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ABSTRACT

Spaceborne L-band radars have the ability to penetrate vegetation canopies over forested
areas, suggesting a potential for regular and frequent global monitoring of both the vegetation
state and the subcanopy soil moisture. However, L-band radar’s sensitivity to both vegetation
and ground also complicates the relationship between the radar observations and the
ecological and geophysical parameters. Accurate yet parsimonious forward models of the
radar backscatter are valuable to building an understanding of these relationships. In the first
part of this thesis, a model of L-band multi-polarization radar backscatter from forests,
intended for use at regional to global spatial scales, is presented. Novel developments in the
model include the consideration of multiple scattering within the dense vegetation canopy,
and the application of a general model of plant allometry to mitigate the need for much
intensive field data for training or over-tuning towards specific sites and tree species.

Aided by our model, in the remainder and majority of the thesis, a detailed analysis and
interpretation of L-band backscatter over global forests is performed, using data from the
Agquarius and SMAP missions. Quantitative differences in backscatter predicted by our
model due to freeze/thaw states, branch orientation, and flooding are partially verified against
the data, and fitted values of aboveground-biomass and microwave vegetation optical depths
are comparable to independent estimates in the literature. Polarization information is used to
help distinguish vegetation and ground effects on spatial and temporal variations. We show
that neither vegetation nor ground effects alone can explain spatial variations within the same
land cover class. For temporal variations during unfrozen periods, soil moisture is found to
often be an important factor at timescales of a week to several months, although vegetation
changes remain a non-negligible factor. We report the observation of significant differences
in backscatter depending on beam azimuthal angle, possibly due to plant phototropism.

We also investigated diurnal variations, which have the potential to reveal signals related to
plant transpiration. SMAP data from May-July 2015 showed that globally, co-polarized
backscatter was generally higher at 6PM compared to 6AM over boreal forests, which is not
what one might expect based on previous studies. Based on our modelling, increased canopy
extinction at 6AM is a possible cause, but this is unproven and its true underlying physical

cause undetermined.
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Finally, by making simplifying approximations on our forward model, we propose and

explore algorithms for soil moisture retrieval under forest canopies using L-band

scatterometry, with preliminary evaluations suggesting improved performance over existing

algorithms.
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Chapter 1

INTRODUCTION

1.1 Background and overview

The ability to model and predict feedbacks in a changing climate requires many inputs,
including knowledge of where, when, and how much carbon, water, and energy are stored
and exchanged between the land surface and the atmosphere. Many of these interactions take
place in forests, which are major carbon sinks, and contain a majority of global plant biomass
[1]. However, there is significant uncertainty in the knowledge of some of these variables
and their fluxes. Importantly, soil moisture, a key element in evapotranspiration, climate
state, weather and landslide prediction, and flood and drought monitoring [2], is poorly
measured in forests [3, 4]. There is also significant uncertainty in the total biomass carbon
stock of forests, the rate at which it is changing due to deforestation and regrowth, and their

associated spatial distributions [5, 6, 7].

Spaceborne remote sensing offers a good platform to study such key elements pertinent to
the understanding of our climate and environment on a global scale. In particular, microwave
remote sensing enables timely monitoring without interruption by cloud cover and can
measure geophysical parameters that are complementary to the visible-infrared part of the
electromagnetic spectrum. Over forested land areas, long wavelength microwaves, e.g. at L-
band, can penetrate the vegetation canopy and offer sensitivity to both the vegetation as well
as to moisture in the ground under the canopy [8, 9], holding promise as a tool for learning
about changes in their state and related processes if multiple and frequent observations over

time are available.

To date, both active and passive L-band instruments have been operated by spaceborne Earth
observatories. While active radars and passive radiometers each have their own uses, one
difference between them is in spatial resolution. Practical constraints on antenna size place a

limit on the spatial resolution obtainable by passive radiometers, whereas radars using
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synthetic aperture techniques allow finer spatial resolutions to be tailored according to

specific application requirements.

Amongst the spaceborne L-band radar missions that have flown, two stand out in terms of
temporal coverage and polarization information: Aquarius and SMAP (Soil Moisture Active
Passive). Aquarius has a 7-day repeat orbit, while SMAP has global coverage every 2-3 days.
They also offer the advantage of full multi-polarization measurements, sending and receiving
in both horizontal and vertical polarizations. Polarization information has long been
recognized to be useful in helping to distinguish different scattering mechanisms involving
the vegetation and ground [10, 11, 12, 13]. This is important because the sensitivity of L-
band radar to both vegetation and ground is a double-edged sword that complicates the

retrieval of their ecological and geophysical parameters from the radar observations.

Having motivated the study of forested areas and identified the opportunity provided by the
L-band multi-polarization radars of Aquarius and SMAP, in this thesis we study L-band radar
backscatter from forests to better understand its spatial and temporal relationships and
sensitivities to the underlying physical conditions, with the aid of polarization information.
It is worthwhile to mention that Aquarius was not a mission that was originally intended for
observations over land, but instead for the measurement of ocean salinity. SMAP, though
focused on soil moisture, was not primarily targeted at forested areas, due in part to
limitations in understanding the relationships between the L-band measurements and
subcanopy soil moisture in the presence of significant intervening vegetation. On the other
hand, there have been previous studies dedicated to studying L-band radar backscatter from
forests, but these have been over specific, localized forest stands in the context of airborne
synthetic aperture radar (SAR) experiments [9, 14, 15, 16]. There is thus significant potential
in exploiting the Aquarius and SMAP radar measurements over forests for analysis and

interpretations at the regional to global scale.

One approach towards performing such an analysis and deepening our understanding is to
model the radar backscatter, and there has been much work in the literature on developing
such models [14, 17, 16, 18, 19, 20, 21]. Many of the previous models were applied and

evaluated on specific forest stands where detailed measurements of the tree architecture,



3
dielectric constants, and ground conditions were made concurrently with airborne SAR

measurements. These efforts helped to validate many of the concepts and approaches used
in the models. Extending the modelling effort to a global scale, Kim et al. [22] have
developed physical models of L-band radar backscatter for application to soil moisture
retrieval. In particular, their model for forests was based on work by Tabatabaeenejad et al.
[9] and Burgin et al. [21], which required a detailed and complete characterization of the
geometry of vegetation structures as input. To reduce the number of free input parameters
required, each forest land cover class was modelled with representative species, and species-
specific allometric relations were applied to relate all vegetation parameter to a single free
input parameter — vegetation water content (VWC). In-situ samples from field measurements
were also used as training data to tune some geometric parameters within the model. Two
other input parameters, soil surface root mean square (RMS) height and soil dielectric
constant, describe the ground. Such parsimony was essential for model inversion and
parameter estimation from limited data — only three measurement channels (HH, HV, VV

polarization) from the radar of the Soil Moisture Active Passive (SMAP) mission.

In this thesis, we shall present in Chapter 2 an L-band forward model of multi-polarization
radar backscatter from forests that is intended for application at regional to global spatial
scales. The term “scatterometry” in the title was chosen to suggest the greater emphasis on
accurate backscatter cross-section values, as opposed to the regime of imaging SARs with
very high resolution at the scale of metres, but poorer radiometric accuracy. Our modelling
approach builds upon many of these earlier ideas and foundations, and is similar to that by
Kim et al. [22], Burgin et al. [21] and Durden et al. [14] in many respects, but we made
significant novel developments. Identifying the distribution of the size of tree trunks and
branches as key contributors to L-band scattering, we extend the afore-mentioned allometry
strategy for model parsimony by applying a general model of plant allometry to obtain this
distribution, mitigating the need for much intensive field data for training and/or over-tuning
towards specific sites and tree species. Unlike some previous models, our model also takes
into account the significant multiple-scattering within dense forest canopies by introducing

a correction factor computed using radiative transfer. This correction factor is important in
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providing accurate agreement between the model and data, especially when the dynamic

range in the radar backscatter from forests is only several decibels. Further modelling details

are described in Chapter 2.

Equipped with our forward model which relates radar backscatter to input parameters from
the forest and ground, in Chapter 3 we apply it to the analysis of global forest L-band multi-
polarization backscatter data from the Aquarius scatterometer. We show that our model
appears to be consistent with the data overall, and interpret spatial and temporal variations in
the radar backscatter in terms of ground and vegetation factors. Neither ground nor
vegetation factors alone suffices to explain the spatial variance within the same land cover
class. For temporal variations during unfrozen periods, soil moisture may be a primary factor
at timescales of one week to several months. Vegetation changes remain a non-negligible
factor, and for larger incidence angles over deciduous needleleaf forests may even become
the primary factor at longer timescales (months). Differences in L-band radar due to
freeze/thaw states, branch orientation, and flooding were also partially verified quantitatively

with our model.

In Chapter 4, we analyze diurnal variations in L-band multi-polarization backscatter from
forests using SMAP data. Transpiration and related plant processes follow a diurnal cycle
and there is potential for monitoring vegetation water status using radar [23, 24, 25, 26, 27].
We find that the co-polarized L-band radar backscatter observed in late spring-summer over
the northern boreal forests is higher at 6PM than 6AM, which is not what one might expect
based on previous studies. Based on our modelling, increased canopy extinction at 6AM is a
possible cause, but this is unproven and its true underlying physical cause is undetermined.
Aside from the diurnal variations, we also report the observation of significant differences in

backscatter due to beam azimuthal angle, possibly associated with plant phototropism.

As recognized in attempts by Kim et al. [22] and Tabatabaeenejad et al. [9], soil moisture
remote sensing from under dense vegetation remains a challenge. Existing radar-based and
radiometer-based algorithms by the SMAP mission primarily focus on areas with
VWC<5kg/m?, which excludes most forests. In Chapter 5, we make simplifying

approximations of our forward model to obtain a linear relationship between HH-polarized
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radar backscatter and subcanopy soil moisture, under certain conditions. Based on this

linear relationship, we propose some algorithms for soil moisture retrieval from forests using
L-band radar. Preliminary evaluations suggest improved performance over existing

algorithms.

The subsequent sections in this chapter will briefly review some preliminary foundations that
are essential for subsequent chapters. The content can be found in most radar textbooks,
though notations and conventions vary; here we largely follow the notations and conventions
adopted by Ulaby and Long [28]. In Section 1.2, we establish the scattering geometry and
coordinate system, and define the 2x2 scattering matrix. Section 1.3 reviews the radar cross-
section for a point target and a distributed target. Section 1.4 covers the scatterer covariance
matrix, and Section 1.5 the optical theorem. We shall not derive these concepts from first
principles; rather, we merely provide the definitions to set the stage for their use in the rest
of the thesis.

1.2 Radar scattering geometry and scattering matrix
Here we establish the notations, geometries, and coordinate systems to be used. Consider a

single point scatterer, or target, located at the origin with the scattering geometry as in Figure

1.1. The incident direction is k;, the scattered direction is kg, with

k; = sin 6; cos ¢; X + sin 6; sin ¢; § — cos 0; Z (1.1)
k, = sin 6, cos ¢ X + sin B, sin ¢ § + cos O, 2 (1.2)
. 2 x k; .. . 2 x kg e
hi:,\ = , Vi:hl'in! hS:,\—*' VS:hSXkS. (13)
|z><ki| |z><ks|

This definition of coordinates is known as the “FSA (forward-scattering alignment)

convention”, or so-called wave coordinates [28].
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Figure 1.1. Geometry for the FSA (forward-scattering alignment) convention.

Let
E; = (Eih; + ELV;) explikk; - T — wt] (1.4)

be an incident plane wave propagating in the k; direction, where k = 2m/A is the
wavenumber, and w = 27 f is the angular frequency. h; and 9; are mutually orthogonal unit

vectors also orthogonal to k;, as defined in (1.3) and Figure 1.1. Likewise, let
E; = (EZBS + 55‘75) exp[iki{s ‘T — wt] (1.5)

be the scattered field (in the far-field) in the k direction, with hg and ¥, mutually orthogonal

unit vectors also orthogonal to the scattered direction k. The terms “h-polarized” and “v-
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polarized” will be used frequently with regards to the incident or scattered fields. The

relation between the scattered and incident fields can be conveniently written in matrix form

Ez] _ 1S Sw]|Ed
E3l " krlSon  Sw E} (1.6)
where

vh va

is the (dimensionless) scattering matrix for the single point scatterer (some other authors in
the literature prefer to put the factor of 1/k within the matrix rather than outside, such that
the scattering matrix has dimensions of length). The four entries of this 2x2 matrix are the
scattering amplitudes for the respective polarizations. Note that the scattering matrix is
dependent on the choice of polarization basis vectors h;, ¥;, h,, ¥;. These equations are
written for linearly-polarized incident waves, but arbitrary elliptical polarizations can be

readily accommodated with suitable complex phases.

Figure 1.1, and equations (1.1) to (1.3) represent a common choice of coordinate basis, the
FSA convention. Another choice of coordinate basis is the “BSA (backscatter alignment)

convention”, or so-called antenna coordinates [28]:

k; = sin6; cos ¢; X + sin 6; sin ¢; § — cos 6; Z (1.8)
k, = — sin O, cos ¢ & — sin O, sin ¢s § — cos O 2 (1.9)
. 2 x k; .. . 7 x kg P
hi:A = , :hiXkl', hS:,\ = , VS:thks (110)
|z><k |z><k|

The BSA geometry is shown in Figure 1.2.
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Figure 1.2. Geometry for the BSA (backscatter alignment) convention.

Throughout this thesis, both conventions are used. The BSA convention is more convenient

when in the backscatter (monostatic) case, because then k; = k,, while FSA is more
convenient in the bistatic case when the incident and scattered directions are arbitrary. The

scattering matrices in either convention can be converted to the other convention simply:

[S(6;, di, 65, Ps)]psa = [_01 2] [S(6;, @i, 65, Ds)psa - (1.11)

Whenever the scattering matrix is used, the convention used (BSA or FSA) will not be
labelled as a subscript, but will instead be clarified in the text. Note that the quantities |S;, |2,

|Shul?, 1Sun 12, |1S,,1? are the same in either convention.



1.3 Radar cross-sections and distributed targets

Suppose the incident radar is h-polarized and illuminates the point target with a power
density of S}, with units of W/m? (power per unit area, where the area is normal to the
propagation direction). The power dP; scattered into the far-field into an infinitesimal solid

angle dQ in the direction kg, in the v-polarization, is then

|Svh|2

dps =7

StdQ. (1.12)

Analogous equations hold for other combinations of incident and scattered polarizations. The
radar scattering cross-section, o, also called the radar cross-section or RCS, is by
convention [29, 30] 4m of the scattered power per unit solid angle per unit illumination

intensity

|Svh|2
k2

Opn = 4T (1.13)

and has dimensions of area. Again, analogous equations hold for other combinations of

incident and scattered polarizations.

So far all discussion has been concerning a single point target. In cases of a distributed target
or collection of scatterers extending over an area, such as the ground, the normalized radar
cross-section, a3, (NRCS, also referred to as differential scattering coefficient) is defined

as the radar cross-section per unit horizontal ground area [28]

0 _ <O-1]h)
O-Uh - A

(1.14)

where A is a unit horizontal ground area, and (o) is the average value of g, over that
area. o)y, is dimensionless and as usual, analogous equations hold for other combinations of
incident and scattered polarizations. For a thin horizontal layer of randomly distributed
identical small scatterers, with an average scatterer number density of n (i.e. n has units of

m3) and layer thickness of Az,

4mnAz
Opp = 7 {Swnl?) (1.15)
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If the scatterers are not identical, equation (1.15) still holds with the angular brackets being

interpreted as also averaging over the distribution of scatterers.

As a shorthand notation, instead of oy, 0y, o7y, 32, often HH, VH, HV, VV are used

instead for the normalized radar cross-sections:

HH is shorthand for g, (1.16a)
HV is shorthand for o, (1.16b)
VH is shorthand for ¢, (1.16¢)
VV is shorthand for ¢, (1.164d)

Due to the large dynamic range of possible normalized radar cross-sections and abundance
of factors that combine multiplicatively, decibels (dB) are often used instead of linear units.

They can be readily converted via

(quantity in decibels)dB = 10log,,(quantity in linear units) . (1.17)

1.4 Scatterer covariance matrix

As equation (1.12) suggests, to relate incident and scattered powers or intensities, second-
order terms e.9. Spn Sk ShuShys €tC. are required. By re-arranging the scattering amplitudes
from a matrix into a vector, these second-order terms can be collected into a 4x4 scatterer

covariance matrix

Shv
Svh
va

S| _ [ShoShn  ShovShy  ShvSon ShvSov | (1.18)
Son| ~ |SonSin SonSiv  SonSun SunSew|
SVV vasﬁh vasﬁv vaS;h vaS;v

Snn] [Sea]" [SnaShn ShnShy  ShaSvn  SnaSov]
[C] =

where the + symbol stands for conjugate transpose. For the case of backscatter (i.e. 6, =
0;,¢s = ¢; + 1), reciprocity dictates that S, = —S,, iIn FSA and Sy, = S, in BSA [31].
Hence for backscatter in BSA, often the 3x3 scatterer covariance matrix is used instead:
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SnnSin V2 SpnShy  SnnSpo

\/_ Sh,, \/_ Sh,, = V2 S,Sin  2SmSiy V2 SnuSiv |- (1.19)
vaS;;h \/E vaS;:v vaS;v

The diagonal entries of the covariance matrix are proportional to the respective normalized
radar cross-sections, but the covariance matrix contains additional information about the

relative phase between different polarizations in the off-diagonal entries.

1.5 Optical theorem

The optical theorem (see e.qg. [32], [30], [33]), also known as the forward scattering theorem,
relates the extinction to the forward scattering amplitude rather generally for scattering
phenomena. Newton [34] traces its more-than-a-century old history. To state it for our case,
the extinction cross-section for a single scatterer is, for h-polarized and v-polarized incident

radar beams respectively,

a1t
Oext, h(gu (oF ) = Imag[Shh(Hu ¢i,0s = — 0,5 = ¢1)] (1.20a)

41T
O-extv(eu ¢ ) - Imag[ ‘U‘U(Bl’ ¢u 9 =T - 91: ¢s ¢1)] (1-20b)

where the forward scattering amplitudes are in FSA.

For instance, the intensity or power of a h-polarized incident beam propagating in the X
direction through a cloud of identical scatterers with number density n (n has units of m~3),

decays as
() = InCx = 0) exp [~noeuun (61 = 5,64 = 0) 2] (1.21)

and likewise for v-polarization. If the scatterers are not identical, we can assign an average

cross-section over the distribution of scatterers such that we retain the expression

() = InCx = 0) exp [~ (Geeen (6 = 5,80 = 0)) 4] (1.22)

where the angular brackets denote averaging over the distribution of scatterers.
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The electric field amplitude is proportional to the square root of the intensity; for ease of

future notation, we introduce the corresponding average-per-scatterer extinction cross-

section for the field

1 2
(kn (6, 1)) = E(O-ext,h(gi'd)i)) = k—Z(Imag[Shh(Qi,fl-’)i, Os =m—0;,¢s = p)]) (1.23)

and likewise for v-polarization.
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Chapter 2

MODELLING OF L-BAND RADAR BACKSCATTER FROM FORESTS

2.1 Overview of modelling approach

In this chapter, a model to simulate the L-band radar backscatter from forests will be
presented. As mentioned in the introduction, this model is intended primarily for regional to
global spatial scales. Globally, there is a wide variation in the density and types of vegetation
cover over land. We shall use the land cover classification adopted by the International
Geosphere-Biosphere Program (IGBP) [35]. (A map of global land cover in the IGBP
classification scheme can be found in Figure 3.5.) Classes 1-5 correspond to forests classes.
Numerous different species of trees and inhomogeneous distributions are expected within
the radar footprint. Instead of attempting to describe them all in detail, broad simplifications
are made here. The forest is modelled as a homogenous layer of randomly oriented dielectric
cylinders corresponding to crown canopy branches (leaves and structures of other
morphologies are neglected), and a lower homogeneous layer of preferentially vertically
oriented dielectric cylinders corresponding to tree trunks. Four separate terms contributing
to the radar backscatter, corresponding to different scattering mechanisms, are considered.
They are: 1. Backscatter from the crown canopy layer only; 2. direct backscatter from the
ground; 3. double-reflections off the ground and canopy layer; 4. double-reflections off the
ground and tree trunks. This is depicted schematically in Figure 2.1. These terms are then
added incoherently together to give the total backscatter. For each polarization, the radar

cross section per unit ground area is represented as:
0 _ 0 0 0 0
0" = Ocn + Ugnd,direct + Ucn—gnd,db + Gtrk—gnd,db ' (2- 1)

Direct backscatter from the trunk layer is negligible because of the preferential vertical

orientation of the trunks.
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Figure 2.1. Model of L-band radar backscatter from natural vegetation, as the incoherent sum of
four separate terms corresponding to different scattering mechanisms.

The modelling approach adopted here largely follows that taken by Durden et al. [14] and
Burgin et al. [21], with some important novel developments. This approach required a
detailed specification of the sizes and geometries of all the cylinders involved, which
typically involved intensive measurements of several sample trees at specific field study
sites. In those experiments, such a complete characterization was ideal for direct validation
of the modelling approach against concurrent SAR measurements. However, because we
intend to apply our model to many different parts of the globe, usually without detailed
knowledge of the required physical and geometric parameters, we try to keep the model with
as few free input parameters as possible. The importance of this parsimony was also
emphasized by Tabatabaeenejad et al. [9] and Kim et al. [22], bearing in mind that in
application, model inversion and parameter estimation are expected to be performed from
limited measurement channels — just the three polarization channels HH, HV, VV in the case

of the Aquarius and SMAP radars. A novel development in our approach is to go beyond the
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species-specific allometry in Tabatabaeenejad et al. [9] and Kim et al. [22], and apply a

general plant allometry model, which thus also mitigates the need for much intensive field
data for training and/or over-tuning towards specific sites and samples; in both a literal and
figurative sense, to not lose the forest for the trees. This will be further explained and

elaborated upon in Section 2.7 and Section 2.8.

The retained free input parameters to our model are: the total canopy branch volume per unit
ground area, Vj, or, in units of m3m?; the relative permittivity of the vegetation, &,; the
relative permittivity of the ground, ¢4; and the RMS height of the roughness of the ground
surface, h, in units of m. There are additional parameters pertaining to the orientation

distribution of the cylinders that can be chosen, but these will not be freely varying.

Another important novel departure we make from Durden et al. [14] and Burgin et al. [21]
is that, for the backscatter term from the canopy layer only, while we still employ a single-
scattering approximation for computational simplicity, we make a correction for multiple

scattering effects within the canopy; this correction is particularly significant for forests.

Details for computing each of the four modelled terms are elaborated in the sections below.

2.2 Backscatter from crown canopy layer only

This section describes the computation of the first term contributing to the overall radar
backscatter, UCOn,poz for pol = hh, vv, hv, or in shorthand, HH,,, HV,,,, VV.,. The canopy
layer is modelled as a homogeneous layer of randomly oriented dielectric cylinders with
some specified size distribution and orientation distribution. The cylinder scatterers are
considered as “point particles” and the effect of their size appears only through their
scattering matrix. The relatively small volume of cylinders (compared to air around it) allows
the approach known in the literature as the distorted Born approximation [36, 37]. In this
approximation, the scatterers are embedded in an equivalent medium with a complex relative
permittivity eq.¢ that gives agreement with the approximate mean field. Using Foldy’s
approximation, and taking air to have a refractive index of 1 and all magnetic relative
permeabilities to be 1, the effective refractive index of the equivalent medium is related to

the forward scattering amplitude of the scatterers [36, 37, 38], and is polarization dependent:
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+\/ €eff h—pol = 1+ ﬁncn(shh(gij b1, 0, =1 —0;,ps = ¢1)) (2.2a)

21
\ Eeffv—pol = 1+ Fncn(svv(ei' i, 0s = — 0,5 = ¢1)> (2.2b)

where n.,, has units of inverse volume and is the number density of scatterers (i.e. cylinders)
in the canopy layer, and k = 2m/A is the wavenumber in air. Here the forward scattering
amplitudes are in the FSA convention (see Section 0), and angular brackets denote averaging
over the cylinder distribution. The cylinders “see” the incident radar wave modified
correspondingly by an extinction and phase delay, and make a single scattering back to the
radar receiver. (Multiple-scatterings are accounted for by a correction later.) Cylinders
deeper in the layer make less contribution to the total backscatter due to extinction from
higher parts. The electric field decays exponentially with depth with an extinction coefficient
(for h- and v-polarizations respectively) related to the imaginary part of the forward

scattering amplitude for the cylinders

2
ncn(’Ch,cn(ei: ¢1)> = ncnk_z- (Imag[Shh(ei: ¢, 0s =1 —0;,¢ps = ¢1)]> (2.3a)

2
ncn(Kv,cn(eir i) = ney k_Z(Imag[va(ei; ¢;,0, =m—0;,¢s = ¢1)]) (2.3b)

consistent with the optical theorem (Section 2.4); the extinction coefficient for the intensity
is twice that for the field. The phase delay can be found from the real part of the forward
scattering amplitude, and needs to be considered if it is polarization-dependent and phase
differences between polarizations are required. Otherwise if only normalized radar cross-

sections are required, this phase can be ignored.

Scattering matrices for both the forward and backward scattering from the cylinders are
required. For a single cylinder with relative permittivity ¢, radius r, length L, and orientated
with cylinder axis direction (6., ¢.), the 2x2 dimensionless bistatic scattering matrix
[S(6;, ¢i, 6, ds, 6., ., 7, L)] for incidence from direction (6;, ¢;) and scattering into
direction (6, ¢5) is provided in Appendix A (equation (A.2)), which follows closely the

expressions given by van Zyl and Kim [11] and Bohren and Huffman [30]. The incidence
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and scattering angles (8;, ¢;) and (8, ¢5) may follow either the FSA or BSA conventions

(see Section 1.2); recall that the 2x2 scattering matrix in the BSA and FSA conventions only
differ by a change of sign in S;; and S, (see equation (1.11)). The relative permittivity
within each cylinder is assumed to be homogeneous, and all cylinders in the vegetation layer
are assumed to have the same relative permittivity, so we do not display the dependence of

[S]on &,.

