
exhibited diurnal cycles with clear polarization and forest layer dependence.
The diurnal cycles were shown to co-vary closely with vapour-pressure deficit,
likely indicating transpiration activity. The next step would be to model the
vertical distribution of forest backscatter in terms of scattering mechanism
components and see how well this can describe the observations (for both P-
and L-band). Different models can be evaluated in terms of how well they fit
the measurement data and the physical relevance of their descriptors.

The connection between components of such models to forest biophysiolo-
gical processes would then be evaluated. Such components could be e.g. canopy
attenuation and backscatter from branches, stems and the ground, then in
combinations for different scattering mechanisms. The canopy attenuation can
be measured separately, by extracting the response from a trihedral reflector
located under the forest canopy, possibly providing valuable inputs to the scat-
tering models. Furthermore, a good starting point to analyze forest scattering
models in this context is to describe the significant backscatter variations seen
as temperature drops below zero.

A link between radar backscatter, scattering mechanisms and forest water
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dynamics such as transpiration, tree water content, soil moisture and dew, will
be possible to investigate more thoroughly with the new BorealScat-2 tower
radar [92]. In addition to improved backscatter measurement capabilities, the
incorporation of environmental data from the flux-tower in combination with
extensive in-situ sensor tree physiological measurements of the observed forest
will prove important for this task.
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