We can now discuss in further detail the averaging operations over cylinder distribution that
have been referred to with angular brackets. Let p(6., ¢., 1, L) be the density function of the

cylinder size and orientation distribution, satisfying the normalization

f p(B;, ¢, 1, L)sinb,.dO.dp . drdl = 1. (2.4)
r,L Oc,¢c

Averaging over the cylinder distribution thus means, for instance,

([S(6s, d 65, 5)]) = f f [S(8;, i, 65, s, B, e, L)]p(Ber v, L)

L O

sin 6, d6,d¢ drdL . (2.5)
For simplicity, the size and orientation of the cylinders are modelled as being independent,
i.e. p(0,, ¢, 1, L) can be factorized accordingly. Integrals over the cylinder orientations
(6., ¢.) are performed first, and then over the cylinder sizes (r, L). The specific choice of
cylinder size distribution will be elaborated upon in Section 2.7. The orientation distribution
for the upper crown canopy layer is chosen to be uniform in ¢., and from the family

parameterized by a reference angle 6, and an exponent m [39]

|cos? (6. — )™
sin 6, |cos?(6, — 0,)|™d6, '

p(6c, Pc) = 0= (2.6)

21 f96=o

For values of m not too large, the distribution is quite broad and smooth over 6. and ¢.. The
4m sphere is discretized into a uniform angular grid over 6, and ¢, for numerical
computation, and the integrals computed by approximating them as simple Riemann sums.

For extinction calculations, a 5° angular discretization suffices. For backscatter and bistatic
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scattering calculations, an angular discretization of 0.354/mL was used. This angular

discretization is chosen in view of the width of the sinc function in equation (A.1) in
Appendix A. If 0.351/rL is greater than 5°, the angular discretization is set at 5° instead.
When A/L is small, [S] is small everywhere apart from the vicinity of the forward scattering
cone (see Appendix A). Thus when A/L is small, backscatter is dominated by cylinders
oriented perpendicular to the incident direction, and computation can be accelerated by
neglecting cylinders that are not within an angle of 21/L from a perpendicular orientation.
In view of the cylinder orientation distribution being uniform in azimuth angle ¢., we can
arbitrarily pick ¢; = 0. For backscatter, ¢, = ¢p; + m and 6, = 6;. The direct single-
scattering backscatter from the whole canopy layer is found by summing the contributions
of all the single-cylinder radar backscattering cross-section values over the distribution of
cylinder sizes and orientations, and considering the two-way extinction as a function of

depth. The normalized backscatter radar cross-sections for single-scattering from the canopy

layer are
Z=Zz
4mtn 4n g, (Kkp cn (0 (Z, — 2)
Hch,ss = kzcn f exp <_ ok CZOS 10 2 (lShh(giNZ)dZ (2. 7a)
z=7Z, !
z=Zy
4mn AN Ky en (O Z, — Z)
VWenss = Tcn J exp <_ = U'CZOSLG' z (|va(9i)|2)dz (2.7b)
z=7Z4 '
z=2Zy
4mtn 2n (K 0;) +k 0,))Z,—z
HV,, g5 = T;czcn f exp (_ enKn,en(0;) — ch( MNZ, )>(|S}w(9i)|2)dz
z=7Z4 '
(2.7¢)

where Z, — Z; is the total height of the upper vegetation layer. The dependencies on ¢;, 6,
and ¢, are no longer shown because ¢; = 0, ¢; = ¢; + m = m, and 6; = 6;. Recall that
(K, cn(0;)) and (x, ., (8;)) have units of area and are per-cylinder extinction cross-sections
of the canopy layer for the h-polarized and v-polarized electric fields, respectively. Also note
that n., and (Z, — Z,) always occur together in the combination n.,(Z, — Z;) for the

expressions for the normalized radar backscattering cross-section values, i.e. in this
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calculation, the relevant parameter is instead the average number of cylinders per unit

ground area, not n.,, and (Z, — Z,) separately.

Thus far, the validity of the single-scattering approximation has been implicitly relied upon.
HH 55, VVenss and HV, s shall be referred to as the “single-scattering solutions” for the
backscatter from the canopy layer. When the vegetation gets thick, multiple scattering paths
may become important. We attempt to take this into account by applying a polarization-
dependent multiple scattering correction factor, denoted F, such that our full solution for the

backscatter from the canopy layer that includes multiple scattering effects is

HH, = THH(Tcn(Bi)’ 0;, SU)HHCTL,SS (2.8a)
VW, = TVV(Tcn(gi)' 0;, Sv)wcn,ss (2-8b)
HV,, = :FHV(Tcn(Qi): 0;, gv)HVcn,ss . (2.8¢0)

The multiple scattering correction factor F depends on the incident angle 6;, the cylinder
relative permittivity &,, and the simplified average optical thickness of the canopy layer,

T.n(6;), Where

ncn(<Kh,cn(9i)> + (Kv,cn(gi»)(zz - Zl)

2.9
cos 6; 2.9

Tcn(gi) =

For compactness, 7., instead of t.,(6;) may be written subsequently, with implied

dependence on the incidence angle 6;.

To estimate Fyy and Fyy, the method of radiative transfer [40] was used to calculate the
backscatter without making the single-scattering assumption. The radiative transfer
calculation was performed for several values of 7., 8;, and ¢,, with a uniformly random
cylinder orientation distribution for (8., ¢.), and a specific distribution over cylinder radii r
and lengths L; details of this radiative transfer calculation are provided in Appendix B. A
further correction is made to account for coherent backscatter enhancement not modelled by
the radiative transfer equations. Interpolation is used to find F for intermediate values of

Tyob, Bir €,- Fuv 1S estimated using Monte-Carlo estimates of the ratio between cross-
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polarization and co-polarization returns for double scattering from the same cylinder

distribution. More details are provided in Appendix B. Note that we only compute these
multiple-scattering correction factors once for a fixed cylinder distribution, and apply these
correction factors even for other cylinder distributions. The reason for this is that the multiple
scattering computations are far more demanding than the single-scattering calculation. The
multiple scattering correction factor was checked at a few values of z.,, 8;, €, to be similar
to if a cosine-squared cylinder orientation distribution was used instead of a uniformly

random orientation distribution, partially justifying this simplification.

The multiple scattering correction factor F(z.,, 8;, €,) is plotted below in Figure 2.2 to
Figure 2.4 as a function of the optical thickness t.,(6;) for several computed values of 6;
and ¢,,. (These values of 6; correspond to the beam incidence angles of the Aquarius radar,
to which the model will be applied in Chapter 3.) Note that this multiple-scattering being
considered is within the branches of the canopy layer only. Multiple scattering pathways that
simultaneously involve scattering off the ground and also off the branches or trunk more than
once, have been neglected. This assumption is reasonable because when the optical thickness
is large, such pathways incur a large extinction, whereas when the optical thickness is small,
multiple scattering is weak. A less valid assumption is the neglect of multiple scattering
pathways that simultaneously involve scattering off the canopy and the trunk have also been
neglected; this assumption is made purely for simplicity. Finally, as a reminder, double-
reflections involving the branches and the ground are being considered as a separate terms

in equation (2.1).
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Figure 2.2. Estimated multiple-scattering correction factor Fyy (t.,(0,), 0;, €,) as a function of
optical thickness 7., (6;), for several values of 6; and ¢, .
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Figure 2.3. Estimated multiple-scattering correction factor Fyv (t.,(0;),6;, €,) as a function of
optical thickness 7., (6;), for several values of 6; and ¢,, .
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multiple scattering correction factor j"HV vs. optical thickness Tcn(ﬁi)
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Figure 2.4. Estimated multiple-scattering correction factor Fyy (7.,(6;),6;, €,) as a function of
optical thickness 7., (6;), for several values of 6; and ¢, .

2.3 Direct backscatter from the ground

This section describes the computation of the second term contributing to the overall radar
backscatter, (O'z?ol)gnd,direct for pol = hh, vv, hv. For direct backscatter from the ground,
we use the simplified IEM model by Fung and Chen [41]. The ground is modelled as a flat,
horizontal, slightly rough surface with dielectric constant ;. The roughness is assumed to
be a Gaussian process with RMS height h and exponential correlation with correlation length
{. 6;isthe radarincidence angleand k = 2w /A isthe wavenumber as usual. The normalized

backscatter radar cross-section is then given in terms of these parameters by [41]:

k? C W™ 2k sin 6;, 0)
HHgna direct = 7exp[—2k2h2cos20i] z IIf‘rllhlz ! l (2.10a)
n=1 '
k2 Y 1N, W™ (2K sin;,0)
VVgnd,direct = 7exp[_2k h*cos*6;] |13, | y (2.10b)

n=1
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where

1Yy, = (2" exp[—k2h?c0s?6;] fun + Gnr) (kh cos 6;)™ (2.11a)
I, = (2" exp[—k?h?cos?8;] f + Gy) (kh cos )™ (2.11b)

For an isotropic correlation function, the dependence is only on the magnitude of the distance
between two points. The surface spectrum (by the Wiener-Khinchin theorem) of an

exponential correlation raised to the n-th power is, in polar coordinates,
3

2 2\ "2
W@ (2ksin6;,0) = ¢ (1 + (%) ) (2.12)

n2

where ¢ is the correlation length. Gnn, Guw, fan, for are given through the following

computations:

— — SinZ — )
&g COS 0; gy — sin?6; cos 0; — /&, — sin“6;

Ry = 25’ Ry = 2
&y Ccos B; + /g5 — sin?H; cos 0; + /&4 — sin“0;

TU=1+RU' Th=1+Rh

Tom=1-R,, Thm =1—Ry

1
Gy = <sin f;tan 6, —— [g5 — sin20i> T2 — 2sin®0; <sec 0, + —2> TyTym
&g gy — Sin“6;

+ (sin 6;tan 6; + £,(1 + sin®6;)/ ’sg - sin29i> T2,

Gun = — (sin O;tan 6; — |g; — sin29i> T# + 2sin%6; <sec 0; +

- (sin 0, tan 6; + (1 + sin%6;)/ /sg — sinzei) T2,

Ry = ’ Rpo = —Ryo

) Th Thm

Y
gy — sin?6;
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_ 8R%ysin?6;(cos 6; + /e, — sin26;)

t

cos 8; /&g — sin?6;
00 (kh Ccos Qi)Zn (n) . 8Rv0 2
5 anlTW (2ksm9i,0)|Ft+ cos 6,
Sto (kh cos 6;)2" 2n+2R 2
oo \RIRRUVO YY) (n) : . v0
n=1 n! W (2ksin6;,0) |Fe + exp [(kh cos 6;)?]cos 6;

R —StR +(1 St)R R —StR +(1 St)R
_ 2R, 2Ry,
ﬁ”’_cosei' T cos 6;

In our numerical computation, we use only the first twenty terms of the infinite series, as a

trade-off between computational accuracy and speed.

Fung and Chen [41] also provide expressions for the cross-polarized backscatter. This cross-
polarized backscatter term from the ground is neglected here because it is small compared to

the cross-polarized backscatter from the vegetation layer, i.e. let
HVyna direct = 0. (2.13)

Strictly speaking, this approximation is only valid when the ground surface is reasonably flat,
but because forested areas have strong cross-polarized backscatter from the vegetation, this
approximation is good except in very extreme cases e.g. mountainous areas. WWhen applying

our model in subsequent chapters, we shall exclude areas with high terrain slope.

To simplify and reduce the total number of parameters in the overall model, we make the
assumption that the correlation length and the RMS height are related [22, 42] via { = 10h.
This reduces the number of parameters for the ground to two, namely, the roughness RMS
height h and the relative permittivity ¢,. The ground dielectric relative permittivity, g, is
closely related to the soil moisture; fluctuations in &, are almost synonymous with
fluctuations in soil moisture, because the relative permittivity of liquid water at L-band is

much higher than the relative permittivity of most rocks. A model by Mironov et al. [43] for
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the relationship between soil moisture and ¢, is provided in Appendix C. We shall not

need to explicitly use this relationship until Chapter 5, where it will be discussed further;

until then, it suffices for us to work in terms of &;.

2.4 Double-reflections off the ground and crown canopy layer

This section describes the computation of the third term contributing to the overall radar
backscatter, (O-gol>vn—gnd,db for = hh,vv, hv. Figure 2.5 is a schematic of the double-
reflection off the ground and a cylinder in the upper crown canopy layer. The cylinder is at
a height z above the ground, Z; < z < Z,. Z; is the total height of the lower trunk layer, and
Z, — Z4 is the total height of the upper crown canopy layer. Note that there are two exactly
opposite pathways that add coherently. Let path 3a be the path that scatters off the cylinder
first, and then the ground, before returning to the radar antenna. Let path 3b be the opposite
path that scatters off the ground first, and then the cylinder, before returning to the radar
antenna. To find the double-bounce backscatter, the bistatic scattering off the cylinder,
bistatic scattering off the ground, extinction through the upper crown canopy layer, and

extinction through the lower trunk layer are required.

Gly

Figure 2.5. Double reflections off the ground and a cylinder in the upper vegetation volume layer
are a coherent sum of two opposite pathways, labelled 3a and 3b.
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Let

S S
[Scyl,Sa]= hh  2hv

2.14
Svh Sbv ( )

]cyL3a

be the 2x2 dimensionless bistatic scattering matrix off the cylinder for incidence from
direction (6;, ¢;) and scattering into direction (65, = m — 6;, s = ¢; + ), and [G] be the
2x2 dimensionless bistatic scattering matrix off the ground for incidence from direction
(6;, ¢;) and scattering into direction (65 = 0;, s = ¢;), both written in their local BSA
coordinates. As before, [Scyl,m] is provided by the expressions in Appendix A. For [G] , the
Fresnel reflection coefficients are used, with a correction for surface roughness found from
a physical optics approximation (also often called the Kirchhoff approximation) [44, 14]

_ [Ghn 0]_ o k2h2 a2 [Rh 0]
[G]_[ 0 G, = exp(—2k?h?cos?6;) 0 R, (2.15)

where R;, and R,, are the Fresnel reflection coefficients

R cos 0; — /g, — sin?);
h = -
cos ; + /&5 — sin?6;

- — sin2
&g COS 0; — /€5 — sin®6;

R, = (2.16b)

by =
— oin2
&g COS O; + /€4 — sin“6;

and exp(—2k?2h?cos?6;) is the roughness correction factor.

(2.16a)

The extinction cross-sections (normalized to one cylinder) through the upper crown canopy
layer were (kp, c,) and (i, c,) for h-polarized and v-polarized electric field respectively.
Likewise, let {xy¢i) and (x, ¢) be the extinction cross-sections (normalized to one
cylinder) through the lower trunk layer for h-polarized and v-polarized electric field, with
units of area, and n;,;, be the average number density of cylinders in the trunk layer, with

units of inverse volume.

The total one-way extinction of the electric field through the lower trunk layer is then, for

the two polarizations,
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[ ntrk<Kh trk)Zl_
a (Z) =exp|—-————— (2.17a)
h,trk 1 i cos 91
a (Z ) = exp -_ ntrk<Kv,trk>Zl- (2 17b)
v trk\#1 _ CoS Qi .
For convenience in multiplication with 2x2 scattering matrices, let
ap,eric(Z1) 0 l
o (Z1)] = ' . 2.18
[ tT‘k( 1)] [ 0 av,trk(zl) ( )

Likewise, for the upper crown canopy layer, the one-way extinction of the electric field

through the part of the upper crown canopy layer above the cylinder, written as a 2x2 matrix,

is
[exp l_ ncn(Kh(,:c(:LS)g?Z - Z)l 0 ]
[0 (Zy = 2)] = | ) el (Zs — 2 | . (2.19)
l exp cos 6; J

Similarly, the one-way extinction of the electric field through the part of the upper crown
canopy layer below the cylinder is [a.,(z — Z,)], and the total one-way extinction of the

electric field through the upper crown canopy layer is [a.,(Z, — Z;)].

We can now write the overall 2x2 scattering matrix for path 3a as
Shh Shv] _ 1 0
Son Sww 3a = [(ch(Zz - Zl)][atrk(zl)][(}] [ 0 1]

X [atrk(Zl)][acn(Z - Zl)][scyl,s’a] [acn(zz - Z)] (2- 20)

O] accounts for the direction of the axes in the BSA convention.

where the factor of [_01 1

Similarly, the overall 2x2 scattering matrix for path 3b is
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[Shh Shv Shh Sho]"
Svh va vh va 3a

= [acn(zz [ScyIBa] acn(Z Zl)][atrk(zl)][ . (1)] [G]

X [atrk(zl)][acn(zz - Zl)] . (2- 21)
Paths 3a and 3b combine coherently to give the symmetric 2x2 scattering matrix

Shh Shv _ Shh Shv + Shh Shv

Svh va cyl,db Svh va Svh va 3b

= [(ch(Zz — Z)] ( cyl, 3a [th vi] [th 0 ] [Scyl,3a]> [acn(Zz — Z)] (2 22)
where

[Qgh Q?;v = [a,(z — Z1)][atrk(Z1)][ 1 (1)] (G0t (ZD ][ (z — Z1)]. (2.23)

Rearranging,

Shh ghh
V2s,| = [eIel g (2.24)
va cyl,db va cyl3a
where
[A]
exp[—2ncn(icn,cn)(Z, — 2)/ cos 6] 0 0
= 0 exp[_ncn<Kh,cn + Kv,cn)(Zz - Z)/ Cos 91’] 0
0 0 exp[_zncn<’€h,cn)(22 —z)/ cos ei]
2 0 0
2] =[0 V2 0]
0 0 2

[Q]: 0 Qnn Quy 0
L 0 0 0 Quy

[Qnn O 0 0 ]

Next the 3x3 scatterer covariance matrix for the single cylinder can be constructed:
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SunSin V2 SunSiy  ShnSi
V2 S1,Sin 2SmwShy V2 SnuSiw

vaS;:h \/_ SUUShv SvvSvv cyl,db

Shn Shh
=[u][z][q1§‘ FZZ [Ql 2] (211" (2.25)

Sm’ cyl,3a SUU cyl,3a

By averaging over the cylinder distribution and integrating over the layer, the normalized
radar cross-sections can then be found using the diagonal entries of the averaged 3x3

covariance matrix

<Ji(1)h) * *

4tn
* 2(ap) * = L

k2

* * <0-1917> cn—gnd,db

7=7, SneShn ShnShy  ShaSpn  ShaSov

ShvShh Shvsi’:v Shv ;h Shv's;v

A [2] * * *

L [ [ [Q] vhShh SvhShv Svthh Svthv
zZ= * * * *
! vaShh vaShv vaSvh SpwS

vwOVY-cyl 3a

yQI[2][A]Tdz  (2.26)

where the off-diagonal entries on the left-hand side have simply not been displayed, and the
angular brackets on the right-hand side denote averaging cylinders over p(6., ¢., 1, L) as

described earlier in the Section 2.2 on backscatter from the upper crown canopy layer only.

2.5 Trunk-ground double reflections

This section describes the computation of the fourth term contributing to the overall radar
backscatter, (a{,’ol)trk_gnd,db for = hh, vv, hv. Like the upper crown canopy layer, tree
trunks are modelled as cylinders at a height z above the ground, 0 < z < Z;, butare handled
separately because trunks tend to have a vertical orientation. Because of the predominant
vertical orientation, some simplifications can be made. The first simplification was the
neglect of direct backscatter from the tree trunks, leaving trunks to contribute only via this
trunk-ground double reflection term. Another simplification is the neglect of Sy, ¢ 34 and

Svn,trk,3q for predominantly vertically oriented cylinders, where
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S S
[Strk,3a] =" hw (2. 27)

Svh SVV] trk,3a

is the 2x2 dimensionless bistatic scattering matrix off a trunk for incidence from direction
(6;, ¢;) and scattering into direction (65, = w — 6;, p5 = ¢; + ), completely analogous to

equation (2.14).
Consequently,
HVirk—gna,ap = 0 (2.28a)

4tne 2,
HH¢ k- gnaap = k—;4 exp l—4

ncn(Kh,cn)(Zz -7+ ntrk<Kh,trk)Z1
cos 0;

X | Grp *{IShnliri 3a) (2.28b)

_AnmngZy Nen{Kyp,cn)(Zy — Z1) + Ny eri) 21
VWVirk—gnd,ap = T kz 4exp (—4 c0s 0.
l

X |va|2<|5vv|%rk,3a> ' (2'28C)

Typically, (ISpnl?isa) > (ISpwlZkza) aNA (kyer) > (kneri) because of the vertical
orientation of the trunks, and |G, |*> > |G, |? because of the Fresnel reflection coefficients,

$0 HH¢yk—gna,ap dominates VViry_gna ap-

The trunk cylinders are modelled with an orientation distribution that is uniform in ¢, and

Gaussian distributed about the vertical direction [14], with a small RMS tilt o,

exp l_%(g_i)zl

p— 2 !
21 fgicz_on sin 8, exp l— % ((%) l dé,

p(6c, o) = (2.29)

For computation, the integrals required for averaging over the trunk distribution are
approximated numerically as sums. The integral over (8., ¢.) is performed first. In view of
the narrow distribution about the vertical, an angular grid is set up only up to 6, = 4o, from

the vertical. For extinction calculations, the angular spacing was set to a./5 in 6., and 10°



31
in ¢.. For bistatic scattering calculations, an angular spacing of 0.351/mL was used in

both 6. and ¢.. This angular spacing is chosen in view of the width of the sinc function in
equation (A.1) in Appendix A. If 0.351/xL is greater than o, /5, the angular spacing is set
at o./5 instead. Because the bistatic scattering is dominated by cylinders oriented
approximately perpendicular to the direction k; + kg (where k;, k, are in the BSA
convention), for accelerated computation, only cylinders that are within an angle of 21/L
from an orientation perpendicular to k; + Kk, are included. The specific choice of distribution

over trunk cylinder radii and lengths (7, L) will be elaborated upon in Section 2.8.

2.6 Cylinder relative permittivity &,
For the cylinder relative permittivity, the model of Ulaby and El-Rayes [45] is used.
Following the model, the relative pemittivity of vegetation material is related to the

volumetric moisture content of vegetation, M,,, and the microwave frequency f in GHz, via
& = Vpw&F + Vp&p + & (2.30)

In the first term, vy, is the volume fraction of free water and &, is its relative permittivity:

Vpy = My(0.82M, + 0.166) (2.31)
75
g =49+ —— + 1875, (2.32)
18
18
Ysar = 0.165 — 0.001357 (2.33)

where y,; is the ionic conductivity, and S the water salinity in parts per thousand on a weight

basis.

In the second term, v, is the volume fraction of the bulk vegetation-bound water mixture and

&y, IS its dielectric constant:

31.4M?2

~1+595M2 (2.34)

VUp
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55

ey =29+ — (2.35)
1—i |-

0.18
The third term &,. is a nondispersive residual component

& = 1.7 + 3.2M, + 6.5M2. (2.36)

In all these expressions, i = +/—1 is the imaginary number and the opposite sign convention
was taken from Ulaby and EI-Rayes to keep consistent with the expressions in Appendix A
(i.e. electric field oscillates as exp(—2mift) ). Unless otherwise stated, we typically choose
M, to be 0.5 and set S to 8.5. This gives a value of &, = 35.94 + 11.09i, which is in
reasonable agreement with measurements taken by Chauhan and Lang [15] at a walnut
orchard and Durden et al. [46] at a coniferous forest near Mount Shasta. This value of g, is
taken as the default value for subsequent modelling, unless variations in ¢, are explicitly

considered in context.

2.7 Distribution of cylinder radius and length in the crown canopy layer

This section describes and explains the choice of cylinder size distribution (over cylinder
radius r and cylinder length L) for the upper crown canopy layer. A cylinder size distribution
constrained to have as few free parameters as possible is desired. As mentioned in the
overview, the reason is that in application to Aquarius and SMAP data, there are only 3
output radar observables to compare against or perform model inversion with: the normalized
radar backscattering cross-sections HH, VV, and HV. In principle, the forward model can
also compute the full covariance matrix containing the relative phases between the
polarizations, by computing integrals containing Sy, Sy, SywShy, €tC. in equations analogous

to (2.7a-c) for the cylinders.

Before presenting the specific choice of cylinder size distribution, a preliminary analysis of
the dependence of the forward model on the radius, r, is performed. This will shed some
useful insights with regards to how the cylinder size distribution affects the radar backscatter.
This preliminary analysis is performed for an upper crown canopy layer of uniformly

randomly oriented cylinders, i.e. in the cosine-squared distribution for (8., ¢.), the exponent



33
parameter was set to m = 0, no multiple scattering correction, no lower trunk layer, and

neglecting the ground and any interactions with it, i.e. only the single-scattering solutions
HHcpss » HVenssi VVenss from equations (2.7a-c). All the cylinders in the layer have
identical sizes. The length was pegged to radius via L = (r/1cm)?/3 m (the reason for this
choice will be explained in Section 2.7), and the cylinder number density n.,, was chosen in
such a way as to keep the total volume of cylinders per unit ground area n,,(Z, — Z,)mr?L
fixed at 10~3m3/m?2. Note that for uniformly randomly oriented cylinders, by symmetry we
expect (kp cn) = (Kpen) » HHenss = Ve ss. Figure 2.6 to Figure 2.8 show the results of
this preliminary analysis. The one-way extinction (for power or intensity), exp(—7.,),
through the layer, and radar backscatter HH,, s , HV,, 55, are plotted against cylinder radius

r. The radar wavelength was set to 24cm, and the incidence angle 40° from the vertical.

radar A=0.24m, ﬂi=40° ; extinction exp(-Tm} vs. cylinder radius, total volume nm(Zz-Z1}7.-r2L fixed at 10 m3®/m?
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Figure 2.6. L-band (A=24cm) one-way extinction at incidence angle of 40° for a layer of uniformly
randomly oriented identical cylinders, as a function of cylinder radius r for several values of
dielectric relative permittivity (blue curve: &, = 4.5 + 1.1i; red curve: ¢, = 17.1 + 5.8i; yellow
curve g, = 35.9 + 11.1i; g, = 62.7 4+ 18.2i). Total volume of cylinders per unit ground area is
fixed at 1073m3/m?.
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Figure 2.7. Normalized radar backscattering cross-section HH., ;s from equation (2.7a) at

incidence angle of 40° for a layer of uniformly randomly oriented identical cylinders, as a function
of cylinder radius r for several values of dielectric relative permittivity (blue curve: &, = 4.5 +
1.1i; red curve: g, = 17.1 + 5.8i; yellow curve g, = 35.9 + 11.1i; ¢, = 62.7 + 18.2i). Total
volume of cylinders per unit ground area is fixed at 10~3m3/m?, and cylinder L = (r/1cm)?/3 m.
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Figure 2.8. Normalized radar backscattering cross-section HV,,, ;s from equation (2.7c) at incidence
angle of 40° for a layer of uniformly randomly oriented identical cylinders, as a function of cylinder
radius r for several values of dielectric relative permittivity (blue curve: &, = 4.5 + 1.1i; red curve:
&, = 17.1 + 5.8i; yellow curve g, = 35.9 + 11.1i; ¢, = 62.7 + 18.2i). Total volume of cylinders
per unit ground area is fixed at 10~3m3/m?, and cylinder L = (r/1cm)?/3 m.
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Even though here the cylinder length L was fixed in relation to r and the results for

different choices for L are not displayed, the extinction is actually independent of L, if the
total volume is fixed. The reason is that cylinders with longer length have a proportionately
longer extinction contribution, but the total number of cylinders is also proportionately fewer.
The backscatter contribution from the canopy is also only weakly dependent on cylinder
length, if the total volume is fixed. Given a fixed total volume n.,(Z, — Z;)mnr?L, if L is
increased, each cylinder has a larger backscatter scaling as the square of L, but the total
number of cylinders n, is inversely proportional to L, and further there are also fewer
cylinders close to perpendicular to the incident direction that contribute significantly to the

backscatter (within an angle proportional to A/L).

The most obvious trend in Figure 2.6 to Figure 2.8 is that the interaction of the radar, when
considered per unit volume of cylinder, is strongest at the resonance size (z 2nr\/e_,, /A) .

The other important point is that the vegetation dielectric constant affects the backscatter
both through changing the resonance size of cylinders as well as the strength of the
interaction. For ¢, = 36 + 11i, the resonance size is about 0.5-1 cm radius, or 1-2 cm
diameter. Very small branches (<1 mm radius) approach the Rayleigh regime and have
negligible backscatter. Branches much larger than the resonance size also have less
interaction with the radar per unit volume, but their total volume may be significant. This
issue extends to tree trunks (whose total volume dominates the branches, but whose
contribution to the radar backscatter is primarily only in the horizontal polarization through

the trunk-ground double-bounce mechanism HH y_gng,ab) and is evidently a primary source

of the well-known difficulty of estimating above-ground biomass for dense vegetation if only
L-band normalized radar backscatter cross-sections are available. As such, for biomass
retrieval, either radar normalized backscatter cross-sections at P-band due to the longer
wavelength is preferred [47], or if a shorter wavelength is to be used, additional information
from interferometry to measure tree heights [48] and/or phase information to isolate the
double-bounce mechanism using the phase difference between horizontal and vertical

polarization [12, 13] should be used.
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From a modelling perspective, for vegetated areas, in particular forests and dense natural

vegetation, the single most important parameter for the canopy volume is the total volume
(per unit ground area) of resonance-sized branches. Ideally, full knowledge of the distribution
of that volume as a function of cylinder radius is needed. Fractal tree models [49] and
“computer-grown” trees based on architectural plant models have been used [50] for radar
backscatter simulations, but these do not explicitly specify the distribution as a function of
cylinder radius. Reviewing some of the radar modelling literature [9, 46, 51, 16, 15, 52],
attempts have been made at measuring the distribution of branches, but a clear, simple
functional form with widespread applicability for global-scale modelling has not been
proposed. For that, we turn to a general model proposed by West et al. [53] in the ecology
literature. While their theory is much more general, parts of which remain controversial, we
only seek the distribution of branches as a function of radius, not the validity of their entire
theory. Their model [53] views a plant as a “branching hierarchical network running from
the trunk (level k=0) to the petioles (level k=K>0)", with the number of branches of a given

size inversely proportional to the square of the branch radius
Ny « 172 (2.37)

reminiscent of an observation by Leonardo da Vinci [54]: cross-sectional area is preserved
whenever a tree branches. This area-preserving branching condition was la also associated

with the pipe model by Shinozaki et al. [55] [56]. The branch radii at each level are related
by

T
K+1 _ Constant. (2.38)
Tk

Extending the discrete hierarchical levels to a continuous distribution, the discrete levels can
be viewed as occupying evenly spaced bins of width Aln r on a log-scale of branch radius:

Ny < Ang,p(r) Alnr o r=2 (2.39)

where A is the ground area, and n,,;p(r) is the number of branches per unit radius per unit
ground area. The distribution for the number of branches per unit radius per unit ground area

is thus inverse cubed:
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Nenp(r) o« 73, (2.40)
What is the range of branch radii for which this distribution is valid? There must certainly be
some minimum (since the smallest branches terminate as leaves) and maximum (since there
is @ maximum size to branches) branch radii beyond which these relationships fail. From
Shinozaki et al. [55, 56], this minimum value occurs around 1-2mm, while the maximum
value depends on the tree species, since different tree species have different maximum branch
sizes. Fortunately, the approximate range of validity includes the range of resonance cylinder
radii (at A = 0.24 mand ¢, = 36 + 11i ), from 1 mm to 3 cm. Our approach for forests is
thus to model the branches only up to an arbitrary cutoff maximum radius of 3 cm and down
to a minimum radius of 1 mm. As mentioned earlier, the Rayleigh regime smaller than 1 mm
is not expected to contribute significantly to the radar backscatter. However, for the
maximum cutoff, further simulations show that the forward model does have some sensitivity
to the choice of cutoff in a way that also depends on other input parameters. Hence, failure
to model branches larger than 3 cm may have some detrimental impact on the accuracy of
the forward model, since the true maximum branch radius may be larger than that, especially
in the tropical jungles. The benefit of this simplification is the avoidance of having to handle
the maximum branch size as an additional species-dependent unknown variable, which
would be tricky to implement on a global scale. Additionally, 3 cm does correspond
approximately to the maximum branch radius from various field measurements in boreal
forests [57, 46, 52].

With the radius distribution specified, the cylinder lengths remain. Mechanical
considerations and botanical data of trees are consistent with a relationship between length

and radius of the form given by McMahon and Kronauer [58] :

2
3

Liot(r) o< r (2.41)

Where L., () is the average total “path length” from the point a branch has radius r to a
virtual twig with radius 0. For the sake of analysis, constants L., , and r;, are temporarily

introduced such that
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wl N

Leoe(r) = Liotp (:7)) . (2.42)

Then the length of a branch segment between radius cr and c~'r is (c?/3 -
c‘2/3)Lt0t,b (r/r,)?/3. The choice of ¢ may be related to the branching ratio. For instance,
if the typical ratio of the radius between a parent and daughter branch is 2, ¢ may be taken
to be V2. Lioe p Is potentially measurable. However our aim is to reduce the number of
parameters as much as possible and it is not immediately clear what an appropriate choice of
Lot p and c are, nor if they even are constants across different species of trees. The r2/3
relationship suffices for us to construct the volume distribution without requiring knowledge

of Lyoep and c

To recapitulate, the cylinder size distribution required for the forest canopy layer is as
follows. The reference cylinder radius 7y, is arbitrarily fixed to be r, = 1 cm. The cylinder
length L, (corresponding to reference radius r3) is fixed to be L, = 1 m. The lower bound
of the distribution is fixed at 7;,,;, , = 1 mm. The upper bound of the distribution is chosen

to be 745, = 3 cm.

The number of canopy layer cylinders per unit radius per unit ground area is of the form
r -3
Nenp(r) = Ny (_) (2.43)
Tp

where the scaling parameter N, with units of m~*m™2, can be thought of as describing the

“density” of resonance-sized branches. Associated with each branch of radius r is a length

L(r) = L, C_f (2.44)

where L, is the branch length associated with radius » = r;,. Note that L(r) may not actually
be the true branch length, but rather the cylinder length chosen for our electromagnetic

modelling, and thus N, and L, may not individually be quantities with true physical meaning,
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nor directly measureable. What is physically meaningful, and measurable (though perhaps

with tedious effort), is the volume distribution

1

3

Vp (1) = nepp(r)nriL(r) = NpLynr (:—b) . (2.45)

V, (r)dr isto be interpreted as the total volume, per unit ground area, of branches with radius

between r and r + dr. Also measurable would be the total volume V,, .., per unit ground

area, in branches with radius between 7,,;,, ,, and 7,45, €Xpressed as

Tmax,b Tmax,b 1
-3
Vo ror = f V,(r)dr = NyL,mrf f <T—> *dr. (2. 46)
Tmin,b Tmin,b g

Vp toe has dimensions of m3/m?. All other parameters are fixed and if 7,455 is also fixed,
then V,, .o and N, are proportional, and we then use V}, ., as the single, primary parameter

in our model controlling “amount of vegetation”.

Note that this formulation can alternatively be derived from the assumptions of area-
preserving branching and the L. () o r2/3 relationship in the following way: Let the total
branch cross-sectional area (per unit ground area) in the area-preserving assumption be A.

Then by considering a volume element,
Vy(r)dr = AdL;y: (2.47)

we retrieve the /3 dependence of V,(r):

1

dLior L 2(Tr\ 3
Vo) = A = ALy, 15(5) (2.48)

and by comparison with earlier expression for V,, (r), we can identify

2L
Nb — tot,b3
3Lymry,

(2.49)
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which reveals that N;,, may also be interpreted as being proportional to the stand basal area,

or more accurately, the cross-sectional area at base of live crown, per unit ground area. This
proportionality and interpretation, however, assumes L., , to be a known universal constant,

which may not be true.

These general relationships allow us to drastically reduce the number of free parameters in
the forward model, and also frees us from depending on local plot-specific empirical
distributions of branch cylinder sizes. For numerical computation of the integrals (2.5) and
(2.26), the cylinder radius distribution is represented using 40 log-uniform radius bins

between 7, p aNd 7y, 5, and sums performed accordingly.

2.8 Distribution of cylinders in the trunk layer

The final distribution needed is the trunk cylinder size distribution. As before, a preliminary
analysis of the dependence of the forward model on the trunk cylinder radius r is performed.
This preliminary analysis is performed for a trunk layer of cylinders with their orientations
following a Gaussian distribution about the vertical, as described in Section 2.5, with RMS
tilt o, = 1°or o, = 5°. There is no canopy layer for this preliminary trunk layer analysis (set
Z, = Z4). All the cylinders in the layer have identical sizes. The length, L, is chosen such
that the length-to-radius ratio L/r is some fixed value. The cylinder number density n, is
chosen in such a way as to keep the total volume of cylinders per unit ground area
NercZymr?L fixed at 1073m3/m?2. Figure 2.9 to Figure 2.11 show the results of this
preliminary analysis. The one-way extinction (for power or intensity) through the layer for
h- and v- polarizations, exp[—Zntrk(Kh,trk)Zl/ cos Hl-] and exp[—Zntrk(Kvltrk)Zl/ cos Hi],
and normalized radar cross-sections for the trunk-ground double-bounce HH -k — gna ap, are
plotted against cylinder radius. Also plotted is the ratio HHyk—gna,an/VVirk-gna,ab-
However for the trunk-ground double-bounce normalized radar cross-sections plotted here,
no extinction was applied (pretend (xy (k) = (Ky, k) = 0), and the ground was set to be
perfectly reflecting (set G, = G,,, = 1). The radar wavelength was set to 24 cm, and the
incidence angle to 38.49°, which is the incidence angle for one of the Aquarius radar beams,

and also close to the incidence angle for SMAP.
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one-way extinction through ntrk21ﬁr2L=1D'3m3Jm2 trunk layer ; A =0.24m, ¢, = 38.49°, ev=35.9+11.1i
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Figure 2.9. One-way extinction at incidence angle of 38.49° for the trunk layer comprising identical
cylinders, as a function of trunk cylinder radius r, for trunk RMS tilt angles of 1° (blue curves) and
5° (red curves), and for h-polarization (open circles) and v-polarization (triangles). The total

volume of cylinders per unit ground area n.,Z,mr?L is kept fixed at 10~3m3/m?.
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Figure 2.10. Normalized radar backscattering cross-section for the trunk-ground double-bounce
HH 7k —gna,ap at incidence angle of 38.49° as a function of trunk cylinder radius, for various trunk
RMS tilt angles and cylinder length-to-radius ratios (see legend). No extinction was applied
(pretend (xp i) = Ky ) = 0), and the ground was perfectly reflecting (set Gnp, = Gy, = 1).
The total volume of cylinders per unit ground area n.,+Z,mr2L is kept fixed at 10~3m3 /m?.
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Figure 2.11. Same as Figure 2.10, but for the trunk-ground double-bounce HHpx—gna,an/
VWerk-gna,ap ratio.

Several important observations can be made about Figure 2.9 to Figure 2.11. Firstly, as
expected from the vertical orientations, the extinction is greater at v-polarization ( {r, syx) >
(Kn ¢r) ), and is not strongly dependent on the trunk RMS tilt .. (Also, as mentioned in
Section 3.7, if the total cylinder volume is fixed, the extinction is not dependent on the
cylinder length.) Secondly, the ratio HH ¢k — gna,an/VVerk—gna,ap tends towards a fixed value
at large cylinder radii and is also not strongly dependent on the trunk RMS tilt .. Finally,
most of the interesting dependencies are in the graph for HH¢x_gna ap- AS can be seen, at
large cylinder radii, the trunk RMS tilt is the more important parameter, while at small
cylinder radii, the cylinder length L is the more important parameter. The underlying reason
is that, as mentioned before, only cylinders sufficiently close (within an angle proportional
to A/L) to perpendicular to the direction k; + kg contribute significantly to the backscatter).
Given a fixed total volume nZ;mr?L, if the cylinder length L is increased, each cylinder
has a larger bistatic scattering contribution scaling as the square L, but the total number of
cylinders n; is inversely proportional to L. If the cylinder length and trunk RMS tilt are

small enough such that the o, << /L, all the trunk cylinders contribute significantly (each
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with approximately the same contribution). So in this regime, the total HH¢x—gna,ap

should increase with increasing cylinder length L but have little dependence on the trunk
RMS tilt g,.. On the other hand, if L is large enough and o, is also large enough such that
o. >» A/L, not all the cylinders have a significant contribution; the fraction of cylinders
having a significant contribution is inversely proportional to both o, and L. The dependence
on L thus cancels out, similar to the situation for the upper canopy layer, and the total

HH¢r—gna,ap 1S inversely proportional to the trunk RMS tilt o in this regime.

As before for the canopy layer, the volume distribution as a function of radius is key. Even
though there are fewer larger trees than smaller trees, more of the total volume in tree trunks
is in the larger trees. Following West et al. [59] and Enquist et al. [60], we use an inverse

square distribution for the trunk cylinder radii
NerPer (1) €772 (2.50)
which gives a volume distribution
Verk(r) = NergePeri (2L (). (2.51)

For the cylinder lengths, we again apply the relation (2.44)

L(r) = Ly(r/ry)5 (2.52)

to the trunks as well. The range of validity of the inverse square distribution for the trunk
cylinder radii, in particular the maximum valid trunk radius, is likely to be species dependent.
In the upper canopy layer, 7,4, = 3 cm was chosen for the branches, so for consistency
Tmintrk = 3 cm is chosen for the lower trunk layer. For the maximum trunk radius 7,4 7

it is chosen such that

2
3cm \3 1
( ) e ——— (2.53)
rmax,trk Vb,tot + Vtrk,tot
where Vipg tor = fr;"zjl’:;;" Ve (r)dr is the total volume in trunks. The rationale for the

choice in (2.53) is to be consistent with having branches with < 3 cm take up some chosen
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volume fraction of the total volume, and also to be consistent with the approximate

2/3
— 2/

_.2/3
minp ~ N

. . 2/3
proportionality Vj cor X T; max.b

max.b (equation 2.46 for 1,4y p > Tminp ) if it

had been extended beyond its supposed range of validity from the branches to the whole tree.
Choosing the volume fraction in branches with » < 3cm to be Vj, ¢/ (Vb,wt + Vtrk,tot) =
0.2 and solving yields a value of 73,4y ¢ = 33.5 cm that we use as the maximum trunk
radius in our model. Since the trunk extinctions and bistatic cross-sections are slowly varying
when cylinder radius is large, of importance here is not so much whether 7,45 ¢ = 33.5 cm
is an accurate guess, but that we have fixed V,, ;,, to be 20% of the total volume. This 20%
value is an estimate that seems consistent with that by Beaudoin et al. [51]. The other key
parameter is the trunk RMS tilt o.. For a reasonable guess, from Chauhan et al. [16], we
expect that g, < 10°. Here we use the o, = 5° guess made by Durden et al. [14], also

consistent with Beaudoin et al. [51], though all these studies were only on coniferous forests.

Under these assumptions, we compute and tabulate in Table 2.1 to Table 2.5 below some

quantities relevant to computing equations (2.28b-c) for the trunk-ground double reflections.

exp[_zntrkzl<Kh,trk)/ cos 91’]
€, =515+ 141i | €,=171+58( | &, =359+ 11.1i | &, = 62.8 + 18.2i
0; =29.36° | -0.042282dB -0.031799dB -0.029454dB -0.026318dB
0; =38.49° | -0.053868dB -0.041922dB -0.038671dB -0.035311dB
0; =46.29° | -0.066636dB -0.053518dB -0.049232dB -0.045651dB

Table 2.1. One-way h-polarization extinction exp[—2n;xZ1(kn i)/ cos 8;] for a Vi cor =
1073m3m~2 trunk layer, for several values of incidence angle 6; and trunk cylinder relative
permittivity &, .

exp[_zntrkzl(Kv,trk)/ Cos 91’]
€, =515+ 141i | &, =17.1+58i | €, =359+ 11.1i | &, = 62.8 + 18.2(
6; = 29.36° -0.054415dB -0.044106dB -0.046044dB -0.044469dB
0; = 38.49° -0.070223dB -0.058606dB -0.060656dB -0.059221dB
0; = 46.29° -0.087169dB -0.074483dB -0.076645dB -0.075310dB

Table 2.2. Same as Table 2.1, but for v-polarization.
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167Tntrkzl(|5hh|%rk,3a)/k2
€, =515+141i | & =1714+58i | e =359+ 11.1i | g, = 62.8 + 18.2i
0; =29.36° | -10.9376dB -10.7324dB -10.1299dB -9.9533dB
6; =38.49° | -12.5545dB -10.8279dB -10.0889dB -9.7269dB
0; =46.29° | -13.5699dB -10.9303dB -10.1317dB -9.6721dB

Table 2.3. Hypothetical normalized radar cross-section at h-polarization 16mn,Z4{|Spn |5k 30)/
k? fora Vi ror = 1073m3m™2 trunk layer with perfectly reflecting ground and without extinction
considerations, for several values of incidence angle 6; and trunk cylinder relative permittivity &,,.

167Tntrkzl< |va|§rk,'3a>/k2
£, =515+1.41i | & =171+58i | &, =359+ 111i | ¢, = 62.8 + 18.2i
0; = 29.36° -23.0373dB -17.1299dB -13.7693dB -12.2022dB
0; = 38.49° -20.3795dB -14.5201dB -12.2302dB -11.0765dB
0; = 46.29° -18.1205dB -13.3495dB -11.5116dB -10.5306dB

Table 2.4. Same as Table 2.3, but for v-polarization 16mn4Z1(|1Syy |2 30)/ k2

(lShh|§rk,3a>/(|5vv|?rk,3a
e, =515+141i | €, =1714+58i | & =359+ 11.1i | g, = 62.8 4+ 18.2i
0; = 29.36° 12.0996dB 6.3975dB 3.6395dB 2.2489dB
0; = 38.49° 7.8249dB 3.6923dB 2.1413dB 1.3496dB
0; = 46.29° 4.5506dB 2.4192dB 1.3800dB 0.8585dRB

Table 2.5. Same as Table 2.3, but for the ratio (|Syx 1%k 30)/{ISvwlFrk 30)-

To summarize this section, using many assumptions, we have constrained the trunk cylinder
distribution to have no free parameters. The orientation distribution is uniform in ¢. and
Gaussian distributed about the vertical with RMS tilt o, = 5°, the cylinder lengths are
pegged to the radii by a 2/3 power law, the radius distribution is inverse square between 3
cm and 33.5 cm, and the total volume in trunk layer cylinders is fixed to be 4 times the total
volume in the upper vegetation volume layer. Like before, numerical computation and

integrals are carried out using a grid of log-uniform radius bins.
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Chapter 3

APPLICATION OF L-BAND RADAR BACKSCATTER MODEL TO
AQUARIUS DATA OVER GLOBAL FORESTS

3.1 Chapter overview

In this chapter, our L-band radar backscatter model shall be compared with the data from the
spaceborne L-band scatterometer of Aquarius. The Aquarius mission is unique for having
had both significantly long temporal coverage (slightly more than 3 years), frequent (weekly)
repeat global coverage, and a L-band scatterometer with high accuracy and stability (<0.2dB)
at all polarization channels [61, 62, 63]. Frequent repeats are important for studying changes
in ground moisture, which may rise rapidly with precipitation in a matter of hours, and then

dry down on a time scale of days.

In subsequent sections (Sections 3.3-3.7) of this chapter, the comparison between our L-band
radar backscatter model and the data from the Aquarius scatterometer will be performed
class-by-class for the five forest classes, with reference to the global land cover classes of the
International Geosphere-Biosphere Programme (IGBP) [35], bearing in mind the coarse
~100km spatial resolution and 7-day temporal resolution. Physically reasonable
representative values for the input parameters for the forward model shall be chosen for each
class by fitting to the data and/or consulting values from the literature. Following Kim et al.
[22], the real part of the ground relative permittivity & is typically not expected to fall outside
the range 2.7-40, and the ground surface roughness RMS height h is typically expected
within the 0.5-5cm range. Fitted branch volume values V... shall be compared to
independent aboveground biomass estimates. It shall be shown that our relatively
parsimonious forward model is in overall reasonable quantitative agreement with the data at
these global spatial scales, particularly for needleleaf forests, but slightly worse for broadleaf
forests; the neglect of modelling leaves in the dense jungles are likely to have caused some
inaccuracies. Sensitivity of L-band multi-polarization radar to vegetation structure [64, 65]

was also verified at our global spatial scales: a preferentially horizontal orientation
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distribution for the canopy cylinders was more suited for needleleaf forests, a uniformly

random orientation distribution was more suited for broadleaf forests, and mixed forests
somewhere in between. Sensitivity to sub-canopy flooding and differences between
frozen/unfrozen states was expected [66, 67] and our model provides partial quantitative
agreement by modelling them in terms of changes in ground surface roughness, ground
dielectric relative permittivity, and vegetation dielectric relative permittivity; the
frozen/unfrozen comparison will be in Section 3.8. Microwave vegetation optical depth

values will be reported in Section 3.9.

3.2 Input datasets

The Aquarius/SAC-D mission was launched in 2011 with the primary goal of measuring sea
surface salinity from space. Here we use the portion of data that was taken over land. The
instrument carried 3 radiometers operating at 1.41GHz, with beams at incidence angles of
about 29°, 38°, and 46°. It also carried a scatterometer at 1.26GHz that shares the feed horns
with the radiometers. The scatterometer measured, for each incidence angle, normalized
radar backscattering cross-sections HH, HV, VH, and V'V, with footprints ~100km. Further
instrument details can be found in Le Vine et al. [61], Fore et al. [62], and Yueh et al. [68];
in particular, Fig. 3 from the paper by Le Vine et al shows a schematic of the radiometer and

scatterometer footprints of the 3 beams, reproduced here in Figure 3.1.

The spacecraft orbit is sun-synchronous at about 657km altitude with a 7-day repeat period.
With the exception of cross-over points and high-latitude regions, a point on the ground is
typically visited only once every 7-days by one of the three beams (thus only one of the local
incidence angles 29°, 38°, or 46°) on either the ascending (local time ~6PM) or descending
pass (local time ~6AM) of the spacecraft. The full data record ran from August 25, 2011
through June 7, 2015. We used the Level 2 scatterometer data from the Aquarius dataset
version 4.0 release; the data was obtained from the NASA EOSDIS Physical Oceanography
Distributed Active Archive Center (PO.DAAC) at the Jet Propulsion Laboratory, Pasadena,
CA [69, 70]. The global Aquarius scatterometer dataset was then regridded into a 36km
EASE-Grid 2.0 [71], i.e. the globe was gridded into 406x964 equal-area pixels (henceforth
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referred to as EASE?2 grid pixels). This regridding reassigns data based on which EASE2

grid pixel the centre of each radar footprint was nearest to. Note that the footprint size is

significantly larger than the pixel size.
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Figure 3.1. Aquarius 3-dB footprints and swath of the three beams for radiometer (solid lines) and
scatterometer (dashed lines), as shown in Fig. 3. of Le Vine et al. [61] © IEEE 2007

Some data filtering was performed before comparison with the model. Provided together
with the Level 2 scatterometer data in the Aquarius dataset were data quality flags for non-
nominal data conditions. There were many possible factors and conditions that triggered
flagging. One primary contributor was radio-frequency interference (RFI) corruption. Figure
3.2 displays the fraction of overall “good quality” time series data (25Aug2011 to
07Jun2015) over land from the Aquarius Level 2 scatterometer dataset. (The overall quality
flags must be met for all polarizations.) Note from Figure 3.2 the significant impact of RFI
from heavily populated and developed parts of the world. Note also the exclusion of pixels

that have a non-negligible amount of surface water bodies within the scatterometer footprint.
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Some swath and regridding artefacts are visible in Figure 3.2, but these artefacts should

have little impact on the comparison with the model and the inferences drawn.

Aquarius scatterometer fraction of "good quality” time series data (25Aug2011-07Jun2015) over land
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Figure 3.2. Global map (on EASE2 grid) of fraction of “good quality” time series data (25-Aug-
2011 to 07-Jun-2015) over land from the Aquarius Level 2 scatterometer dataset. The grayscale
runs from black (fraction=0) to white (fraction=1). Some swath and regridding artefacts are present.

Additional filtering was also performed to select only data from areas where the terrain slope
was not too steep. This is because our L-band radar backscatter model as described in Chapter
3 implicitly assumed that the ground under the forest was flat. For this filtering, we obtained
global digital elevation data from the Harmonized World Soil Database v1.2 [72]. For lands
below 60° latitude, we obtained from the database distributions of absolute slopes, binned
into eight slope classes (0-0.5%, 0.5-2%, 2-5%, 5-10%, 10-15%, 15-30%, 30-45%, >45%),
on a global 5arc-minute latitude-longitude grid. The original data for these distributions were
3arcsecond NASA Shuttle Radar Topographic Mission (SRTM) data. We regridded the 5arc-
minute grid into the 36km EASE2 grid and computed the median slope class for each pixel.
SRTM did not cover areas beyond 60° latitude. The primary landmass south of 60° latitude
is Antarctica, which is excluded from this study. For land north of 60° latitude, we obtained

from the database digital elevation data on a 30arc-second latitude-longitude grid (the
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original source for the database was 30 arcsecond elevation data from USGS GTOPO30).

From this 30arc-second data we computed median absolute slopes within each 36km-
EASE2grid pixel.

One can expect median slopes calculated from initially 30arc-second data to be less steep
than if calculated from initially 3arc-second data. This is indeed true, as displayed in Figure

3.3, which shows a comparison between them for pixels in between 40°N and 60°N latitude.

Box plots comparing median slopes within 36km-EASE2grid pixels, 3arcsec vs. 30arcsec input elev. data
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Figure 3.3. Box plots comparing median slopes within 36-km EASE2 grid pixels, calculated from
initially 30arc-second data, vs. calculated from initially 3arc-second data. Compared pixels are
between 40°N and 60°N latitude.

Our choice of cutoff for terrain slope is thus as follows. For 36-km EASE2 grid pixels below
60°N latitude (i.e. initial data was 3arcsecond SRTM data), we flag pixels with >15% median
slope as “high terrain slope”. For 36-km EASE2 grid pixels above 60°N latitude (i.e. initial
data was 30 arcsecond USGS GTOPO30 data), we flag pixels with >7% median slope as
“high terrain slope”. These pixels are displayed in black in Figure 3.4. Data from these pixels

will be excluded from comparison with the radar backscatter forward model.
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36km-EASE2grid pixels flagged for high terrain slope
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Figure 3.4. 36km EASE2grid pixels flagged for high terrain slope are displayed in black. See main
text for details.

Radar backscatter is very different between frozen and unfrozen conditions, as is well known
[73, 74]. The comparison and analysis of radar backscatter between frozen and unfrozen
conditions will be in Section 4.7. For the analysis in Sections 4.2-4.6, a further data filtering
was performed, retaining only data for unfrozen conditions; if otherwise unfiltered, the large
change between frozen and unfrozen conditions would have dominated and swamped other
effects. Specifically, this filter retained only data with corresponding temperature >5°C
during a time period from two weeks before to two weeks after, and only EASE grid pixels
with at least 20 weeks of such data. The temperature value used is the temperature of the 0-
10cm subsurface layer, as provided by the ancillary NCEP GFS GDAS model product
provided along with the Aquarius dataset. (Abbreviations: NCEP: National Centers for
Environmental Prediction; GFS: Global Forecast System; GDAS: Global Data Assimilation
System.)
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Each EASE2 grid pixel on the globe was labelled with a land cover class, with reference

to the global land cover classes of the International Geosphere-Biosphere Programme
(IGBP). To obtain class labels for each pixel, the MODIS Land Cover Type Product
(MCD12Q1) was used. The MODIS Land Cover Type Product (MCD12Q1) in the IGBP
Land Cover Type Classification was obtained from the Global Land Cover Facility at a 5-
minute (in both latitude and longitude) resolution for the year 2012 [75, 76]. Briefly, this
land cover map is the product of a classification algorithm that uses the Moderate-Resolution
Imaging Spectroradiometer (MODIS) visible/near-infrared data as primary input. This was
then regridded into the 36-km EASE2 grid by taking the mode of the finer 5-minute
resolution pixels within each EASE?2 grid pixel. The regridded land cover map is shown in

Figure 3.5.

. 1. Evergreen Needleleaf |:| 9. Savannas . 13. Urban and built-up
|:|2, Evergreen Broadleaf |:| 10. Grasslands D 14. Cropland/Nat.veg mosaic
I:l 3. Deciduous Needleleaf D 7. open shrublands . 11. Permanent wetlands D 15. Snow and ice

D 4. Deciduous Broadleaf D 8. Woody savannas D 12. Croplands . 16. Barren/sparse veg.

Figure 3.5. MODIS Land Cover map, IGBP (International Geosphere-Biosphere Programme)
classification, 2012 data.
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3.3 Evergreen needleleaf forests (IGBP class 1)

Using the MODIS land cover map, the geographic distribution of the evergreen needleleaf
forests (IGBP class 1) is shown in Figure 3.5and Figure 3.6 for emphasis. From the filtered
data for unfrozen conditions, a random 20% selection (to avoid clutter on subsequent

scatterplots) of the EASE2 grid pixels is displayed in Figure 3.6.

Aquarius L-band data, selected pixels from IGBP class 1 Evergreen Needleleaf , Sep2011-Apr2015
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Figure 3.6. Geographic distribution of evergreen needleleaf forests (IGBP class 1) and randomly
selected 20% of filtered Aquarius data EASE?2 grid pixels, marked by open triangle symbols.

The scatterometer data for these pixels is displayed in Figure 3.7, which depicts two
scatterplots: one of VVV/HH[dB] vs HH[dB], and another of HV/HH[dB] vs HH[dB]. In
Figure 4.2-2, the three different beam incidence angles are represented by color: blue (29°),
red (38°), and green (46°), and data for descending-pass (local time 6AM) and ascending-
pass (local time 6PM) are represented by upward-pointing and downward-pointing triangles,
respectively. The symbol descriptions are in the figure caption. Each open triangle represents
the mean value (of the plotted quantities) of data taken over unfrozen periods from Sep2011-
Apr2015 from its corresponding pixel shown in Figure 3.6. As noted earlier, only a small
minority of pixels may have data for more than one incidence angle or for both ascending
and descending passes, and even then the actual footprints may not be the same. Thus
comparisons between incidence angles or 6AM/6PM may only be made assuming similarity
between pixels. Furthermore, the azimuth angles for the same beam are different on

ascending and descending pass, and not by a simple 180° because of the footprint positions
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depicted in Figure 3.1 as well as the inclination of the sun-synchronous orbit. In view of

these confounding factors, we avoid jumping to any conclusions based only on comparisons

between 6AM and 6PM Aquarius data unless the differences are very obvious.

The filled triangles in Figure 3.7 are the median (marginal medians, i.e. the component-wise
median) value of the open triangles, but with median taken over all data pixels of this class
instead of only the 20% displayed. Filled circles show the results from the forest forward
model of Chapter 2. The parameters m =1 and 6, = m/2 (cosine-squared orientation
distribution about the horizontal) in equation (2.6) were used, and the vegetation cylinder
relative permittivity chosen as &, = 29.9 4+ 9.5i . These orientation parameters, which will
also be applied to IGBP class 3 (deciduous needleleaf forests), were chosen because many
coniferous trees have branches with a preferential horizontal orientation; our distribution is
similar to various results from direct measurements made by Saleh et al. for Maritime pine
trees [77], Chauhan et al. for hemlock trees [16], and Jiang et al. for Dahurian larches [57].
Other model input parameters are: total volume in branches V, ;o = 3.1 x 107*m3/m? ,
ground relative permittivity £, = 8.8 , ground roughness RMS height h = 2.6cm . These
latter three parameters ( Vy o , €5 , h ) Were chosen by fitting to the pooled (ascending and
descending) data. The fitting procedure minimized the sum of component-wise absolute

distances between the model and the data, i.e.
3

minimize Z Z

Vi tot » Eg» h  adta pix i=1

dat [ del
xl( ata pix) _ xi(mo e )(Vb,tot &g, h)| (3.1)

x, = HH[dB],  x, = VV/HH[dB],  x; = HV/HH[dB].

To clarify, x(***@P™)

indexed by “data pix” , over unfrozen periods from Sep2011-Apr2015 for data.

is the mean value of radar feature i (i = 1,2,3) for the EASE2 pixel

Strictly speaking, ;4 is complex and should have an imaginary component, which we have
neglected. From Wang and Schmugge [78] and Hallikainen et al. [79], we know that this
imaginary part depends both on the soil moisture as well as the soil type; it is typically at

least several times smaller than the real part. Because the soil affects the radar backscatter
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only through backscatter and reflection, not involving transmission through the soil, the

modelling error incurred by neglecting the imaginary part is thus small; Oh et al. [80] also

recognized that neglecting the imaginary part of & is a valid approximation for the Fresnel

reflectivity term off the soil surface.

Several remarks can be made regarding Figure 3.7. Firstly, the radar backscatter at all
polarizations generally decrease with increasing incidence angle from 29° to 46°, as expected
from even the simplest volume scattering models [29]. Secondly, the forward model seems
to provide a reasonable agreement to the data, albeit using fitted parameters. The fitted
ground parameters fall within their expected ranges. Let us compare the fitted branch volume
with aboveground biomass estimates from the literature. We assume a value of wood density
(or specific gravity; this is the ratio of “oven-dry weight” to “green volume”) of p=0.45g/cm?®
based on Nelson et al. [81] and Zanne et al. [82] for IGBP classes 1, 3, and 5, and retain our
earlier assumption from chapter 3 of Vi ror = 4Vpor- Taking aboveground biomass
Mior = pP(Vi tor + Virk o), We find that V, .o, = 3.1 litres/m? corresponds to 69.8tons/ha
of aboveground biomass. Looking at the literature, we find aboveground biomass estimates
of 30-100 tons/ha by Margolis et al. [83] for boreal forests in North America based on LIDAR
techniques; estimates of 40-120 tons/ha by Shepashenko et al. [84] for Siberian forest
phytomass (including roots) using Russian state forest inventories and regression analysis;
estimates of 30-150 tons/ha depending on stand age by Beaudoin et al. [51] for maritime pine
at the Landes forest in France. Thirdly, there might be an overall trend of L-band radar
backscatter being slightly higher from ascending-pass (local time 6PM) data compared to
descending-pass (local time 6AM) data, but this difference, when considered in an average
sense over time and multiple pixels, is small (compared to the spatial variation between pixels
and longer period temporal variations to be discussed later). Friesen et al. found evening
(ascending track; 9:30PM-12AM) radar backscatter values higher than morning (descending
9:30AM-12PM) at C-band VV by about 1dB over Russia/Canada, using ESCAT data [85].
We bear this in mind, but proceed to pool the 6AM and 6PM data for several of the

subsequent analyses.
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Aquarius L-band data, selected pixels from IGBP class 1 Evergreen Needleleaf , Sep2011-Apr2015
model Vb ot = 3.1 litres/m? , €= 29.9+9.5i , ground € =8.8 , RMS height h=2.6cm
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Figure 3.7. Aquarius L-band scatterometer data for EASE2 grid pixels classified as evergreen
needleleaf forests (IGBP class 1). The three different beam incidence angles are represented by
color: blue (29°), red (38°), and green (46°). Upward-pointing triangles are for descending-pass
(local time 6AM) and downward-pointing triangles are for ascending-pass data (local time 6PM).
Each open triangle represents data from one of the pixels shown in Figure 3.6, taking the mean over
unfrozen periods from Sep2011-Apr2015 for each pixel. Filled triangles are the median over open
triangles, but with median taken over all data pixels of this class instead of only the 20% displayed.
Filled circles show the forest forward model from Chapter 2, with input parameters m = 1 and
8, = m/2 (preferential horizontal orientation) in equation (2.6), total volume in branches Vj, ;o =
3.1 x 1073m3/m? , vegetation cylinder relative permittivity &, = 29.9 + 9.5i , ground relative

permittivity e, = 8.8 , ground roughness RMS height h = 2.6cm .
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Aquarius L-band data, selected pixels from IGBP class 1 Evergreen Needleleaf , Sep2011-Apr2015
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Figure 3.8. Same as Figure 3.7, but with no distinction made between descending- and ascending-
pass data; all are marked with open circles. Filled circles show the forward model with input
parameters as before in Figure 3.7 (m =1 and 6, = m/2 in equation (2.6), Vptor = 3.1 X
1073m3/m?, &, = 29.9 + 9.5i , &, = 8.8, h = 2.6cm). Other filled symbols explore the nearby
model parameter space if one parameter is perturbed. Larger and smaller five-pointed stars
represent a change in Vj, .o+ by +25% and -25% respectively. Larger six-pointed stars represent an
increase in g, to &, = 45.6 + 13.7i, while smaller six-pointed stars represent a decrease to ¢, =
17.1 + 5.8i. Larger and smaller squares represent a change &, by +50% and -50% respectively.
Larger and smaller diamonds represent a change in h by +0.5cm and -0.5cm respectively.

The model is then used to analyze the spatial variation in the radar backscatter data across
different pixels. Figure 3.8 displays the same data as Figure 3.7, now with the descending-
pass (local time 6AM) and ascending-pass (local time 6PM) data pooled and all marked with

open circles instead of triangles. The three different beam incidence angles are again
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represented with blue, red, and green colors (29°, 38°, 46° respectively). Overlaid on the

data are filled symbols showing the results from the forward model. The filled circles show
the forward model with parameters as before. Other filled symbols explore the nearby model
parameter space if one parameter is perturbed. Larger five-pointed stars represent an increase
in Vp eor DY 25%, while smaller five-pointed stars represent a decrease in in V, ;.. by 25%.
Larger six-pointed stars represent an increase in &, to &, = 45.6 + 13.7i, while smaller six-
pointed stars represent a decrease to €, = 17.1 + 5.8i. Larger squares represent an increase
in g, by 25%, while smaller squares represent a decrease in &, by 25%. Larger diamonds
represent an increase in h by 0.5cm, while smaller diamonds represent a decrease in h by
0.5cm. From the scatterplots, it seems that effects of the two vegetation parameters are
difficult to distinguish from each other. In view of the scatterplot of VV/HH[dB] vs HH[dB],
it appears that the ground roughness RMS height h is one of the physical parameters involved
in the spatial variations. However, when both scatterplots are considered together, no one
single physical parameter appears sufficient to explain all or most of the spatial variation

across different pixels.

It is interesting to note that when the scatterplot of HV/HH[dB] vs HH[dB] is considered,
ground parameters (g, and h) vary the radar backscatter in an approximately orthogonal
direction on the plot as compared to varying vegetation parameters (Vj, ;o and €, ), so it is
easier to distinguish ground effects vs. vegetation effects on this scatterplot, as compared to
the scatterplot of VVV/HH[dB] vs HH[dB], where there is greater degeneracy between the
effects of perturbing different physical parameters. This can be physically understood as
follows. In our forward model, the primary scattering mechanism contributing to HV[dB] is
backscatter from the forest canopy layer. The ground parameters have little direct effect on
HV[dB], so when HH[dB] changes due to ground parameters, HV/HH[dB] changes in an
anti-correlated way. In this part of the parameter space, vegetation backscatter is not yet
saturated, so vegetation parameters affect backscatter at all polarizations in a correlated
manner, but change HV[dB] slightly more than HH[dB] (because of the backscatter from the
canopy, as well “dilution” of HH[dB] by the other scattering mechanisms). Thus
HV/HH[dB] and HH[dB] are also correlated in changes due to vegetation parameters. Note
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however that this is not necessarily true everywhere in the parameter space, e.g. in the

saturation regime.

Next, temporal variations in the radar backscatter are considered. We summarize some of the
temporal information for each pixel in the following way. The sample covariance of the radar
data (arranged as a vector of three features HH[dB], VV/HH[dB] , HV/HH[dB], with mean
subtracted) over the weekly time-series is computed as a 3x3 matrix. (Recall that frozen
weeks were excluded.) Let A1, A2, Az be the 3 real nonnegative eigenvalues, in descending
order, in the orthogonal eigendecomposition of this covariance matrix. It turns out from the
data that typically this 3x3 covariance matrix may be acceptably approximated by its rank-1
approximation. This is shown in Figure 3.9, which plots histograms of pixel counts binned
by the fraction A1/ (A1 + A2 + A3) . Note that all eligible pixels of IGBP class 1 (evergreen
needleleaf), not just the 20% random subsample, were counted in these histograms. The
fraction A1 / (A1 + A2 + A3) represents the fraction of the total covariance in the 3x3 matrix
that is retained by its rank-1 approximation, and as can be seen from Figure 3.9, this fraction
is typically greater than 0.7 or 0.8 for most pixels at all three incidence angles. We also note
from Figure 3.9 that this fraction shows no big differences between the ascending-pass (local
6PM) and descending-pass (local 6AM). Having verified the validity of the rank-1
approximation, the dominant eigenvalue A1 and its corresponding dominant eigenvector are
then used for comparison with the forward model in Figure 3.10. Figure 3.10 is essentially
the same as Figure 3.8, but also showing temporal variations in the data. As before, each
open circle in Figure 3.10 corresponds to one of the pixels shown in Figure 3.6 and represents
the mean taken over unfrozen periods from Sep2011-Apr2015; but now each open circle also
comes with a line through it that visually summarizes the temporal variation. Specifically,
the direction of this line displays the dominant eigenvector of the 3x3 covariance matrix for

that pixel as discussed earlier, and the half-length of the displayed line is \/A—l :

From Figure 3.10, it appears from the eigenvectors that for most of the pixels, HH[dB] is
changing over time, VV/HH[dB] is not changing much over time, and HV/HH[dB] is
changing slightly over time, and in a manner that is anti-correlated with the change in

HH[dB]. Comparing with the model, it can be seen that if we had to choose only one physical
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factor to explain the temporal variations in the weekly data (over unfrozen periods), it

would be the ground relative permittivity &4, i.e. changes in soil moisture. It is the only
physical parameter out of the four considered here that, when perturbed, gives variation in
the radar data-space that is roughly, but not exactly, in alignment with the observed directions
of those dominant eigenvectors, in both scatterplots (VV/HH[dB] vs HH[dB], and
HV/HH[dB] vs. HH[dB]). Furthermore, the lengths of the lines correspond to a reasonable
amount of change in &;. Recall that the half-length of the displayed line is \/)l— ; inour rank-
1 approximation, the half-line can be thought of as displaying a standard deviation of
variation. In the median case, the values of ground relative permittivity corresponding to +1
standard deviation of variation in HH[dB] are approximately ¢; = 5.8 and ¢; = 14.1.
Though details vary slightly depending on soil type, these are reasonable values for dry and

moist soils respectively.
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Figure 3.9. Histograms of pixel counts binned by the dominant eigenvalue as a fraction of the trace
of the temporal covariance matrices, verifying that the dominant eigenvalue/eigenvector indeed
capture most of the temporal variation, and that again there are no obvious differences between the
ascending-pass (local 6PM) and descending-pass (local 6AM) data.
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Aquarius L-band data, selected pixels from IGBP class 1 Evergreen Needleleaf , Sep2011-Apr2015
model Vb ot = 3.1 litres/m? , €= 29.9+9.5i , ground € =8.8 , RMS height h=2.6cm
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Figure 3.10. Same as Figure 3.8, but also showing temporal variations in the data. Each open circle,
corresponding to one of the pixels shown in Figure 3.6 and representing the mean taken over
unfrozen periods from Sep2011-Apr2015, now also comes with a line through it that visually
summarizes the temporal variation. Specifically, the direction of this line is the dominant
eigenvector of the covariance of the data (HH[dB], VV/HH[dB], HV/HH[dB]) for that pixel over
the unfrozen period, and the half-length of the line is the square-root of the dominant eigenvalue.

We can take the temporal analysis a step further to see if there is any difference in the patterns
of variation for shorter vs longer time scales. For longer time scales, we take the median of
the data over two-month periods January-February, March-April, May-June, July-August,
September-October, November-December. Data from different years are pooled and
included together so long as they fall within the same two months. Variations between

different two-month periods would reveal “low-frequency” fluctuations. For shorter time
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scales, we implement a simple high-pass filter for the data time-series using a kernel [-

0.25, 0.5, -0.25], i.e. if u[t] is the time-series, the filtered time-series is
v[t] = —0.25uft — 1] + 0.5u[t] — 0.25u[t + 1] (3.2)

where the time-step of our data is 1 week, and u[t] represent time-series for our radar features
HH[dB], VV/HH[dB], HV/HH[dB] for each pixel. We then take the sample covariance of
the filtered high-frequency time-series (arranged as a vector of three features HH[dB],
VV/HH[dB], HV/HH[dB], with mean subtracted) computed as a 3x3 matrix (recall that
frozen weeks were excluded), and perform eigendecomposition similar to when analyzing
the full temporal covariance. The validity of a rank-1 approximation to this “high-frequency”
covariance is then checked in Figure 3.11, which reveals, unsurprisingly, that the high-
frequency covariance is “noisier” and the rank-1 approximation is poorer than for the full
temporal covariance (Figure 3.9), in particular for 6PM data. Nevertheless, we shall still
employ the rank-1 approximation in Figure 3.12.
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Figure 3.11. Histograms of pixel counts binned by the dominant eigenvalue as a fraction of the
trace of the “high-frequency” temporal covariance matrices. The rank-1 approximation is poorer
for the “high-frequency” covariance than for the total temporal covariance matrices.
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Agquarius L-band data, IGBP class 1 Evergreen Needleleaf , Sep2011-Apr2015
model Vb ot = 3.1 litres/m? , €= 29.9+9.5i , ground € =8.8 , RMS height h=2.6cm
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Figure 3.12. Further analysis of temporal variations in radar backscatter. The three beam incidence
angles are now plotted in different rows (top: 29°, middle: 38°, bottom: 46°). The left column plots
are HV/HH[dB] vs HH[dB], while the right column plots are VV/HH[dB] vs HH[dB]. Filled
triangles are the median over all pixels in IGBP class 1, data taken from time periods indicated by
color: green (May-Jun), cyan (Jul-Aug), blue (Sep-Oct). Thus these colored triangles display “low-
frequency” temporal variations. Upward-pointing triangles are for descending-pass (local time
6AM) and downward-pointing triangles are for ascending-pass data (local time 6PM). Solid gray
lines visually summarize the “high-frequency” temporal variations of each selected pixel in Figure
3.6. Specifically, the direction of this line is the dominant eigenvector of the covariance of the data
(HH[dB], VV/HH[dB], HV/HHI[dB]) for that pixel over the unfrozen period and after a high-
frequency filter, and the half-length of the line is the square-root of the dominant eigenvalue. Filled
circles show the forward model with input parameters as before in Figure 3.7. Other open symbols
explore the nearby model parameter space if one parameter is perturbed. Larger and smaller five-
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pointed stars represent a change in Vj, ., by +25% and -25% respectively. Larger six-pointed
stars represent an increase in ¢, to €, = 45.6 + 13.7i, while smaller six-pointed stars represent a
decrease to &, = 17.1 + 5.8i. Larger and smaller squares represent a change &, by +50% and -50%

respectively. Larger and smaller diamonds represent a change in h by +0.5cm and -0.5cm
respectively. Dotted lines merely serve to connect these open symbols with the filled circle.

Figure 3.12 displays these “low-frequency” and “high-frequency” temporal fluctuations.
There are six subplots, organized into three rows and two columns. The three beam incidence
angles are plotted in different rows (top: 29°, middle: 38°, bottom: 46°). The left column
plots are HV/HH[dB] vs HH[dB], while the right column plots are VVV/HH[dB] vs HH[dB].
Filled colored triangles display the two-month median data values; these are the “low-
frequency” fluctuations. Only May-Jun, Jul-Aug, and Sep-Oct are displayed because most
of the November-April period corresponds to frozen conditions. The solid gray lines are
similar to the colored lines in Figure 3.10, except that they are for the high-frequency
temporal covariance. Specifically, the direction of each gray line displays the dominant

eigenvector of the 3x3 “high-frequency” covariance matrix for that pixel, and the half-length

of the displayed line is \/2; .

From Figure 3.12, we see that both “low-frequency” and “high-frequency” temporal
fluctuations seem to be essentially similar in direction on the scatterplot as for the total
temporal covariance (Figure 3.10). These suggest that our earlier inference, that temporal
fluctuations in radar backscatter might primarily be due to changes in soil moisture, applies
across temporal time-scales from 1-2 weeks to several months. Note however that our weekly
data time-series is temporal subsampled because soil moisture changes often occur on time-

scales shorter than a week or so; effects from aliasing may have impacted our inferences.

As an additional check on our interpretation of the spatial and temporal factors, consider
Figure 3.13 and Figure 3.14, which plot the (total) temporal standard deviation of the HH-
polarization radar backscatter, against fitted parameters (total volume in branches V,, ;. for
Figure 3.13 and ground roughness RMS height h for Figure 3.14). The temporal standard
deviations were computed over unfrozen periods from Sep2011-Apr2015 per EASE2 grid

pixel for all valid data pixels of IGBP class 1 (evergreen needleaf forests). The fitted values
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were found for each of these pixels as follows. For Figure 3.13, a value of V}, ., was fitted

to each EASE2 grid pixel by minimizing the sum of component-wise absolute distances

between the data and model with all other model parameters as found earlier, i.e.
3

minimize E

Vb,tot i=1

4

x'(data pix) xi(mOdeD(Vb,tot € = 8.8,h = 2.6cm)| (3.3)

x, = HH[dB],  x, = VV/HH[dB],  x; = HV/HH[dB].

To clarify, xi(dat“pix) is the mean value of radar feature i (i = 1,2,3) for that EASE2 pixel
over unfrozen periods from Sep2011-Apr2015 for data. Likewise, for Figure 3.14, a value of
ground roughness RMS h was fitted to each EASE2 grid pixel by minimizing the sum of
component-wise absolute distances between the data and model with all other model
parameters as found earlier, i.e.
3
minimizez |rfdatarid — xmodeb(y, oo = 3.1 x 107m3/m?, ¢, = 8.8,h)|. (3.4)
h i=1

In our actual implementation, the minimization was performed by computing the
minimization objective function over a grid of parameter values, and choosing from amongst
them the value that gives the smallest objective value. This grid is visible in Figure 3.13 and
Figure 3.14.

Figure 3.13 shows an inverse relationship between the fitted values of the total volume in
branches V}, ¢, and the HH temporal standard deviation. This is consistent with fluctuation
in ground relative permittivity &, (i.e. soil moisture) being an important cause of HH
temporal variations. For forests, vegetation is significantly thick, larger V, ;.. corresponds to
greater canopy optical thickness t.,,(8;), and thus less sensitivity to the ground. (On the other
hand, in the sparse vegetation regime where optical thickness is small, larger V¢,
strengthens the double-bounce scattering mechanisms and could enhance radar sensitivity to
the ground.) The dependence on incidence angle is less intuitive because it is a subtle
parameter-dependent interplay between the extinction, the direct backscatter from the
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ground, the Fresnel reflection coefficients, and the angle-dependence of bistatic scattering

coefficients off the cylinders. For these parameters here, the forward model predicts a slight
decrease in HH temporal standard deviation with incidence angle increasing from 29° to 46°;

there is but a tenuous suggestion of such a trend in the scatterplot.

Sep2011-Apr2015 standard deviation of Aquarius L-band HH[dB], IGBP class 1 (Evergreen Needleleaf)
14

A A BAM data, beam 1 (r}i=29°)
o 12 v 6PM data, beam 1 (f}i=29°]
g o & A BAM data, beam 2 (¢,=38°)
@ | - . v 6PM data, beam 2 (6=38°)
= A A R _apo
ol A A BAM data, beam 3 (r}i—46 )
% sk v % ova . an v 6PM data, beam 3 (0,=46°)
: Fay
c iy 4 Z X M Fan
= vE AT ag an Lpt Toa A
B o6k i TPh VA% %?aggg ?3% A, A
3 Ogp & ¥ TU:’_\.&&“"%% ggﬁ A _ﬁ% 3% & L
s a AN g@gggg j §§9 A § P
k= Ny vy B BYOTLvugH S HTE
& 04 v v, eﬁgg XoF 333 958 2 o
g ¥ Yo¥ 7v Tl v g Egg A
B o2 v Vogovivgv VE T
D 1 1 1 L | L J
1 15 2 25 3 3.5 4 4.5
3m?2 %1072
fitted V [m~/m~]

b, tot

Figure 3.13. Temporal standard deviation over unfrozen periods from Sep2011-Apr2015 of
Aquarius L-band HH[dB] data, vs. fitted values of V, +,.. Each open triangle represents one EASE?2
grid pixel of IGBP class 1 (evergreen needleleaf forests). While keeping other forward model
parameters as before in Figure 3.8 (m =1 and 6, = m/2 in equation (2.6), vegetation cylinder
relative permittivity &, = 29.9 + 9.5, ground relative permittivity e, = 8.8, ground roughness
RMS height h = 2.6cm), the total volume in branches V,, ., was now allowed to vary and fitted
for each pixel; these are the values on the horizontal axis. Blue, red, and green triangles representing
the three different beam incidence angles (29°, 38°, 46° respectively) as usual. Upward-pointing
triangles are for descending-pass data (local time 6 AM) and downward-pointing triangles are for
ascending-pass data (local time 6PM).
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Sep2011-Apr2015 standard deviation of Aquarius L-band HH[dB], IGBP class 1 (Evergreen Needleleaf)
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Figure 3.14. Temporal standard deviation over unfrozen periods from Sep2011-Apr2015 of
Aguarius L-band HH[dB] data, vs. fitted values of ground surface roughness RMS height h. Each
open triangle represents one EASE?2 grid pixel of IGBP class 1 (evergreen needleleaf forests).
While keeping other forward model parameters as before in Figure 3.8 (m =1and 6, = /2 in
equation (2.6), vegetation cylinder relative permittivity &, = 29.9 + 9.5i, total volume in branches
Vp,tor = 3.1 x 1073m3/m?, ground relative permittivity ¢, = 8.8), the ground surface roughness
RMS height h was now allowed to vary and fitted for each pixel; these are the values on the
horizontal axis. Blue, red, and green triangles representing the three different beam incidence
angles (29°, 38°, 46° respectively) as usual. Upward-pointing triangles are for descending-pass data
(local time 6AM) and downward-pointing triangles are for ascending-pass data (local time 6PM).

Figure 3.14 also suggests an inverse relationship between the fitted ground roughness
parameter h and the HH temporal standard deviation, despite significant scatter. This is also
consistent with soil moisture being a driver of HH temporal variations, and further that this
effect is seen by the radar primarily through double-reflection mechanisms. Coherent
reflection off a rougher ground surface is weaker (equation 2.15), so the impact by variations
in ground relative permittivity &, on ground-trunk and ground-canopy double-reflection
scattering mechanisms is also weaker for rougher ground surfaces. However, if the impact
of &4 fluctuations is primarily through direct backscatter from the ground instead (e.g. in the

regime when the incidence angle is small, ground roughness h is high, and the vegetation is
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thin), then rougher ground surfaces instead strengthen the direct backscatter from the

ground, and we should see a positive relationship between h and HH temporal standard

deviation.

Observe from both Figure 3.13 and Figure 3.14 that there is also a slight correlation of the
fitted parameters with incidence angle. This correlation should not exist, and is probably an
artefact of model deficiencies and overfitting (because for each pixel, one parameter is being

fit to only three data numbers).

Let us also look in detail at the time series data from an example pixel. We shall use Aquarius
backscatter data corresponding to EASE?2 grid row 66, column 155; the IGBP land cover
classification for this pixel is class 1 (evergreen needleleaf forests). Within this pixel is
SNOTEL site #344 (Billie Creek Divide, 42.4°N, 122.27°W, elevation 1609m), where soil
moisture and precipitation were measured. We obtained the data from the National Resources
Conservation Service [86] of the US Department of Agriculture and the International Soil
Moisture Network [87, 88]. Data from October 2011-Dec2014 are plotted in Figure 3.15. As
can be seen from Figure 3.15, there is some correlation between HH radar backscatter and
soil moisture — we see decreases in HH backscatter accompanying drying-downs in the soil
moisture, and spikes in HH backscatter accompanying spikes in soil moisture brought by
precipitation. There is generally an annual pattern of soil moisture starting high in the spring
and decreasing into the summer, likely associated with snowmelt, observed not only at this
ground station but at many other sites as well (not displayed); this is likely a widespread
phenomenon in the boreal/nemiboreal/temperate forests in the Northern hemisphere as seen

from the Aquarius data.

However, we can also see from Figure 3.15 that the correlations between radar backscatter
and soil moisture is not always consistent, and there are some fluctuations in HH backscatter
that do not accompany variations in soil moisture, and vice-versa. Further, according to our
model, HV/HH should be negatively correlated with HH and soil moisture if all other factors
are held constant; from the data, we certainly see that not all fluctuations in HV/HH are
negatively correlated with HH. These remind us that though soil moisture is important, other

factors affecting backscatter variations cannot be neglected.
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Figure 3.15. Aquarius backscatter data and ground measurements at SNOTEL site #344. HH
backscatter is plotted with red triangles, HV/HH backscatter is plotted with green circles, both are
displayed in dB units and share the axis scale on the left. Precipitation in mm/day is plotted with a
solid blue line, volumetric soil moisture in percentage (cm3/cm?3) is plotted with a solid black line,
and both share the axis scale on the right.

Let us summarize the comparison in this section between model and data for IGBP class 1
(evergreen needleleaf forests) areas, taken at a coarse global spatial scale. Spatial variations
in the L-band radar backscatter are likely due to a combination of variations in both

vegetation and ground factors, in particular ground surface roughness. Changes in ground
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dielectric relative permittivity, which is directly related to changes in soil moisture, are an

important driver of temporal variations (as observed from the weekly samples during
unfrozen periods) in the L-band radar backscatter, though again not the sole cause. Diurnal
differences, though possibly present, are not conclusive from the Aquarius dataset alone.
These findings and interpretations were based on analysis of the Aquarius multi-polarization

scatterometer data, and using the forward model of Chapter 2.

3.4 Evergreen broadleaf forests (IGBP class 2)

Using the MODIS land cover map, the geographic distribution of the evergreen broadleaf
forests (IGBP class 2) is shown in Figure 3.5 and Figure 3.16 for emphasis. Most of these
pixels come from the Amazon basin and the Congo basin. A random 10% selection of the
EASE?2 grid pixels is displayed in Figure 3.16. Land area for evergreen broadleaf forests
from Southeast Asia are slightly underrepresented compared to the Amazon or Congo areas
for several reasons: greater amounts of RFI corruption, mountainous areas with high terrain

slope, and coastal areas with the presence of water within the large radar footprints.

Aguarius L-band data, selected pixels from IGBP class 2 Evergreen Broadleaf , Sep2011-Apr2015
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Figure 3.16. Geographic distribution of evergreen broadleaf forests (IGBP class 2') and randomly
selected 10% of filtered Aquarius data EASE2 grid pixels, marked by open triangle symbols.
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Aquarius L-band data, selected pixels from IGBP class 2 Evergreen Broadleaf , Sep2011-Apr2015
model \J’b of = 9.7 litres/m? , €= 29.9+9.5i , ground sg =20.1 , RMS height h=2.2cm
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Figure 3.17. Aquarius L-band scatterometer data for EASE2 grid pixels classified as evergreen
broadleaf forests (IGBP class 2). The three different beam incidence angles are represented by
color: blue (29°), red (38°), and green (46°). Upward-pointing triangles are for descending-pass
data (local time 6AM) and downward-pointing triangles are for ascending-pass data (local time
6PM). Each open triangle represents data from one of the pixels shown in Figure 3.16, taking the
mean over Sep2011-Apr2015 for each pixel. Filled triangles are the median over open triangles,
but with median taken over all data pixels of this class instead of only the 10% displayed. Filled
circles show the forest forward model from Chapter 2, with parameters m = 0 (uniformly random
cylinder orientation distribution) in equation (2.6), total volume in branches V., = 9.7 X
1073m3/m?, vegetation cylinder relative permittivity &, = 29.9 + 9.5i, ground relative
permittivity e, = 20.1, ground roughness RMS height h = 2.2cm.

The scatterometer data for the selected pixels is displayed in Figure 3.17, which depicts two
scatterplots: one of VVV/HH[dB] vs HH[dB], and another of HV/HH[dB] vs HH[dB], similar

to Figure 3.7 except for a change in IGBP class. The symbol descriptions are in the figure
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caption. Each open triangle represents the mean value (of the plotted quantities) of data

from Sep2011-Apr2015 from its corresponding pixel shown in Figure 3.16. Filled circles
show the results from the forest forward model from Chapter 2. The parameter m = 0 (i.e.
uniformly random orientation distribution of cylinders ; 8, does not matter in this case) in
equation (2.6) was used, and the vegetation cylinder relative permittivity chosen as ¢, =
29.9 + 9.5i as usual. Other model input parameters are: total volume in branches Vj, ¢,
ground relative permittivity &4, and ground roughness RMS height h. From Saatchi et al. [7],
the above-ground biomass for evergreen broadleaf forests is about M,,; = 300 tons/ha.
Based on work by Segura and Kanninen [89], Brown and Lugo [90], and Nogueira et al.
[91], a value of p=0.62g/cm?® was used as the value for the wood specific gravity (ratio of
“oven-dry weight” to “green volume”). Combined with our earlier estimate of 0.2 for the
fraction Vy tor/(Vo,tor + Virkior) and taking Meor = p(Vy tor + Virktor) these give an
estimated V1o = 9.7 X 1073m3/m?. For the ground relative permittivity, we choose
gg = 20.1, with reference to work by Wang et al. [92]. The only input parameter chosen
using the Aquarius data was the ground RMS height h = 2.2cm, chosen to give a reasonable
fit to the pooled (ascending and descending) data. The fitting procedure minimized a function
similar to (3.1) and (3.4) :

3
minimize z Z |xi(dataPiX) _ xi(mOdel)(Vb,tot =97x% 10—3m3/m2, g5 = 20.1, h)|
h

datapix i=1
x; = HH[dB],  x, = VV/HH[dB],  x; = HV/HH[dB].

From Figure 3.17, it can be seen that the forward model somewhat agrees with the data, but
not as well as for IGBP class 1 (evergreen needleleaf forests). Part of this may be due to the
fact that only one parameter was fitted here, while three parameters were fitted for evergreen
needleleaf forests, but a more likely explanation is that the model is simply less appropriate
in this case. Recall that in keeping the overall number of parameters small, only cylinders
(corresponding to branches) in the canopy were modelled, and there was no consideration of

leaves. This is likely to be less valid in evergreen broadleaf forests.
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From Figure 3.17, there might be a tiny (0.1dB) difference overall between the ascending-

pass (local time 6PM) data and descending-pass (local time 6AM) data. Various authors [93,
94, 95] have reported diurnal differences (higher at sunrise) in radar backscatter from the
Amazon using shorter wavelength (Ku band) scatterometers; van Emmerik et al. [93]
provided evidence that this is driven by vegetation water stress. As noted earlier in Section
3.3, due to other possible confounding factors such as differences in footprints and azimuth

angles, it is thus difficult to be conclusive based on this 0.1dB median difference.

We then attempt to use the forward model to analyze the spatial and temporal variations in
the radar backscatter data for IGBP class 2 (evergreen broadleaf forests). Displayed in Figure
3.18 are the same data points as Figure 3.17, now with the descending-pass (local time 6AM)
and ascending-pass (local time 6PM) data pooled and all marked with open circles instead
of triangles. Overlaid on the data are filled symbols showing the results from the forward
model. The filled circles show the forward model with parameters as before. Other filled
symbols explore the nearby model parameter space if one parameter is perturbed. The
symbols are explained in the caption, and are similar to those used in Figure 3.10. Each line
through each open circle represents the dominant eigenvector of the covariance of the data
(HH[dB], VV/HH[dB], HV/HHI[dB]) for that pixel, and the half-length of each line is the
square-root of the dominant eigenvalue. These lines visually summarize the temporal
variations (sampled weekly over Sep2011-Apr2015). Figure 3.19 plots histograms of pixel
counts binned by the fraction A1/ (A1 + A2 + A3 ) ; like in Figure 3.9, it serves to verify the
dominance of the first eigenvalue/eigenvector and the validity of the rank-1 approximation.
Unlike in Figure 3.9, however, here there is some hint of differences between the ascending-
pass (local 6PM) and descending-pass (local 6AM) at larger incidence angles. For the
ascending-pass (local 6PM) data, there is slightly more temporal variation not captured by

the dominant eigenvalue/eigenvector.
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Aguarius L-band data, selected pixels from |IGBP class 2 Evergreen Broadleaf , Sep2011-Apr2015
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Figure 3.18. Same as Figure 3.17, but with no distinction made between descending- and
ascending-pass data; all open triangles are replaced with open circles. Each open circle now also
comes with a line through it that visually summarizes the temporal variation. The direction of this
line is the dominant eigenvector of the covariance of the data (HH[dB], VV/HH[dB], HV/HH[dB])
for that pixel, and the half-length of the line is the square-root of the dominant eigenvalue. Filled
circles show the forward model with parameters as before in Figure 3.17. Other filled symbols
explore the nearby model parameter space if one parameter is perturbed. Larger and smaller five-
pointed stars represent a change in Vj, .o, by +25% and -25%, respectively. Larger and smaller six-
pointed stars represent a change in ¢, to ¢, = 45.6 + 13.7i and ¢, = 17.1 + 5.8i, respectively.
Larger and smaller squares represent a change &, by +50% and -50%, respectively. Larger and
smaller diamonds represent a change in h by +0.5cm and -0.5cm, respectively.
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histograms of /\1f()\1+/\2+)\3), IGBP class 2 Evergreen Broadleaf
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Figure 3.19. Histograms of pixel counts binned by the dominant eigenvalue as a fraction of the
trace of the temporal covariance matrices, verifying that the dominant eigenvalue/eigenvector
indeed capture most of the temporal variation. All eligible pixels of IGBP class 2 (evergreen
broadleaf), not just the 10% random subsample, were included.

We see from Figure 3.18 that the spatial and temporal variations are not readily interpretable
using the model. The first issue is that in this saturation regime of parameter space, some
effects of changing ground vs. vegetation parameters are confounded and not easily
separable. Only changes in the relative permittivity of the cylinders give changes that are
somewhat in a different direction on the scatterplots, while changes in the other parameters
are difficult to distinguish from one another. There does not appear to be a single physical
factor that provides close agreement with either the spatial variations (visualized by the
distribution of open circles) or the temporal variations (visualized by the lines through the
open circles). This may be in part due to the afore-mentioned deficiencies in the model, or
may indeed be a reflection of the lack of dominance of a single physical factor responsible

for the changes in radar backscatter.

Our model is not entirely without merit, being able to explain the variations in polarimatric
signature due to flooded/nonflooded conditions underneath the canopy in parts of the
Amazon basin. It is known that some low-lying parts of the Amazon basin experience
seasonal flooding due to the rainy season. This flooding is observable by radar [67] and
measurable by interferometry [66]. Figure 3.20 shows the topography of the Amazon basin.
The white box marks the region bounded by latitudes 2.5°S to 4.8°S and longitudes 57.9°W
to 64.2°W. We compare Aquarius L-band scatterometer observations within this box with

predictions of our forward model in Figure 3.21. Figure 3.21 plots scatterplots (left:
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HV/HH[dB] vs HH[dB], right: VVV/HH[dB] vs HH[dB]) similar to Figure 3.17, except

that only the median values of pixels within the white box of Figure 3.20 are displayed,
instead of the individual pixels. The three beam incidence angles are plotted separately (top:
29°, middle: 38°, bottom: 46°) and colors are now used to represent the month of year, as in
the figure legend. Black filled circles show the forward model with parameters as before in
Figure 3.17 and Figure 3.18, while open circles depict a simultaneous change in both ground
parameters to e, = 80 and h = Ocm, representing a smooth flooded surface. While the
forward model (black filled circles) is not entirely accurate as discussed earlier, the variations
in polarimatric signature predicted, i.e. direction of change on the scatterplot, are in good
agreement with the data, with both HV/HH[dB] and VV/HH[dB] changing inversely with
HH[dB]. This is considering that in reality, the vegetation may also contribute a secondary
component to the seasonal changes in backscatter. The magnitudes of change of radar
backscatter observed, i.e. around 0.6dB for HH at 46° incidence angle and 1.2dB for HH at
29° incidence angle, are expectedly no greater than the model predictions (0.6dB at 46°
incidence angle, 1.6dB at 29° incidence angle); parts of the radar footprints may not be within
the inundation zones. The essence of our results are similar to modeling efforts by Wang et
al. [92].
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Figure 3.20. Topography of the Amazon Basin. The white box marks the region bounded by

latitudes 2.5°S to 4.8°S, longitudes 57.9°W to 64.2°W. Many parts of this region are susceptible to
seasonal flooding. Temporal variations in the data from this region are analyzed in Figure 3.21.
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Aquarius L-band data, 2.5°S to 4.8°S, 57.9°W to 64.2°W , Sep2011-Apr2015
model Vb ot = 9.7 litres/m? , €= 29.9+9.5i , ground eg =20.1 , RMS height h=2.2cm
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Figure 3.21. Temporal variations in the data from the region bounded by the white box in Figure
3.20, many parts of which are susceptible to seasonal flooding. Colored triangles are median values
from the pixels within the box, for some part of each year (red: Jan-Feb; yellow: Mar-Apr; green:
May-Jun; cyan: Jul-Aug; blue: Sep-Oct; magenta: Nov-Dec). Upward-pointing and downward-
pointing triangles are for descending-pass (local time 6AM) and ascending-pass data (local time
6PM), respectively. Black filled circles show the forward model with parameters as before in Figure
3.17 and Figure 3.18. Black open symbols explore the nearby model parameter space if one
parameter is perturbed. Larger and smaller five-pointed stars represent a change in total branch
volume Vj, 1o by +25% and -25%, respectively. Larger and smaller six-pointed stars represent a
change in vegetation cylinder relative permittivity ¢, to &, = 45.6 + 13.7i and ¢, = 17.1 + 5.8i,
respectively. Open squares depict ground relative permittivity ¢, = 80 (relative permittivity of
water). Open diamonds depict ground roughness RMS height h = Ocm (perfectly smooth surface).
Open circles depict a simultaneous change in both ground parameters to ¢, = 80 and h = Ocm,
representing a smooth flooded surface.
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In summary, the agreement between the model and data for IGBP class 2 (evergreen

broadleaf forests) areas is significantly poorer than for IGBP class 1, but still not too far off
quantitatively (within about 1dB). Spatial and temporal variations in the L-band radar
backscatter were not readily interpretable using the model. However for the case of
subcanopy flooding, the model did quantitatively predict changes in multi-polarization

backscatter that were in agreement with the data observations.

3.5 Deciduous needleleaf forests (IGBP class 3)

Using the MODIS land cover map, the geographic distribution of the deciduous needleleaf
forests (IGBP class 3) is shown in Figure 3.22. Much of this is the Eastern Siberian taiga:
forests of primarily Dahurian and Siberian larches, with smaller areas of pines and other

species. Figure 3.22 displays a random 20% selection of the EASE2 grid pixels.

Aquarius L-band data, selected pixels from IGBP class 3 Deciduous Needleleaf , Sep2011-Apr2015
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Figure 3.22. Geographic distribution of deciduous needleleaf forests (IGBP class 3) and randomly
selected 20% of filtered Aquarius data EASE2 grid pixels, marked by open triangle symbols.

The scatterometer data for the selected pixels is displayed in Figure 3.23, which depicts two
scatterplots: one of VVV/HH[dB] vs HH[dB], and another of HV/HH[dB] vs HH[dB], similar
to Figure 3.17 except for a change in IGBP class. The symbol descriptions are in the figure
caption. Filled circles show the results from the forest forward model from Chapter 2. The
parameters m =1 and 6, = m/2 (cosine-squared orientation distribution about the
horizontal) in equation (2.6) were used, and the vegetation cylinder relative permittivity

chosen as &, = 29.9 + 9.5 as usual. Other model input parameters are: total volume in
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branches V¢ = 2.8 x 1073m3/m?, ground relative permittivity &, = 6.2, ground

roughness RMS height h = 2.1cm. These latter three parameters (Vy ¢o¢, £, h) Were chosen

by fitting to the pooled (ascending and descending) data, in the same way as in equation
(3.1).

From Figure 3.23, it can be seen that the forward model gives reasonable overall agreement
to the data, similar to the case for IGBP class 1 (evergreen needleleaf forests), albeit using
fitted parameters. The fitted ground parameters fall within their expected ranges. The ground
relative permittivity is lower than for IGBP class 1, which is in reasonable expectation
considering the drier climate of Eastern Siberia. Following the same estimation procedure as
for IGBP class 1 earlier, Vj, ., = 2.8 litres/m? corresponds to 63tons/ha of aboveground
biomass. Referring to the study by Shepashenko et al. [84] for Siberian forest phytomass
using Russian state forest inventories and regression analysis, Fig. 1 in that paper displays
an estimate of around 3-4kgC/m? carbon for much of the corresponding region in Eastern
Siberia. Using their conversion factor of 0.5 for phytomass to carbon content, this translates
to 60-80 tons/ha. Bearing in mind that roots were including in their estimate, the agreement

is close.

With regards to the variation between the descending-pass (local time 6AM) and ascending-
pass (local time 6PM) data, there may be a slight difference, but it is small (compared to the
spatial variation between pixels, and longer period temporal variations to be discussed later)
when considered in an average sense over time and multiple pixels. Thus we consider it

inconclusive and again pool the 6AM and 6PM data for now.
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Aquarius L-band data, selected pixels from IGBP class 3 Deciduous Needleleaf , Sep2011-Apr2015
model Vb ot = 2.8 litres/m? , €= 29.9+9.5i , ground € =6.2 , RMS height h=2.1cm
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Figure 3.23. Aquarius L-band scatterometer data for EASE2 grid pixels classified as deciduous
needleleaf forests (IGBP class 3). The three different beam incidence angles are represented by
color: blue (29°), red (38°), and green (46°). Upward-pointing triangles are for descending-pass
data (local time 6AM) and downward-pointing triangles are for ascending-pass data (local time
6PM). Each open triangle represents data from one of the pixels shown in Figure 3.22, taking the
mean over unfrozen periods from Sep2011-Apr2015 for each pixel. Filled triangles are the median
over open triangles, but with median taken over all data pixels of this class instead of only the 20%
displayed. Filled circles show the forest forward model from Chapter 2, with parameters m = 1
and 6, = /2 (preferential horizontal orientation) in equation (2.6), total volume in branches
Vptor = 2.8 X 1073m3/m?, vegetation cylinder relative permittivity &, = 29.9 + 9.5i, ground
relative permittivity e, = 6.2, ground roughness RMS height h = 2.1cm .
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Aquarius L-band data, selected pixels from IGBP class 3 Deciduous Needleleaf , Sep2011-Apr2015
model Vb ot = 2.8 litres/m? , €= 29.9+9.5i , ground € =6.2 , RMS height h=2.1cm
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Figure 3.24. Same as Figure 3.23, but with no distinction made between descending- and
ascending-pass data; all are marked with open circles. Filled circles show the forward model with
parameters as before in Figure 3.23 (preferential horizontal orientation distribution of cylinders
withm = 1and 6, = /2 inequation (2.6), total volume in branches Vj, ;o¢ = 2.8 X 1073m3/m?,
vegetation cylinder relative permittivity &, = 29.9 + 9.5, ground relative permittivity ¢, = 6.2,
ground roughness RMS height h = 2.1cm). Other filled symbols explore the nearby model
parameter space if one parameter is perturbed. Larger and smaller five-pointed stars represent a
change in V, ¢, by +25% and -25%, respectively. Larger six-pointed stars represent an increase in
&, t0 &, = 45.6 + 13.7i, while smaller six-pointed stars represent a decrease to &, = 17.1 + 5.8i.
Larger and smaller squares represent a change &, by +50% and -50%, respectively. Larger and
smaller diamonds represent a change in h by +0.5cm and -0.5cm, respectively.

The model is then used to analyze the spatial variation in the radar backscatter data across
different pixels. Figure 3.24 displays the same data as Figure 3.23, now with the descending-

pass (local time 6AM) and ascending-pass (local time 6PM) data pooled and all marked with



82
open circles instead of triangles. The three different beam incidence angles are again

represented with blue, red, and green colors (29°, 38°, 46°, respectively). Overlaid on the
data are filled symbols showing the results from the forward model. The filled circles show
the forward model with parameters as before. Other filled symbols explore the nearby model
parameter space if one parameter is perturbed, as described in the caption. From Figure 3.24,
we see that, unlike the case for evergreen needleleaf forests (IGBP class 1), it may be possible
to attribute a greater role for vegetation parameters as a source of spatial variation than
ground parameters. The decreased role of ground parameters for spatial variation within
IGBP class 3 (deciduous needleleaf forests) may perhaps be due to drier soils and lower
values of ¢, (thus weaker double-reflections), as well as the geographic distribution being
localized primarily to Eastern Siberia only (thus perhaps less variance in ground roughness
h). These guesses require more evidence to verify, however; ground parameters may still

have a significant involvement in the spatial variations in the radar backscatter.

Next, temporal variations in the radar backscatter are considered. If we consider the total
temporal covariance like in Figure 3.9 and Figure 3.10, we would find that the rank-1
approximation is also good for IGBP class 3 and that the primary physical parameter
associated with the temporal variation during unfrozen periods (sampled weekly over
Sep2011-Apr2015) is most probably the ground relative permittivity &, , i.e. changes in soil
moisture. Furthermore, changes in vegetation parameters ( V}, ¢, Or €, ) positively correlated
with the change in g, , i.e. vegetation growth or increased vegetation water content correlated
with increase in soil moisture, would appear to be a secondary but non-negligible contributor
to changes in L-band radar backscatter. Here we do not plot figures analogous to Figure 3.9
and Figure 3.10, but directly move on to analyzing the temporal variations in terms of longer
and shorter time-scale changes, analogous to Figure 3.11 and Figure 3.12. Again, we use
two-month medians for “low-frequency” and the high-pass filter of equation (3.2) for “high-

frequency” analysis.

Like in Figure 3.11, Figure 3.25 plots histograms of pixel counts binned by the fraction A1 /

(A1 + A2 + A3 ) in the eigendecomposition of the “high-frequency” temporal covariance
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matrix. Again the rank-1 approximation is poorer than for the total temporal covariance,

but may still be used. The scatterplots of Figure 3.26 are the same as Figure 3.12 except for
a change in IGBP class. The three beam incidence angles are plotted in different rows (top:
29°, middle: 38°, bottom: 46°). The left column plots are HV/HH[dB] vs HH[dB], while the
right column plots are VVV/HH[dB] vs HH[dB]. Filled colored triangles display the two-
month median data values; these are the “slow” or “low-frequency” fluctuations. Only May-
Jun, Jul-Aug, and Sep-Oct are displayed because most of the November-April period
corresponds to frozen conditions. “Fast” fluctuations are depicted by the solid gray lines.

Their directions display the dominant eigenvector of the 3x3 “high-frequency” covariance
matrix for that pixel, and the half-length of the displayed line is \/4, , the square root of the

corresponding dominant eigenvalue.
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Figure 3.25. Histograms of pixel counts binned by the dominant eigenvalue as a fraction of the
trace of the “high-frequency” temporal covariance matrices, for IGBP class 3 (deciduous
needleleaf). The rank-1 approximation is poorer for the “high-frequency” covariance than for the

total temporal covariance matrices.
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Aquarius L-band data, IGBP class 3 Deciduous Needleleaf , Sep2011-Apr2015
model Vb ot = 2.8 litres/m? , €= 29.9+9.5i , ground € =6.2 , RMS height h=2.1cm
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Figure 3.26. Same as Figure 3.12, showing “slow” and “fast” temporal variations in radar
backscatter, but for IGBP class 3. The three rows correspond to the three beam incidence angles
(top: 29°, middle: 38°, bottom: 46°). The left column plots are HV/HH[dB] vs HH[dB], while the
right column plots are VV/HH[dB] vs HH[dB]. Filled triangles are the median over all pixels in
IGBP class 3, data taken from time periods indicated by color: green (May-Jun), cyan (Jul-Aug),
blue (Sep-Oct), thus displaying “low-frequency” temporal variations. Solid gray lines visually
summarize the “high-frequency” temporal variations of each selected pixel in Figure 3.22.
Specifically, the direction of this line is the dominant eigenvector of the covariance of the data
(HH[dB], VV/HH[dB], HV/HHI[dB]) for that pixel over the unfrozen period and after a high-
frequency filter, and the half-length of the line is the square-root of the dominant eigenvalue. Filled
circles show the forward model with input parameters as before in Figure 3.24. Other open symbols
explore the nearby model parameter space if one parameter is perturbed. Larger and smaller five-
pointed stars represent a change in Vj, ., by +25% and -25%, respectively. Larger six-pointed stars
represent an increase in &, to &, = 45.6 + 13.7i, while smaller six-pointed stars represent a
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decrease to &, = 17.1 + 5.8i. Larger and smaller squares represent a change &, by +50% and -
50%, respectively. Larger and smaller diamonds represent a change in h by +0.5cm and -0.5cm,
respectively. Dotted lines merely serve to connect these open symbols with the filled circle.

From Figure 3.26, we see that the “fast” temporal changes are also probably due to changes
in ground relative permittivity £, (i.e. soil moisture) with positively correlated changes in
vegetation parameters ( V¢, OF €, , i.e. vegetation growth or increased vegetation water
content) as a secondary contribution. The “slow” temporal changes in radar backscatter are
a little more ambiguous and interesting to interpret. It seems that at incidence angle of 29°,
soil moisture changes dominate the slow changes, but at incidence angle of 46°, vegetation
changes may become more important, consistent with a reduced sensitivity to ground

parameters at larger incidence angles.

Let us summarize the comparison between model and data for IGBP class 3 (deciduous
needleleaf forests) areas, taken at a coarse regional spatial scale. Overall the model and data
show reasonable agreement. Spatial variations in the L-band radar backscatter are due to a
combination of variations in both ground and vegetation factors. Temporal variations
(sampled weekly during unfrozen periods) in the L-band radar backscatter are primarily due
to changes in soil moisture, and secondarily due to changes in vegetation (either vegetation
growth or increased vegetation water content, or both), and the changes in soil moisture and
vegetation are positively correlated with each other. For temporal variations at slower time-

scales of months, vegetation changes may become more dominant at higher incidence angles.

3.6 Deciduous broadleaf forests (IGBP class 4)

The geographic distribution of this class is in the eastern United States, parts of Europe, and
northeast Asia, and the Chaco plain of South America. However due to human development,
the only significant contiguous region in this class with data not excessively RFI polluted
lies in the tropical dry forest of the Chaco plain of South America. As this land area is
relatively small compared to some of the other IGBP land cover classes, a random 50%
selection of the available filtered EASE?2 grid are displayed. Using the MODIS land cover
map, the geographic distribution of the deciduous broadleaf forests (IGBP class 4) is shown
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in Figure 3.5 and Figure 3.27 for emphasis. The data pixels are marked by open triangle

symbols on Figure 3.27, with upward-pointing triangles for descending-pass data (local time
6AM) and downward-pointing triangles for ascending-pass data (local time 6PM), while the
three different beam incidence angles are represented by color: blue (29°), red (38°), and
green (46°), like in the previous figures. Note that the radar footprints and swath widths are
now no longer small compared to the land region being considered: it is apparent from Figure
3.27 that only about two full swath widths suffice to cover the entire longitude span of this
region. As such, when we analyze the data from this IGBP class as whole, there is potentially
a strong correlation between incidence angle and ascending/descending pass with other

environmental factors that are changing from East to West across the region [96].

Aquarius L-band data, selected pixels from IGBP class 4 Deciduous Broadleaf , Sep2011-Apr2015
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Figure 3.27. Geographic distribution of contiguous deciduous broadleaf forests (IGBP class 4) with
sufficient good quality Aquarius scatterometer data is concentrated in the Chaco Plain region of
South America. A random 50% selection of filtered Aquarius data EASE?2 grid pixels are displayed,
marked by open triangle symbols. The three different beam incidence angles are represented by
color: blue (29°), red (38°), and green (46°). Upward-pointing triangles are for descending-pass
data (local time 6AM) and downward-pointing triangles are for ascending-pass data (local time
6PM).
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We attempt to proceed with the analysis as for the other IGBP classes. The scatterometer

data is displayed in Figure 3.28, which depicts two scatterplots: one of VV/HH[dB] vs
HH[dB], and another of HV/HH[dB] vs HH[dB], similar to Figure 3.7 except for a change
in IGBP class. The symbol descriptions are in the figure caption. Filled circles show the
results from the forest forward model from Chapter 2. The parameters m = 0 (uniformly
random orientation distribution) in equation (2.6) were used, and the vegetation cylinder
relative permittivity chosen as &, = 29.9 + 9.5i as usual. Other model input parameters are:
total volume in branches V;, 1, = 3.0 X 107m?/m?, ground relative permittivity e, = 4.3,
ground roughness RMS height h = 2.5cm. These latter three parameters (Vy, 1o¢, £4, h) Were
chosen by fitting to the pooled (ascending and descending) data, in the same way as in
equation (3.1). The fitted parameters are somewhat similar to the other forest classes. The
fitted ground relative permittivity £, = 4.3 seems unusually low. However it is also true that
there is a long half-year dry season (winter-spring) with negligible rainfall in some areas

[96], so a low value of £, might not be implausible.

From Figure 3.28, we can see that, as previously mentioned, the correlation between
incidence angle and ascending/descending pass with other geographical factors is indeed a
confounding issue. In particular, from the scatterplot of VVV/HH[dB] vs HH[dB], the data for
beam 2 shows two distinct clusters, one with VVV/HH[dB] closer to about -0.3dB, and the
other with VV/HH[dB] of about -1dB. The cluster with VV/HH[dB] around -0.3dB
corresponds to the strip of western pixels (mostly of beam 2, descending pass 6AM data) in
Figure 3.27. Geographically these are at a higher elevation and run up towards the Andean
cordillera, and despite the terrain slope filter that had been applied, many of these pixels are
border cases and some high-terrain slope lands of the Subandean Sierras are likely included
in part of the radar footprints (which, at ~100km, are significantly larger than the pixel size
of ~36km). This “contamination” is consistent with the data observations, as high-terrain
slope areas have expected VV/HH ratio close to unity (i.e. or 0dB). Likewise, other
confounding geographical factors may be responsible for the apparent disparity in median
values between ascending/descending pass data. As such, we do not attempt to use the model

to analyze the spatial variation in the radar backscatter data across different pixels.
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model Vb ot = 3.0 litres/m? , €= 29.9+9.5i , ground € =4.3 , RMS height h=2.5cm
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Figure 3.28. Aquarius L-band scatterometer data for EASE2 grid pixels classified as deciduous
broadleaf forests (IGBP class 4) displayed in Figure 3.27. The three different beam incidence angles
are represented by color: blue (29°), red (38°), and green (46°). Upward-pointing triangles are for
descending-pass data (local time 6AM) and downward-pointing triangles are for ascending-pass
data (local time 6PM). Each open triangle represents data from one of the pixels shown in Figure
3.27, taking the mean over Sep2011-Apr2015 for each pixel. Filled triangles are the median over
open triangles, but with median taken over all data pixels of this class instead of only the 50%
displayed. Filled circles show the forest forward model from Chapter 2, with parameters m = 0
(uniformly random orientation distribution) in equation (2.6), total volume in branches V}, o, =
3.0 x 1073m3/m?, vegetation cylinder relative permittivity &, = 29.9 + 9.5i , ground relative
permittivity e, = 4.3, and ground roughness RMS height h = 2.5cm
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However, the temporal analysis shows clear results. We plot in Figure 3.30 the usual

scatterplots with the two-month medians and “fast/high-frequency” dominant
eigenvalue/eigenvector lines. In fact for this IGBP class, the first eigenvalue/eigenvector
appear to be exceptionally dominant, as shown by Figure 3.29. From Figure 3.30, especially
the scatterplots of VVV/HH[dB] vs. HH[dB], we see that the primary physical parameter
associated with both “fast” and “slow” temporal variations are most probably the ground
relative permittivity €, , i.e. changes in soil moisture. The modelled direction of variation on
the HV/HH[dB] vs. HH[dB] scatterplot variation for changes in &, is not exactly aligned
with the temporal data, suggesting changes in vegetation parameters too as a secondary but
non-negligible contributor to changes in L-band radar backscatter, in particular to HV.
Furthermore, these changes in vegetation parameters (V,, ., Or €,) are positively correlated
with the change in ¢4, i.e. vegetation growth (or increased vegetation water content)

correlated with increase in soil moisture.

histograms of high-frequency )\1I(A1+A2+A3), IGBP class 4 Deciduous Broadleaf
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Figure 3.29. Histograms of pixel counts binned by the dominant eigenvalue as a fraction of the
trace of the “high-frequency” temporal covariance matrices, verifying that the dominant
eigenvalue/eigenvector indeed capture most of the temporal variation. All eligible pixels of IGBP
class 4 (deciduous broadleaf), not just the 50% random subsample, were counted here. The rank-1
approximation is even better for the total temporal covariance matrices (not shown).
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Aguarius L-band data, IGBP class 4 Deciduous Broadleaf , Sep2011-Apr2015

model Vb of = 3.0 litres/m? , €, = 29.9+9.5i , ground € =4.3 , RMS height h=2.5cm
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Figure 3.30. Same as Figure 3.12, showing “slow” and “fast” temporal variations in radar
backscatter, but for IGBP class 4. The three rows correspond to the three beam incidence angles
(top: 29°, middle: 38°, bottom: 46°). The left column plots are HV/HH[dB] vs HH[dB], while the
right column plots are VV/HH[dB] vs HH[dB]. Filled triangles are the median over all pixels in
IGBP class 4, data taken from time periods indicated by color: red (Jan-Feb), yellow (Mar-Apr),
green (May-Jun), cyan (Jul-Aug), blue (Sep-Oct), magenta (Nov-Dec), thus displaying “low-
frequency” temporal variations. Solid gray lines visually summarize the “high-frequency" temporal
variations of each selected pixel in Figure 3.27. Specifically, the direction of this line is the
dominant eigenvector of the covariance of the data (HH[dB], VV/HH[dB], HV/HH[dB]) for that
pixel over the unfrozen period and after a high-frequency filter, and the half-length of the line is
the square-root of the dominant eigenvalue. Filled circles show the forward model with input
parameters as before in Figure 3.28. Other open symbols explore the nearby model parameter space
if one parameter is perturbed. Larger and smaller five-pointed stars represent a change in Vj, 1o¢ by
+25% and -25%, respectively. Larger six-pointed stars represent an increase in ¢, to €, = 45.6 +
13.7i, while smaller six-pointed stars represent a decrease to &, = 17.1 + 5.8i. Larger and smaller
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squares represent a change &, by +50% and -50%, respectively. Larger and smaller diamonds
represent a change in h by +0.5cm and -0.5cm, respectively. Dotted lines merely serve to connect
these open symbols with the filled circle.

3.7 Mixed forests (IGBP class 5)

The “mixed forests” class in the IGBP classification comprises lands dominated by trees but
with interspersed mixtures or mosaics of the other four forests types, with none of the specific
forest types exceeding 60% of the landscape. Using the MODIS land cover map, the
geographic distribution of IGBP class 5 is shown in Figure 3.5 and Figure 3.31 emphasis. A
random 20% selection of the EASEZ2 grid pixels is displayed in Figure 3.31. As can be seen,
much of the land falling into this class is still in or near the boreal/hemiboreal zone. Indeed,
it shall turn out that despite the greater heterogeneity of species, the radar backscatter
characteristics from this class still bear similarity to IGBP class 1 (evergreen needleleaf
forests) and IGBP class 3 (deciduous needleleaf forests). Data from non-coniferous
temperate forests are underrepresented because these tend to be encroached significantly by

areas of human settlement, greatly increasing the chance of being excluded by RFI flags.

Aquarius L-band data, selected pixels from IGBP class 5 Mixed forest , Sep2011-Apr2015
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Figure 3.31. Geographic distribution of mixed forests (IGBP class 5) and randomly selected 20%
of filtered Aquarius data EASE?2 grid pixels, marked by open triangle symbols.

The scatterometer data for the selected pixels is displayed in Figure 3.32, which depicts two
scatterplots: one of VVV/HH[dB] vs HH[dB], and another of HV/HH[dB] vs HH[dB], similar
to Figure 3.7 except for a change in IGBP class. The symbol descriptions are in the figure

caption. Filled circles show the results from the forest forward model from Chapter 2. The
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parameters m =1 and 6, = m/2 (cosine-squared orientation distribution about the

horizontal) in equation (2.6) were used, and the vegetation cylinder relative permittivity
chosenas &, = 29.9 + 9.5i as usual. Other model input parameters are: total branch volume
Vb,tor = 3.5 % 1073 m?/m?, ground relative permittivity £, = 8.8, ground roughness RMS
height h = 2.5cm. These latter three parameters (V;, 1o¢, £5, h) Were chosen by fitting to the

pooled (ascending and descending) data, in the same way as in equation (3.1).

From Figure 3.32, it can be seen that the forward model gives reasonable overall agreement
to the data, albeit using fitted parameters. The fitted parameters are very similar to those for
IGBP class 1 (evergreen needleleaf forests). This suggests that, in terms of the underlying
physical factors affecting L-band radar backscatter, IGBP classes 1 and 5 (and class 3 as
well) are rather similar, despite the heterogeneity of forest types by definition of IGBP class
5. In view of the proximity and overlap of the geographic regions for IGBP classes 1 and 5
(Figure 3.31), it is to be expected that signification components of “mixed forests” are still
coniferous forests. In fact even the MODIS land cover map, which is taken as ground truth

here, is likely to have some amount of confusion between the two classes [75].

With regards to the variation between the descending-pass (local time 6AM) and ascending-
pass (local time 6PM) data, again similar to IGBP class 1, there might be an overall trend of
L-band radar backscatter being slightly higher from ascending-pass (local time 6PM) data
compared to descending-pass (local time 6 AM) data; but this difference, when considered in
an average sense over time and multiple pixels, is small (compared to the spatial variation
between pixels and longer period temporal variations to be discussed later), so we proceed
to pool the 6AM and 6PM data as usual.

The model is then used to analyze the spatial variation in the radar backscatter data across
different pixels. Figure 3.33 displays the same data as Figure 3.32, now with the descending-
pass (local time 6AM) and ascending-pass (local time 6PM) data pooled and all marked with
open circles instead of triangles. Overlaid on the data are filled symbols showing the results
from the forward model with parameters as before. Other filled symbols explore the nearby

model parameter space if one parameter is perturbed, as described in the caption. From



93
Figure 3.33, we see that the ground roughness RMS height h is required to explain spatial

variations in the VV/HH ratio, while vegetation parameters are require to explain spatial
variations in HV. Thus both vegetation and ground parameters are involved in the spatial
variations in the radar backscatter.
Aquarius L-band data, selected pixels from IGBP class 5 Mixed forest , Sep2011-Apr2015
model Vbtot = 3.5 litres/m? €= 29.9+9.5i , ground eg =8.8 , RMS height h=2.5¢cm , orientation m=1
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Figure 3.32. Aquarius L-band scatterometer data for EASE2 grid pixels classified as mixed forest
(IGBP class 5). The three different beam incidence angles are represented by color: blue (29°), red
(38°), and green (46°). Upward-pointing triangles are for descending-pass data (local time 6 AM)
and downward-pointing triangles are for ascending-pass data (local time 6PM). Each open triangle
represents data from one of the pixels shown in Figure 3.31, taking the mean over unfrozen periods
from Sep2011-Apr2015 for each pixel. Filled triangles are the median over open triangles, but with
median taken over all data pixels of this class instead of only the 20% displayed. Filled circles show
the forest forward model from Chapter 2, with parameters m =1 and 8, = /2 (preferential
horizontal orientation) in equation (2.6), total volume in branches V, ;o = 3.5 x 107*m?/m?,
vegetation cylinder relative permittivity &, = 29.9 + 9.5, ground relative permittivity ¢, = 8.8,
ground roughness RMS height h = 2.5cm.
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Aquarius L-band data, selected pixels from IGBP class 5 Mixed forest , Sep2011-Apr2015
model '\;‘btot = 3.5 litres/m? €,= 29.9+9.5i , ground eg =8.8 , RMS height h=2.5cm , orientation m=1
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Figure 3.33. Same as Figure 3.32, but with no distinction made between descending- and
ascending-pass data; all are marked with open circles. Filled circles show the forward model with
parameters as before in Figure 3.32. Other filled symbols explore the nearby model parameter space
if one parameter is perturbed. Larger and smaller five-pointed stars represent a change in Vj, o¢ by
+25% and -25%, respectively. Larger six-pointed stars represent an increase in ¢, to €, = 45.6 +
13.7i, while smaller six-pointed stars represent a decrease to €, = 17.1 + 5.8i. Larger and smaller
squares represent a change &, by +50% and -50%, respectively. Larger and smaller diamonds
represent a change in h by +0.5cm and -0.5cm, respectively.
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Aquarius L-band data, selected pixels from IGBP class 5 Mixed forest , Sep2011-Apr2015
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Figure 3.34. Same as Figure 3.33, but also showing temporal variations in the data. Each open
circle, corresponding to one of the pixels shown in Figure 3.31 and representing the mean taken
over unfrozen periods from Sep2011-Apr2015, now also comes with a line through it that visually
summarizes the temporal variation. Specifically, the direction of this line is the dominant
eigenvector of the covariance of the data (HH[dB], VV/HH[dB], HV/HH[dB]) for that pixel over
the unfrozen period, and the half-length of the line is the square-root of the dominant eigenvalue.

Next, temporal variations in the radar backscatter are considered in Figure 3.34, which
contains the usual scatterplots with the dominant eigenvalue/eigenvector lines for the total
temporal covariance, similar to Figure 3.10. The validity of the rank-1 approximation to the
3x3 total temporal covariance is checked in Figure 3.35. Figures are not shown for further
analysis into “fast/high-frequency” and ““slow/low-frequency” temporal variations for [IGBP
class 5, in part because the rank-1 approximation turns out to be poor for the “fast/high-

frequency” covariance and the results are less conclusive. From Figure 3.34, we see that the



96
primary physical parameter associated with the temporal variation is again most probably

the ground relative permittivity &4, i.e. changes in soil moisture. In the median case, the
values of ground relative permittivity corresponding to +1 standard deviation of variation in
HH[dB] are approximately &, = 5.4 and &, = 15.2. Though details vary depending on soil
type, these are reasonable values for drier and wetter soils. Additionally, there is greater
spatial heterogeneity in the temporal variation trends compared to the other classes. This may
speculatively be attributable to IGBP class 5 covering a greater spread of geographic and

ecological zones, and being intrinsically an “umbrella” class.

histograms of A1f(A1+A2+A3), IGBP class 5 Mixed forest
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Figure 3.35. Histograms of pixel counts binned by the dominant eigenvalue as a fraction of the
trace of the temporal covariance matrices, verifying that the dominant eigenvalue/eigenvector
indeed capture most of the temporal variation. Note that all eligible pixels of IGBP class 5 (mixed
forest), not just the 20% random subsample, were counted in these histograms.

To address the question of whether or not an orientation distribution of cylinders that is
uniformly random might instead be a better fit to the data, we plot Figure 3.36. Figure 3.36
is the same as Figure 3.33 except that a uniformly random orientation distribution of
cylinders (m = 0 in equation (2.6)) was used in the forward model, and equation (3.1)
refitted to the data to give V.0 = 4.2 X 107°m®/m?, ¢, =8.8, and h = 2.25 cm.
Following the same estimation procedure as for IGBP class 1, here Vj, ., = 4.2 litres/m?
corresponds to 94.5tons/ha of total aboveground biomass instead of 78.8tons/ha for Vj, .o =
3.5 X 1073m3/m?2.

An argument can be made from Figure 3.36 that the uniformly randomly oriented distribution

may also be a reasonable fit to the data. Both biomass values seem to be reasonable estimates;
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as mentioned in the previous chapter, we cannot expect very accurate estimates for total

above-ground biomass for dense vegetation using only L-band normalized radar backscatter
cross-sections, hence we had parameterized using Vj, ¢, instead. The main differences
between the two orientation distributions lie in the way in which backscatter at all
polarizations depend on incidence angle. For m = 1 (cosine-squared distribution about the
horizontal), the ratio HH/VVV increases (i.e. VVV/HH decreases) with increasing incidence
angle. For m = 0 (uniformly randomly oriented cylinders) however, the direct canopy
backscatter has no preferential polarization for either VV or HH, so the total VV/HH ratio is
only weakly dependent on incidence angle, primarily through the scattering terms involving
the ground. HV is more strongly dependent on incidence angle for m = 1 than for m = 0
due to the change in projected distribution perpendicular to the beam direction. Other than
incidence angle, there are also some slight differences betweenthe m = 1 and m = 0 models
in terms of the directions of variation on the scatterplots associated with the vegetation
parameters. The reality might be closer to some mixture between the m =1 and m =0

models.

To further illustrate that there is indeed sensitivity to orientation distributions from the radar
data, Figure 3.37 plots the best fit parameters from equation (3.1) if the forward model used
a uniformly random orientation distribution of cylinders (m = 0 in equation (2.6)) for IGBP
class 3 instead. Evidently, a uniformly random orientation distribution provides a poorer fit
than cosine-squared orientation distribution about the horizontal for IGBP class 3. Though
the disparity is not as large as for IGBP class 3, IGBP class 1 is also a better fit by the
preferentially horizontal orientation distribution compared to the uniformly random
distribution (figures not displayed). On the other hand, a uniformly random orientation
distribution was more appropriate for IGBP classes 2 and 4 as compared to a preferential

orientation distribution (figures not displayed).
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Figure 3.36. Same as Figure 3.33, except with a uniformly random orientation distribution of
cylinders (m = 0 in equation (2.6) ) for the forward model, and equation (3.1) refitted to find best
fit parameters as shown: total volume in branches V, ;o = 4.2 X 107>m3/m?, ground relative
permittivity e, = 8.8, ground roughness RMS height A = 2.3cm.
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Aquarius L-band data, selected pixels from IGBP class 3 Deciduous Needleleaf , Sep2011-Apr2015
model '\/btot = 3.3 litres/m? €= 29.9+9.5i , ground eg =6.2 , RMS height h=2.0cm , orientation m=0
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Figure 3.37. Same as Figure 3.24, except with a uniformly random orientation distribution of
cylinders (m = 0 inequation (2.6) ) for the forward model, and equation (3.1) refitted to find best
fit parameters as shown: total volume in branches V, ;o = 3.3 X 107>m3/m?, ground relative
permittivity &, = 6.2, ground roughness RMS height h = 2.0cm. Comparing with Figure 3.24, it
is evident that a uniformly random orientation distribution of cylinders is less appropriate in this
case.

In summary, the L-band radar multi-polarization backscatter characteristics for IGBP class
5 (mixed forests) areas, taken at a coarse global spatial scale, are broadly similar to those for
IGBP class 1 (evergreen needleleaf). The orientation distribution parameters m = 1,6, =
/2 (preferentially horizontal orientation distribution) and m = 0 (uniformly random
orientation distribution) both fit the data comparably, in reasonable expectation with the

heterogeneity of forests within this class.
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3.8 Frozen vs. unfrozen conditions

In Sections 3.3 to 3.7, the Aquarius L-band radar data had been filtered for frozen conditions
and only data corresponding to unfrozen conditions were analyzed for spatial and temporal
patterns. This was because, if otherwise unfiltered, the large change between frozen and
unfrozen conditions would have dominated and swamped other effects. In this section, the
L-band radar multi-polarization backscatter would be compared between frozen and
unfrozen conditions. The primary IGBP forest classes involved are class 1 (evergreen
needleleaf), class 3 (deciduous needleleaf), and class 5 (mixed forest), as these cover the

boreal/hemiboreal/temperate zones.

For this frozen/unfrozen comparison, data with corresponding temperature <0°C during a
time period from two weeks before to two weeks after were flagged as “frozen”, while data
with corresponding temperature >5°C during a time period from two weeks before to two
weeks after were flagged as “unfrozen”. As before, the temperature value used was the
temperature of the 0-10cm subsurface layer as provided by the NCEP GFS GDAS model
product provided along with the Aquarius dataset. Only EASE grid pixels with at least 10
weeks of such “frozen” and 10 weeks of such “unfrozen” data over the Sep2011-Apr2015
period were included for consideration in the analysis. Data from a random 10% selection of
these EASE? grid pixels are displayed in Figure 3.38, Figure 3.39, and Figure 3.40 for IGBP
classes 1,3, and 5 respectively. In each of these three figures, the three different beam
incidence angles are again represented by color: blue (29°), red (38°), and green (46°), and
data for descending-pass (local time 6AM) and ascending-pass (local time 6PM) are
represented by upward-pointing and downward-pointing triangles, respectively. Each pair of
open/filled triangles linked by a dotted line summarize data from an EASE2 grid pixel, with
the open triangle representing the mean over unfrozen periods, while the filled triangle is the
mean over frozen periods, from Sep2011-Apr2015. Filled circles show the forward model
with parameters as before in Figure 3.8, Figure 3.24, and Figure 3.33. Filled squares show
the forward model but with the vegetation cylinder relative permittivity changed to ¢, =
4.5 + 1.1i and ground relative permittivity changed to e, = 4.0 instead. These parameters

attempt to represent the relative permittivities for frozen branches and frozen soil,
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respectively, following experimental results from El-rayes and Ulaby [97]; for soil we

have neglected the imaginary part of the relative permittivity as before.

The comparison is similar for all three figures so we shall discuss them all together. In
agreement with the data, the model predicts a decrease in HH of about 3-5dB from frozen to
unfrozen conditions, and a smaller effect at smaller incidence angle of 29°. The model
predicts a slight decrease in the VVV/HH ratio, especially at the larger incidence angle of 46°,
while the data shows either negligible change in the VV//HH ratio or a very small decrease.
Finally the model predicts a large decrease in the HV/HH ratio, by about 6dB, while the data
only shows a decrease in HV/HH by about 3dB; though the model prediction that this
decrease is greater at 29° incidence angle is in qualitative agreement with the data. A possible
explanation accounting for all these observations is that overall the model has, with simply a
naive change in dielectric relative permittivities, essentially managed to capture the
important physical differences, but there are additional important details to the
frozen/unfrozen transition. Consider that in winter, not only are the tree branches frozen, they
are often also “coated” with some amount of ice, effectively increasing cylinder radii.
Hanging icicles also change the effective cylinder size and orientation distributions. These
may explain slightly higher VV values and much higher HV values than expected from

simply changing the dielectric relative permittivities values.
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Aquarius L-band data, selected pixels from IGBP class 1 Evergreen Needleleaf , Sep2011-Apr2015
model Vb ot = 3.1 litres/m? , €= 29.9+9.5i , ground € =8.8 , RMS height h=2.6cm
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Figure 3.38, Aquarius L-band scatterometer data for a 10% random selection of EASE2 grid pixels
classified as evergreen needleleaf (IGBP class 1) and satisfying various filter conditions as
described in the text. The three different beam incidence angles are represented by color: blue (29°),
red (38°), and green (46°). Upward- and downward-pointing triangles are for descending-pass data
(local time 6AM) and ascending-pass data (local time 6PM) respectively. Open triangles represent
the mean over unfrozen periods, while filled triangles are the mean over frozen periods, from
Sep2011-Apr2015. Each pair of open and filled triangles linked by a dotted line summarize data
from an EASE2 grid pixel. Filled circles show the forward model with parameters as before in
Figure 3.8 (horizontal cosine-squared orientation distribution of cylinders, total volume in branches
Vpeor = 3.1 X 1073m3/m?, vegetation cylinder relative permittivity &, = 29.9 4+ 9.5i, ground
relative permittivity e, = 8.8, ground roughness RMS height h = 2.6cm). Filled squares show the
same forward model but with parameters ¢, = 4.5 + 1.1i and ¢, = 4.0 instead.
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Aquarius L-band data, selected pixels from IGBP class 3 Deciduous Needleleaf , Sep2011-Apr2015
model Vb ot = 2.8 litres/m? €, 29.9+9.5i , ground € =6.2 , RMS height h=2.1cm
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. Same as Figure 3.38, but for IGBP class 3 (deciduous needleleaf forests).
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Aquarius L-band data, selected pixels from IGBP class 5 Mixed forest , Sep2011-Apr2015
model Vb ot = 3.5 litres/m? €, 29.9+9.5i , ground € =8.8 , RMS height h=2.5cm
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Figure 3.40. Same as Figure 3.38, but for IGBP class 5 (mixed forests).

3.9 Microwave vegetation optical depth

The microwave vegetation optical depth (VOD) is often a parameter of interest for both
active and passive microwave studies of vegetated land areas, in applications where the
vegetation state or underlying soil moisture are of interest. In this section, we report the VOD
values from our forward model using the input parameters as described in Sections 3.3-3.7.

Equation (2.9) from Chapter 2 introduced the simplified average one-way optical thickness

of the canopy layer as

ncn((’ch,cn(ei)) + (Kv,cn(gi)))(zz - Zl)

cos 6; (3.5

Ten (91') =
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Strictly speaking, the one-way optical thickness of the canopy layer is polarization

dependent if the orientation distribution of the cylinders is not uniform:

2ncn<Kh,cn(9i))(ZZ - Zl)

Phen(80) = cos 6;
Ty,en(0;) = 2n6n<K”'CTLE)BSi;>(ZZ —Z1)
i
and likewise for the trunk layer:
There(0)) = Zntrk<’::l;,;rgi(9i)>zl
Tv,trk(ei) = 2ntrk<’z2;rgi(9i)>zl.

(3.6a)

(3.6b)

(3.7a)

(3.7b)

A more common convention in the literature has the definition of optical depth corrected by

the factor of cos ;. In this convention, the total microwave vegetation optical depth

(summing contributions from canopy and trunk layers) from our model is

V0Dt (8) = (Then(8) + Tneric(6)) cos 6,

VODv,tot(Hi) = (Tv,cn(gi) + Tv,trk(ei)) cos ;.

(3.8a)

(3.8b)

These values are tabulated in Table 3.1 for our forward model using the input parameters as

described in Sections 3.3-3.7 for each of the IGBP classes 1-5.
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|CCI5aBSSP Hi Th,cn Ty,en Th,trk Totrk VODh,tot VODv,tot
28 0.561 0.503 0.086 0.130 0.564 0.552
1 39 0.628 0.524 0.112 0.171 0.579 0.544
49 0.714 0.556 0.143 0.216 0.592 0.533
28 1.535 1.535 0.269 0.408 1.572 1.694
2 39 1.710 1.710 0.352 0.538 1.614 1.759
46 1.936 1.936 0.447 0.679 1.647 1.807
28 0.500 0.449 0.076 0.116 0.502 0.492
3 39 0.560 0.467 0.100 0.153 0.516 0.485
46 0.637 0.496 0.127 0.193 0.528 0.476
28 0.478 0.478 0.084 0.127 0.490 0.527
4 39 0.532 0.532 0.110 0.167 0.502 0.548
46 0.603 0.603 0.139 0.212 0.513 0.563
28 0.630 0.565 0.096 0.146 0.632 0.619
5 39 0.705 0.588 0.126 0.192 0.650 0.611
46 0.802 0.624 0.160 0.243 0.665 0.599

Table 3.1. 6;-uncorrected optical thicknesses and 6;-corrected Vegetation Optical Depths (VOD)
from L-band radar backscatter model for IGBP classes 1-5.

From Table 3.1, our model assigns total microwave VOD values of about 0.5-0.6 for IGBP
forest classes 1,3,4,5 at both h-pol and v-pol; most of the VOD is contributed by the canopy
layer. The exception is IGBP class 2, evergreen broadleaf forests, which are much thicker, at
VOD values of about 1.6-1.7. Konings et al. [98] used Aquarius radiometer data to estimate
global VOD values, obtaining values of about 1.1-1.3 for tropical jungles and between 0.5-
0.9 for other corresponding forest areas, with some variance depending on algorithm used.
Rotzer et al. [99] extended work by Konings et al. [98] by regressing Aquarius scatterometer
HV against the radiometer-derived VOD to estimate VOD from scatterometer HV, obtaining
similar values, but slightly lower by about 0.1-0.2. VOD values derived from the L-band
radiometer of the Soil Moisture and Ocean Salinity (SMOS) satellite with the aid of Leaf
Area Index (LAI) auxiliary inputs by Kerr et al. [100] and Rahmoune et al. [101] are about
1.0-1.2 for Amazon jungles and between 0.7-0.9 for summertime boreal forests.
Shortcomings in our model for IGBP class 2 may be part of the reason for our significantly

higher VOD values in comparison to these other estimates.
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Chapter 4

DIURNAL EFFECTS ON L-BAND RADAR BACKSCATTER OVER
GLOBAL FORESTS USING SMAP

4.1 Chapter introduction and overview

Given the sensitivity of microwaves to vegetation water content via the dielectric permittivity
of vegetation, and the diurnal cycle of transpiration and related processes, the potential of
radar remote sensing as a tool for monitoring vegetation water status has long been
recognized and studied since Ulaby and Batlivala [23], Brisco et al. [24], Way et al. [25],
Weber and Ustin [26]; see also Steele-Dunne et al. [27] for a more comprehensive review of
the literature. Indeed, diurnal fluctuations in radar backscatter from vegetation have been
observed in various reported experiments, with varying degrees of evidence for association
with vegetation water status and the specific mechanisms driving the radar observations —
these shall be discussed in greater detail in Section 4.4. However our understanding of the
relationship between vegetation water status and radar backscatter, in particular with regards
to the diurnal fluctuations (since many variables change on a diurnal basis), is far from

complete.

One might expect L-band radar, with a wavelength close to being on resonance with tree
branches, to contribute valuable information towards this understanding. In Chapter 3, we
had analyzed L-band multi-polarization radar backscatter over global forests, using data from
the spaceborne Aquarius scatterometer and our forward model from Chapter 2. One issue
that surfaced in Chapter 3 was that though local time 6AM and 6PM data were available
from Aquarius descending and ascending passes, they were seldom over the same footprints,
and were at different azimuth angles. If there are differences in radar backscatter due to beam
azimuth angle, this might confound possible inferences from Aquarius about diurnal effects.
Another L-band spaceborne mission, SMAP (Soil Moisture Active Passive), has a conically

scanning antenna, allowing us to separate these effects. SMAP would have continued the
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global L-band radar coverage after Aquarius, but unfortunately the radar was lost after a

few months of operation. Nevertheless, we shall use whatever available data exists.

The sections in this chapter will be organized as follows. Section 4.2 will introduce the
SMAP dataset to be used for our analysis. Section 4.3 will show that there are indeed
significant differences due to the beam azimuthal angle, possibly associated with the
orientation of vegetation due to plant phototropism. Section 4.4, before presenting results
concerning diurnal fluctuations observed by SMAP, would also review in greater detail some
of the relevant results from the literature. One of the results in this chapter is that the co-pol
L-band radar backscatter observed in late spring-summer over the northern boreal forests
was higher at 6PM than 6AM, which is not what one might expect based on previous studies.
Based on our modelling, increased canopy extinction at 6AM was a possibility, but this is

unproven and its true underlying physical cause undetermined.

4.2 SMAP dataset

The SMAP mission [102] was launched in 2015 with the primary goal of measuring soil
moisture from space. The spacecraft orbit is sun-synchronous (local 6AM descending node
equator crossing) at about 685km altitude, with global coverage in 2-3 days on an 8-day
repeat orbit. The instrument carried an L-band radiometer operating at 1.41GHz and an L-
band radar at 1.22-1.3GHz, both sharing a rotating reflector antenna in a conically scanning
configuration; the local incidence angle on the ground is about 40°. The radar measured
normalized radar backscattering cross-sections HH, HV, VH, and VV, with real-aperture
footprints of 30-40km (the so-called “low-res” mode). SMAP had a high-resolution SAR
mode that had a variable azimuth resolution due to the rotating antenna, but in this study we
shall only use the real-aperture (“low-res”) radar data. Further instrument details can be
found in the SMAP handbook [4] and references therein; in particular, Figure 19 from the
SMAP handbook shows a schematic of the conically scanning configuration, reproduced

here in Figure 4.1.
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Figure 4.1. The conically scanning configuration of SMAP, as shown in Figure 19 of the SMAP
Handbook [4]. Credit: NASA 2014.

We used the SMAP Level 1B Radar data product version 3, obtained from NASA EOSDIS
Alaska Satellite Facility (ASF) [103, 104, 105]. The data record ended on July 7, 2015 due
to an unexpected failure of the SMAP radar. Using the 36km EASE-Grid 2.0 [71], the data
was regridded according to whichever EASE2 grid pixel the centre of its radar footprint was
nearest to. The data was also sorted by beam azimuth angle into 8 bins each 45° wide, centred
on the directions north, northeast, east, southeast, south, southwest, west, and northwest.
Wherever there was more than one data value corresponding to a pixel or azimuth bin, data
was summarized by taking the median value. Data was then sorted by local time instead of
UTC; by design of the sun-synchronous orbit, the local time was either approximately 6AM
(descending pass) or 6PM (ascending pass). These rearrangements yielded 406x964x8x87
arrays of backscatter values for 6AM and 6PM data at each polarization HH,HV,VH,VV, for
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87 days of data from April 12, 2015 to July 7, 2015; not all values in these arrays are

filled because not every point on the globe was revisited every day. The cross-polarized
backscatter values are further summarized by taking the average of HV and VH values,

henceforth simply referred to as HV.

As we already know that changes in freeze-thaw state give a large contrast in radar
backscatter, while we are now instead interested in studying the smaller variations during
unfrozen periods, it is thus necessary to exclude data taken under frozen conditions from our
analysis. The SMAP Level 3 Freeze-Thaw Passive Product was used for this purpose [106].
This product uses the passive radiometer measurements from SMAP to flag the freeze/thaw
status of each EASE2 grid pixel. To be conservative, we masked out data from any pixel on
a given date as long as it had a “frozen” flag within two weeks of that date, and also
(arbitrarily) restrict most of our analysis of the dataset to begin from May 17, 2015 to

minimize risk of data contamination from frozen conditions in the Northern hemisphere.

Using the SMAP dataset and with the afore-mentioned processing steps, a global false color
map of the radar backscatter over land is displayed in Figure 4.2, by taking pixel-wise median
values over the entire time period and all beam azimuth angle bins. As described in the figure
caption, information from the polarization ratios VVV/HH and HV/HH are mapped to a color
wheel (lower left corner of Figure 4.2) while the HH[dB] normalized backscatter cross-
sections are mapped to brightness values. Figure 4.2 can be compared with the MODIS land
cover classification map (IGBP) of Figure 3.5. As expected, deserts and sparsely vegetated
areas have low backscatter and thus appear dark, or dark blue/purple due to low HV/HH
ratios and the stronger VV than HH of surface backscatter. On the other hand, thickly
vegetated areas appear bright. The different polarization signatures from the different forest
classes reveal themselves clearly, e.g. the tropical jungles in the saturation limit have the
highest HV/HH ratio and are colored bright green. Coniferous forests with significant
preferential horizontal orientations of branches and double-bounce scattering contributions
have lower VV/HH ratios, thus appearing red; other forest or savanna regions where

backscatter is not saturated by the canopy layer would also appear red due to the stronger
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HH than VV from double-bounce scattering contributions. Mountainous areas have HH

and V'V backscatter approximately equal and thus appear as a pale color or some shade of

gray.

Figure 4.2. False-color map of the world (land only) on an EASE2 projection grid using L-band
radar backscatter from SMAP data. For each pixel, median values were computed for HH[dB],
VV/HH[dB], HV/HH[dB] from May 17, 2015 to July 7, 2015 and over the 8 beam azimuth
direction bins, with frozen conditions excluded as described in the text. These median HV/HH[dB]
values and VV/HH[dB] values are mapped via a polar coordinate transformation to the color wheel
depicted the lower left corner. The color wheel saturates to red at VV/HH values of -1.5dB, cyan
at VV/HH values of +1.5dB, light green at HV/HH values of -5dB, and purple at HV/HH values of
-11dB. The origin of the color wheel (gray colors) is at HH=VV and HV/HH=-8dB. Median
HH[dB] values are mapped to brightness values, with maximum brightness at values of HH>=-
5dB, and minimum brightness (i.e. black) at values of HH<=-30dB. Pixels with no unmasked data
(due to frozen conditions, data quality, etc.) are colored gray (e.g. Himalayas).

4.3 Beam azimuth effects

Using the SMAP data binned by azimuth angle as described earlier, we can make
comparisons about the radar backscatter taken from the same location at almost the same
time. Due to the 98° inclination (i.e. the flight path is almost north-south when far away from
the poles) of the sun-synchronous orbit and the conically scanning configuration, there are
many more opportunities for near-coincident (both spatially and temporally) comparisons of
north-pointing vs south-pointing beams than other pairings. For pairings that are not opposite

in direction, the alignment direction of mountain ranges tend to provide obvious differences,
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due to foreshortening, shadowing, layover, etc. Comparing opposite direction pairings

help to cancel these effects.

Figure 4.3 and Figure 4.4 display the ratio of radar backscatter between the north- and south-
pointing beam, for HV polarization. Specifically, the median (over the time period May 17,
2015 to July 7, 2015) of data (in dB) from the south-pointing beam azimuth bin is subtracted
from the median for north-pointing beam data (in dB). Figure 4.3 is for descending pass data
only (local time 6AM), while Figure 4.4 is for ascending pass data only (local time 6PM).
Red areas show higher radar backscatter from the north-pointing beam, while blue areas

show higher radar backscatter from the south-pointing beam.

SMAP 17-May-2015 to 07-Jul-2015, beam direction North minus South , local time 6AM , pol=HV[dB]
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Figure 4.3. Differences in SMAP L-band radar backscatter due to beam azimuth angle. The median
value of data (in dB) from the south-pointing beam azimuth bin is subtracted from the median value
of data (in dB) from the north-pointing beam azimuth bin, for HV polarization, descending passes
(local time 6 AM). Red areas show higher radar backscatter from the north-pointing beam, while
blue areas show higher radar backscatter from the south-pointing beam; note the color scale on the
right in dB.
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Figure 4.4. Same as Figure 4.3, but for ascending passes (local time 6PM).

A glance at Figure 4.3 and Figure 4.4 reveals that there can be significant differences in radar
backscatter due simply to the azimuth angle of the radar beam. The differences in azimuth
angle are generally more pronounced at local time 6PM than 6AM, and these differences are
roughly in the same direction (i.e. similar color at 6PM and 6AM), with some exceptions.
The largest fractional differences (i.e. largest absolute differences in dB) are over the Sahara
and the deserts and steppes of Asia, but note that in some desert regions the HV backscatter
values can be so low (<-30dB or even -40dB) that great caution is required for interpretations
(ionosphere Faraday rotation and/or its correction artifacts may become more visible in the
afternoons). Stephen [107] and Stephen and Long [108] showed that in broad sand dune
fields called ergs, which are formed and constantly reshaped by prevailing winds, the
geometry and alignment of their large- and small-scale surface features (dunes and ripples)
may be responsible for azimuthal differences. For most of the vegetated areas, we see a broad
distinction between the Northern hemisphere and the Southern hemisphere. In the Northern
hemisphere, there is higher radar backscatter when the radar beam points south than when
the radar beam points north, with the converse for the Southern hemisphere (there are some

exceptions e.g. in parts of India and southern China). The differences in dB are larger over
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the grasslands, steppes, and agricultural areas, than for the forests. There are also

azimuthal differences for HH and V'V polarization (not displayed), but the differences are

smaller and the patterns less obvious.

For the global SMAP observations, a possible explanation we propose to explain many of
the broad patterns is vegetation alignment due to the sun, i.e. phototropism. A preferential
orientation of cylindrical vegetation structures towards the direction of the sun — southwards
in the Northern hemisphere, and northwards in the Southern hemisphere — could present
greater radar cross-sections in a direction perpendicular to the preferential alignment. With
SMAP radar incidence angles of about 40° from the vertical, in the Northern hemisphere, a
northward-pointing beam would be “more parallel” to the vegetation cylinders while a
southward-pointing beam would be “more perpendicular”; and conversely for the Southern

hemisphere.

Bartalis et al. [109] had also studied azimuthal differences, using the 13.4GHz scatterometer
on QuIkSCAT, focusing on strong local azimuthal anisotropies, identifying local topography
and other human development features as some of the causes. As beam azimuthal effects are
not the primary focus of this study, a deeper investigation of the causes of azimuthal
anisotropy in the global L-band radar backscatter is not pursued at this moment and left as
the subject of future work. The primary purpose here is to illustrate these azimuthal effects
as a confounding factor if we had used Aquarius data alone for diurnal investigations. For
the purposes of the diurnal analysis in the next section, the radar backscatter values used shall

be the median values taken over the eight azimuthal angle bins.

4.4 Diurnal effects

This section studies the diurnal variation in L-band radar backscatter as seen by SMAP.
Though we expect this diurnal signal to be related to vegetation water status, there is not
currently a very clear picture in understanding the full relationship, as seen from a review of

some previous experiments reported in the literature, summarized below.

Brisco et al. [24] in experiments on a wheat field observed higher radar backscatters at night

and peaking at dawn, with lows in the afternoons, for C and L bands at HH, VV, and HV
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polarizations, but whether these were more correlated with soil or vegetation moisture

depended on the age of the plants.

Sparks et al. [110] found that for lodgepole pines, volumetric water content in the sapwood
during April-October were in the range 0.45-0.55m3m?3, higher in early April following
snowmelt, and then relatively constant from June-October, with little relationship to wood
temperature. Diurnal variations (peaking at night) were approximately 0.02m3/m? during
periods of active transpiration, and significant precipitation could lead to an increase by 0.05-
0.06m*/m? for 2-3 days.

Experiments on walnut trees over 2-3 days in August 1987 [25, 26, 111] measured a large
diurnal fluctuation in the L-band dielectric constant, peaking in the early morning at around
6AM and reaching a minimum around noon and through the afternoon; these times and
dielectric values had dependence upon the depth of the measurement probe into the tree. L-
band radar backscatter at 55° incidence showed response to both the walnut trees and the soil
moisture, with HH and HV appearing more sensitive to the soil moisture, while HV and VV
seemed more sensitive to the vegetation; dips of between 0.5-1.5dB were observed each
afternoon (but there was also daily irrigation, which confounded the diurnal signal
somewhat). C-band HV and V'V backscatter however dipped in the morning and peaked in
the afternoon, while C-band HH peaked in the morning and dipped in the afternoon.

McDonald et al. [112] conducted experiments on two Norway spruce trees, measuring
dielectric constants of the xylem. Note that the xylem layer, though deeper, could be
significantly thicker than the outer thinner phloem and cambium layers where the tree bole
dielectric constants peaked. Temporal variations in the xylem dielectric constant at P-band
was typically inversely correlated with vapor pressure deficit (VPD, the partial water vapor
pressure difference between free water in the plant leaf tissue and the atmosphere, a quantity
closely related to evapotranspiration), but when VVPD was low e.g. after rain or during cloudy
days, the correlation with dielectric constant was lost. There was significant variation
between different trees in the same microclimate and different parts of the same tree. Also,
there could be as much as a few hours lag in the real and imaginary parts of the dielectric
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constant, relative to each other, as well as relative to the VPD. The dielectric constant

fluctuations were smaller than for the walnut trees.

Monteith and Ulander [113], in an experiment at a stand of mature Norway spruce showed
that wind could be a factor in diurnal variations in boreal forests; high winds may bend the
vertical stems of trees and increase HV backscatter. Rainfall sometimes caused increase in
HH at L-band, but little change at P-band. VPD and L-band radar backscatter were positively
correlated.

On a global scale, Friesen et al. [85] found using ERS-1/2 scatterometers (5.3GHz VV
polarization) on a sun-synchronous orbit that 10:30AM passes had significantly higher
backscatter than 10:30PM passes by 1-2dB particularly in vegetation-covered areas. In some
regions, the seasonality of these diurnal differences do not follow the annual soil moisture
cycle, but instead is strongest during the transition period between wet and dry seasons;
Friesen identified this as due to a shift in the diurnal cycle of vegetation water content in
response to water stress [27]. Paget et al. [114] analyzed QuickSCAT and RapidScat data
(13.4GHz co-pol scatterometers) and found a median diurnal backscatter variation of 1.05dB
globally, with details depending on region; in particular, the Amazon and Congo had
variations of 0.5-0.8dB with a maximum at 6AM and minimum at 6PM, while the Upper
Danube region had 1.2dB variations with a maximum at midnight and minimum at noon,
observed by RapidScat only, but not QuikSCAT. The Amazon diurnal variations were also
observed by Satake and Hanado [94] using TRMM (Ku-band, HH polarization) radar data;

they proposed morning dew as a possible cause.

From the literature review, a full consensus does not readily emerge, but we might broadly
expect that: transpiration can deplete water stored in plants through the day, reducing
vegetation water content and dielectric constant, which are then replenished over the night
through root water uptake. Thus L-band backscatter values over vegetated areas in general
might be expected to be higher at 6AM than 6PM, in particular for HV polarization. Let us

now check these expectations against the SMAP data.
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Global maps of the ratio in radar backscatter (i.e. difference in dB) between the ascending

(local time 6PM) and descending (local time 6 AM) passes are displayed in Figure 4.5 (HH),
Figure 4.6 (VV), and Figure 4.7 (HV). Specifically, for each polarization, the median over
the time period (17May2015-07Jul2015) and 8 azimuth angle bins was computed for
ascending and descending pass data separately to yield two global radar backscatter maps in
dB, and then the descending pass map (local time 6AM) subtracted from the ascending pass
map (local time 6PM). Higher backscatter in the evening is shown in red, while lower
backscatter in the evening is in blue (refer to figures for color scale of the dB difference

values).

Several initial remarks can be made regarding the global diurnal maps. Regarding the large
fractional differences (i.e. large absolute differences in dB) in HV over the Sahara, the very
low absolute levels of backscatter (less than -30dB, or even on the order of -40dB) should be
borne in mind; many other sources of noise may be coming into play. Also, examination of
the data over the oceans reveals that some ionosphere Faraday rotation and/or its correction
artifacts may still be visible. For the vegetated areas, as seen in all three polarization maps
Figure 4.5 to Figure 4.7, the intuition built from the literature that transpiration-induced
reductions in daytime vegetation water content cause lower backscatter values at 6PM than
6AM seems to indeed be roughly verified over many areas — the thinner vegetation
grasslands, steppes, and croplands of North America and Asia, the savannas of Africa and
South America, and dense jungles of the Amazon. That HV changes more than the co-
polarized returns is also consistent with these diurnal changes being vegetation-driven. Even
though we have not presented a quantitative forward model for non-forested areas in Chapter
2 and Chapter 3, we carry the qualitatively intuition from our forest model that, where there
is sufficient vegetation cover (yet not too much as to be in the saturation limit) for double-
bounce mechanisms to be important, positive correlation between HV/HH fluctuations and
HH fluctuations are suggestive of vegetation changes, while negative correlation between

HV/HH fluctuations and HH fluctuations are suggestive of ground factors.

However the majority of the boreal forests of the Northern hemisphere show a surprising
result, with higher backscatter at 6PM than 6AM, particularly at HH and V'V polarization,
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less so at HV. This seems to contradict what we would have expected from transpiration-

induced water stresses in the afternoon. It is in concordance only with some of the
measurements by Monteith and Ulander [113] that also showed higher instead of lower
backscatter in the afternoon. Looking back at the Aquarius data (e.g. Figure 3.12, Figure 3.26
and similar figure for IGBP class 5 not shown), though possibly confounded by azimuthal
effects, we see a similar result. The geographic specificity also suggests that this is not merely
an artifact or instrument bias.
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Figure 4.5. SMAP global map of ratio (difference in dB) in L-band radar backscatter between
evening (local time 6PM) vs. morning (local time 6AM), at HH-polarization, taking median value
over azimuth angles and the time period 17May2015-07Jul2015. Higher backscatter in the evening
is shown in red, while lower backscatter in the evening is in blue. On the right is the color scale for
the dB difference values. Note the broad zone of red in the northern boreal forests.
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Figure 4.6. Same as Figure 4.5, but for VV polarization.
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Figure 4.7. Same as Figure 4.5, but for HV polarization.

This surprising observation, over a majority of the area in the Northern hemisphere boreal
zone, motivated further analysis. In an attempt to gain further insight, we take a look at the
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time-series for the SMAP L-band radar backscatter for several example pixels. 5 pixels

were chosen, labelled A, B, C, D, E, with their geographic locations displayed in Figure 4.8.
Figures 4.9a to 4.9e display the respective SMAP radar time series for these five pixels,
alongside precipitation information. The NASA Global Precipitation Measurements (GPM)
was used for the precipitation information; specifically, the half-hourly Integrated Multi-
satellitE Retrievals for GPM (IMERG) data product version 05B [115] was used, and further
binned into hourly precipitation rates. In Figures 4.9a to 4.94.9e, all the time series share the
same horizontal axes, which is in local time. 6AM backscatter data is plotted as blue upright
triangles, while 6PM backscatter data is plotted as red inverted triangles. Data before May

17, 2015 (that we had somewhat arbitrarily chosen as our cutoff date) is colored black.

Though only for five pixels, a number of observations from these examples are noteworthy.
Firstly, from the data before May 17, where the scene is frozen at 6AM but thawed at 6PM,
as discussed in Section 3.8, the backscatter is very low and the diurnal contrast very large, to
be distinguished from the smaller signal displayed in Figure 4.5 to Figure 4.7, which had
been masked for frozen conditions. The surge in backscatter due to spring melt is also
evident, decaying long after May 17 into the summer. From May 17-July 7, the intriguingly
higher 6PM vs. 6AM co-pol backscatter being investigated truly seems to be a diurnal affair,
instead of being an artifact of a few strong but sporadic differences. This diurnal signal itself
also seems to decay along with the decay of the spring melt surge; unfortunately the dataset
ended prematurely, preventing observation of whether the diurnal differences last throughout
the rest of the summer. For pixel B, there is no discernable diurnal signal from mid-May
onwards. Though Chapter 3 identified soil moisture changes as a primary factor for temporal
changes in L-band radar backscatter, note the inconsistency of response of radar backscatter
to precipitation, across time and across the five pixels; the only consistency is the spring melt

decay.
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Figure 4.8. World map from latitude 30°N to 84°N on EASE2 grid, showing locations of pixels A,
B, C, D, E chosen for display of SMAP L-band radar backscatter time-series in Figures 4.9a to

4.9e.
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Figure 4.9a. SMAP L-band radar backscatter time-series for pixel A. Upright triangles in blue are
6AM data, inverted triangles in red are 6PM data. Data before May 17 are colored black.
Precipitation time-series is hourly, from GPM IMERG data.
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Figure 4.9d. Same as Figure 4.9a, but for pixel D.
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Figure 4.9e. Same as Figure 4.9¢, but for pixel E.
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SMAP 17-May-2015 to 07-Jul-2015 L-band radar data , IGBP forest classes 1,3,4,5
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Figure 4.10. SMAP L-band radar data for some EASE2 grid pixels from IGBP classes 1, 3, 4, and
5; 25 pixels from each class, north of 30°N and not of high terrain slope, were chosen randomly
for this display. Upright triangles: 6AM data; inverted triangles: 6PM data. Colors blue, magenta,
green, and orange represent IGBP classes 1, 3, 4, 5; see figure legend. Each pair of upright and
inverted triangles linked by a solid line summarize data from the same EASE2 pixel; median values
were taken over the 8 azimuthal angle bins, and over the time period 17May2015-07Jul2015. Filled
black circles show the forward model with the input parameters of Section 3.3 (i.e. fitted to the
Aguarius data for IGBP class 1). Other filled symbols explore the nearby model parameter space if
one parameter is perturbed, as in Section 3.3. The open circle represents the artificial addition of
0.2dB of one-way extinction (0.4dB two-ways) to the canopy layer.

Next, we apply the multi-polarization methods of Chapter 3 to further analyze these diurnal
changes; see Figure 4.10. The format of Figure 4.10 is similar to some of the figures in
Chapter 3, but for diurnal changes instead of longer-term temporal changes, and combined

for IGBP classes 1, 3, 4, and 5. 25 pixels from each class, north of 30°N and not of high
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terrain slope, were chosen randomly for this display. At first glance, the diurnal changes

resemble the directions of ground moisture changes on the multi-polarization scatterplots as
in Chapter 3. However, it seems surprising for soil moisture to consistently be higher at 6PM
than 6AM over such a vast geographic region. Bear in mind that frozen conditions had
already been excluded from the data being analyzed. Inspection of several examples of in-
situ soil moisture time-series did not reveal any consistent significant differences between
6AM and 6PM.

One alternative possibility to consider is the effect of temperature on the dielectric
permittivity of soil. Wagner et al. [116] measured the temperature dependence of soil
dielectric constant and noted an approximately 5% increase in dielectric constant at 1GHz
from 10°C and 20°C for a silty clay loam with 17.4% volumetric water content. This amount

of change in &, however seems insufficient to explain all the diurnal variations.

Another alternative is that, despite all attempts to exclude frozen conditions from the data
being analyzed, within the large radar footprints there remain small isolated pockets of frozen
ground that partially thaw out every afternoon and refreeze every night. However, this seems
unlikely to be the explanation, because if so, we would expect the total radar backscatter to
increase corresponding to the diminishing area of these pockets as the summer progresses.

A third alternative to consider is not changes in the ground, but instead an increase in the
extinction of the vegetation canopy. The modelled effect of an increase by 0.2dB of one-
way-extinction (0.4dB two-ways) to the canopy layer, in both horizontal and vertical
polarizations, is represented by the open circle in Figure 5.4-6. We see that the effect on the
HH, HV, and VVV backscatter due to this additional extinction bears similarity to that from a
decrease in &, because the backscatter contributions from scattering pathways involving the
ground are reduced more than for direct backscatter contributions from the vegetation. We
have yet to attribute this modelled extinction to an exact physical cause. If it is due to
scatterers, they should have low albedo such that they do not contribute significantly as
additional scattering. Small scatterers might foot the bill, e.g. an increase in water content

and dielectric permittivity of needle-like leaves, or dew/guttation drops on them, at 6AM
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compared to 6PM. If it is due to water condensed from the atmosphere, the droplet sizes

have to be large enough to significantly increase the extinction efficiency (relative to water
vapor). As yet, we do not have sufficient evidence to prove any of these cases, though the
impact of leaf moisture primarily through its transmissivity rather than scattering had also
been suggested before [27]. There are probably further possibilities that we have failed to
consider here. At the moment, there is insufficient conclusive evidence for what the true

cause of this curious diurnal signal is.

In this chapter we noted many complications from the picture presented in Chapter 3, which
had identified soil moisture as a primary factor for temporal changes in L-band radar
backscatter over forests at the timescale of weeks-months. The response of L-band radar
backscatter to precipitation (at the shorter timescale of days) was inconsistent across time
and across several different forested areas; only the response to the longer-timescale dry-
down from the snow melt peak was consistent. Differences in backscatter depending on
azimuthal angle have been noted, likely due to plant phototropism. Diurnal variations due to
plant transpiration were expected to show higher backscatter at 6PM than 6AM over
vegetated areas, which was true in many regions, but co-pol backscatter observed in late
spring-summer over the northern boreal forests was higher at 6PM than 6AM; increased
canopy extinction at 6AM was a possibility, but this was unproven and its true underlying

physical cause undetermined.

A full comprehension of the temporal response of L-band radar backscatter over forested
areas, on a global scale and at various timescales — from diurnal to seasonal — likely involves
complications beyond our forward model. It is also likely that just L-band radar backscatter
cross-sections HH, HV, VV may be insufficient to fully comprehend the geophysical

changes in forested areas on some timescales.
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Chapter 5

ALGORITHMS FOR SOIL MOISTURE RETRIEVAL FROM FORESTS
USING L-BAND SCATTEROMETRY

5.1 Chapter overview

As mentioned in Section 4.2, the primary goal of the SMAP mission was to measure global
soil moisture using spaceborne L-band radar and radiometer remote sensing. However, it
was acknowledged that this would be a difficulty in areas covered by dense vegetation; as
such the 0.04cm®/cm® RMSE (root-mean-squared error) validated performance of the SMAP
soil moisture product is only applicable to regions having vegetation water contents below
~5kgm [4] . This excludes much of the forested areas of IGBP classes 1-5, which remain a
challenge. In a study by Rahmoune et al. [117], using a soil moisture retrieval algorithm for
the SMOS L-band radiometer data and evaluated over 14 nodes of the SCAN/SNOTEL soil
moisture network in the United States, 0.07-0.12cm3/cm® RMSE was obtained. In Chapter 3,
we had attributed some of the temporal changes in L-band radar backscatter over forested
areas to changes in the ground dielectric permittivity, i.e. soil moisture. In principle we
should thus be able to use L-band radar scatterometry for soil moisture retrieval under forest

canopies, despite the thick vegetation.

In this chapter, we shall explore soil moisture estimation under forests using the SMAP L-
band radar. Section 5.2 presents our proposed soil moisture retrieval algorithms, which
include purely empirical approaches (e.g. linear regression), and a semi-empirical approach
that incorporates our forward model. Section 5.3 compares the results from our soil moisture
retrieval algorithm against ground measurements at a number of stations from the SCAN,
SNOTEL, USCRN, and COSMOS soil moisture networks in the United States.

5.2 Proposed soil moisture retrieval algorithms
At sufficiently high incidence angles 6;, e.g. about 40° or more, and when the vegetation is
dense but the radar backscatter is not yet completely saturated, the direct backscatter from

the ground is very small and the sensitivity to soil moisture is primarily through the double-
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reflection mechanism, in particular for the HH backscatter. Recall equation (2.1) of our

forward model of the radar backscatter as the sum of various components, from Chapter 2:

0_ -0 0 0 0
0" = 0cn + ngd,direct + Gcn—gnd,db + atrk—gnd,db- (5 1)

If we can neglect the direct ground backscatter in our forward model, the dielectric relative
permittivity of the ground ¢, enters the equation only through the Fresnel reflectivity factor

within the double-bounce terms. In the h-polarization, we can thus write the backscatter as
2
oon = 09 (Vo ot » €0, 0i) + A(Vy cor » €0, Hi) exp(—4k?h?cos?6;) |Rh(eg, 9i)| (5.2)

where

: 2
cos 6; — /g5 — sin?6;
cos 6; + /g, — sin?6;

is the Fresnel reflectivity at h-polarization with ground dielectric relative permittivity &, and

|Rn (25,60 = (5.3)

an incidence angle 6; from the normal. The direct backscatter from the canopy
Ué)n(Vb,tot.Gi,Eu) is independent of the soil moisture, and likewise for the factor
(Vb,tot,sv, Hi), which wraps up the dependences of the double-bounce terms on the
vegetation; the ground roughness also enters only through the factor of
exp(—4k?h?cos?6;). If we further make the assumption that the vegetation parameters stay
constant, then the temporal variations in co-polarized backscatter are linearly dependent on

the Fresnel reflectance:
HH = 62, + A exp(—4k2h%cos?8,) |Rp (g, Hi)|2. (5.4)

Next, we consider the relationship between the Fresnel reflectance and the soil moisture.
Mironov et al. [43] provide formulae (see Appendix C) to relate the volumetric soil moisture
and ground dielectric relative permittivity at L-band, using only the soil temperature and clay
fraction as additional inputs. The dependence on temperature is quite weak over most of the
range of interest, so for convenience and ease of inversion we shall simply fix the temperature

to be T=15°C for computations. Using Mironov’s model and the Fresnel equations, the h-



polarization Fresnel reflectance as a function of volumetric soil moisture is displayed in

Figure 5.1.
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Figure 5.1. Graph of h-polarization Fresnel reflectance |R,|? vs. volumetric soil moisture W at
incidence angle 8; = 40°, for different soil clay fractions C and at temperature T=15°C, using the
Mironov model [43] (details in Appendix C) to relate soil moisture and ground dielectric relative

permittivity.

As can be seen from Figure 5.1, the Fresnel reflectance is a non-linear function of the soil

moisture, however since the rate of change of slope is gradual, it is reasonable to approximate

the slope of the graph as a constant value of 1 for volumetric soil moisture values W between

0-0.5cm3/cmd, for all clay fractions between 0-70%. The purpose of this approximation is to

yield a simple linear relation between the radar backscatter and the volumetric soil moisture.

We can write this linear relation in the form

HH — HH,; =

dHH(Vb,tot 10, &) h)
daw

(W o Wref )

(5.5)



130
where HH,.. and W,.. - are some corresponding reference values for the radar backscatter

and volumetric soil moisture, and the slope in the linear relationship is a function of the
various parameters but independent of soil moisture. Any dependence on clay fraction is
subsumed into HH,..; and W,..r. We keep in mind the assumption that the vegetation and
other input parameters are assumed constant, and soil moisture is the driver of changes in

radar backscatter.

Soil moisture W can thus be retrieved from L-band radar backscatter HH by inverting the
linear equation (5.5). Linear regression is a straightforward empirical method to minimize
the root-mean-squared error between the retrieved soil moisture and the ground truth values.
Ideally what is required would be a representative training set of corresponding L-band radar
backscatter HH and in-situ ground-truth soil moisture values for each pixel; “representative”
in the sense that the training set should be from the same distribution as the evaluation set on
which the soil moisture retrieval is to be performed. Using linear regression, the parameters

a and b in the equation
W = a + bHH (5.6)

would be fitted and used subsequently for retrieval. The slope b and intercept a of the line
would need to be found separately for each pixel, or group of pixels believed to share the
same values. This linear regression approach is similar to that by Burgin et al. [118], Burgin
and van Zyl [119] and Kim and van Zyl [120], except that here we use the radar backscatter
in linear units instead of decibels. If the vegetation or parameters other than soil moisture
change, then a and b would need to change too. Here, we assume they are static and

unchanged across all the training and evaluation time periods.

Equation (5.6) requires a suitable amount of “training” data for the linear regression fit to
find the slope b and intercept a. This may not always be available. In the absence of training
values for the soil moisture W, but with a sufficient history of HH measurements, we can

adopt the approach suggested by Wagner et al. [121] and Kim and van Zyl [120] and set



131
(Wwet - Wdry)
(HHyee — HHgyy)

W = Wy, + (HH — HHgyy) (5.7)

where W, and W, are some specific a-priori known soil moisture values corresponding
to anticipated maximum conditions for wetness and dryness, e.g. let W,,.; be the field
capacity or total water capacity, and Wy, be the wilting point. HH,,.; and HHg,.,, are the
corresponding values of the radar backscatter; with a sufficient history of HH measurements,
Wagner et al. [121] suggested, using 6 years of ERS scatterometer data (C-band VV) over
Ukraine, that it may be reasonable to assume that the highest observed value of HH
corresponds to HH,,.;, and the lowest observed value of HH corresponds to HHg;.,,. We
shall refer to equation (5.7) as Wagner’s approach. In our implementation, we shall let W,
be the field capacity and Wy, be the wilting point, and HH, and HH,,., be the 10" and
90™ percentiles of the observed HH values in the training set. This necessary hinges on the
debatable assumption that the full range of wetness/dryness conditions are explored in the
training set. Values for the field capacity and wilting point are obtained from a global 1km-
resolution map of soil hydraulic properties produced by Zhang et al. [122].

If neither training values for the soil moisture W nor a long history of HH measurements are

available, we offer a third alternative, which is to write
W = Wy, + B(HH — HH,,,) (5.8)

where Wy, is the mean soil moisture, and HHy,,, is the mean backscatter value. HH,,,; may

be estimated from a smaller set of training HH measurements that may not encompass the
full range of wetness/dryness conditions; for robustness, we estimate it using the empirical

median instead of the mean. In the absence of ground truth training data for W,,,, we

vg
propose to estimate it by setting the ground permittivity to be the value in Chapter 3 from
fitting our forward model to the Aquarius data for that particular IGBP land cover class, and
converting it to a soil moisture value using the Mironov soil dielectric model. Soil texture
information, in particular the clay content required for the Mironov model, were obtained at

3km resolution from the SMAP ancillary data [123] [124]. For IGBP class 4, most of the
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Aquarius data analyzed in Section 3.6 were from the Chaco dry forest in South America

and thus we do not consider it representative of the deciduous broadleaf forests in USA, so

instead we also use the values for IGBP class 5 for them.

In equation (5.8), the slope B can also be estimated from our forward model by

e [ el

2
where we have used our approximation from Figure 5.1 that a(lRal?) _

= 1. We then obtain

from our forward model (using Aquarius-fitted parameters from Chapter 3) values of - (IR B

Again, for IGBP class 4 (deciduous broadleaf forests) in the United States, we use the values
from IGBP class 5 instead (with the choice of the uniformly randomly oriented cylinders
instead of horizontal cosine-squared orientation for the canopy layer). The values we use are
tabulated in Table 5.1.

-1
IGBP Class %};IZ) d(T:jz)
1 (Evergreen Needleleaf) 0.1502 6.658
4 (Deciduous Broadleaf) 0.1928 5.187
5 (Mixed forest) 0.1928 5.187

Table 5.1. Values of d(l |2) and its inverse, using our forward model and Aquarius-fitted

parameters from Chapter 4, to be applied to equation (5.9).

In equation (5.9), p is the Pearson correlation coefficient between the soil moisture W and
the radar backscatter HH. It appears that p still needs to be estimated empirically so we have
not saved ourselves the need for a suitably-sized training dataset, but we might potentially
workaround this by plugging in some prior or pooled estimate. Due to the input from the
forward model, the approach of equation (5.8)-(5.9) is semi-empirical in contrast to linear

regression and Wagner’s approach which are both fully-empirical.
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The three algorithms — linear regression, Wagner’s approach, and semi-empirical

approach — shall be evaluated using in-situ soil moisture measurements and Aquarius and
SMAP radar backscatter data in the next section. Note that these algorithms do not guarantee
that the retrieved soil moisture values would be physically reasonable. Thus we take the
additional step of truncating the range of retrieved soil moisture values W to between the
values for the saturated and residual water contents. These values are also obtained from the
global soil hydraulic properties map by Zhang et al. [122]. Amongst the three algorithms,
linear regression makes the most use of (and is most reliant upon) training information, while

the semi-empirical approach uses the least training information.

5.3 Comparison and evaluation with in-situ soil moisture measurements

For the evaluation of our soil moisture retrieval algorithms and comparison with in-situ
ground measurements, we use data from the SCAN [125], SNOTEL [86], USCRN [126],
and COSMOS [127] [128] soil moisture networks in the United States, obtained through the
International Soil Moisture Network (ISMN) database [87, 88]. There shall be two parts to
the evaluation. The first part shall be on Aquarius data from 2011-2014 (HH-pol backscatter,
with median taken over azimuth angle). 2 stations from SCAN, 2 stations from SNOTEL,
and 3 stations from USCRN were identified and selected to fulfil the following criteria: lie
in EASE2 grid pixels classified within IGBP forest classes 1, 4, and 5; not flagged for high
terrain slope (see Section 3.2); have a fair amount of available and soil moisture data and
corresponding Aquarius radar backscatter data values for unfrozen conditions. This last
criterion was rather limiting and was the primary factor for only using 7 stations: limited
Aquarius data have beam 2 overpasses coinciding with the station locations, and also having
sufficient number data points not corrupted by RFI; in fact simply applying the overall
quality flag provided with the data product would have been too stringent. Therefore, here
we do not apply that overall quality flag and perform outlier detection manually by eye.
Ascending pass Aquarius data (local 6PM) was also included for consideration. For the
second part of the evaluation on SMAP data, 11 stations from SCAN, 10 stations from
SNOTEL, 12 stations from USCRN, and 5 stations from COSMOS were used; their locations

are marked on Figure 5.2, and they include the 7 stations used for the evaluation on Aquarius
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data. These stations have been selected to lie in EASE2 grid pixels classified within IGBP

forest classes 1,4, and 5, that are not flagged for high terrain slope (see Section 3.2), and also
having a fair amount of available and valid soil moisture data and corresponding radar
backscatter data values. The soil moisture measurements were made at a depth of 5¢cm, with
the exception of COSMOS, which is sensitive to soil moisture from the surface down to some
effective depth on the order of tens of centimeters depending on the soil moisture. For the
SMAP comparison, soil moisture data from each station, from 13 April 2015 to 7 July 2015

at 6AM local time each day, was used.

130°W 120°W nosw 100w a0*w 80w 70w 60*W
T T =1 W RET;
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40°N M TR
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|:| Deciduous Broadleaf |:’ Woody savannas - Urban and built-up

- Mixed forest |:| Grasslands |:| Cropland/Nat.veg mosaic

Figure 5.2. IGBP land cover classification map with triangles showing locations of selected ground
stations from various soil moisture networks in the United States used for comparison with our soil
moisture retrieval algorithm. Open triangles are for evaluations based on SMAP data, while filled
black triangles are for evaluations based on both Aquarius and SMAP data.

The results for the Aquarius comparison against the 7 ground stations are shown in Table 5.2
and Figure 5.3-Figure 5.4, with each column of Table 5.2 corresponding to one ground
station. For each station (and corresponding Aquarius HH backscatter), the data time series
is divided into an earlier part for training and a later part for testing/evaluation, with
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approximately equal number of points in each half. The training and testing time periods

are shown in Table 5.2, and the data points themselves are plotted in the scatterplots of Figure
5.3 for each of the 7 stations. Training sets spanned a period of at least a year, though the
available data may not always be uniformly/densely distributed over time. The Aquarius-
derived soil moisture values on the test set are scattered against the in-situ values in Figure
5.4. The root-mean-squared differences (RMSD) between the in-situ soil moisture values
and those derived from the Aquarius HH radar backscatter (using the three algorithms
described previously in Section 5.2) are also tabulated in Table 5.2. Note that for the semi-
empirical method, the correlation coefficient p in equation (5.9) was found from the training

set.

On the training set, the root-mean-squared differences (RMSD) are approximately in the
range 0.05-0.10cm3/cm? for the linear regression algorithm, 0.05-0.13 cm®/cm? for the
Wagner approach, and 0.05-0.14 cm3/cm? for the semi-empirical approach. On the test set,
the RMSD values are approximately in the range 0.07-0.11 cm®/cm?® for the linear regression
algorithm, 0.06-0.18 cm®/cm? for the Wagner approach, and 0.06-0.14 cm®/cm? for the semi-
empirical approach. Overall amongst the three algorithms, linear regression gave the lowest
RMSD values on the test set, while the Wagner and semi-empirical algorithms were
comparable in RMSD. This is no surprise since if the assumptions of linear regression are
valid, e.g. if the training and test set are indeed from the same distribution, linear regression
theoretically minimizes the expected RMSD. From Table 5.2 and Figure 5.3, we see that
though there is correlation in between the Aquarius L-band radar backscatter and the in-situ
soil moisture, it is not very tight. When the correlation is poor, the linear regression and semi-
empirical algorithms rely less on the radar measurement and guess the soil moisture based
on the prior, yielding scatterplots in Figure 5.4 that look almost a horizontal line. The Wagner
approach of equation (5.7) implicitly assumes a good correlation and might yield wild

guesses and a higher RMSD than the other two algorithms in such cases.
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Stla[t)f” 344 | 1000 | 1012 | 1347 | 1346 | 2088 | 2114
IGBP 1 1 5 5 4 4 5
class
eriod Aug’l1- | Aug’1l- | Apr’12- | Apr’13- | Apr’12- | Apr’13- [ Apr’12-
P Aug’13 | Jun'13 | May’'13 | Apri4 | sun13 | Apris | Apri3
data #pts 41 21 17 14 15 7 10
o CO | 065 | 086 | 036 | o051 | 055 | 019 | 027
= | Coeff. p
£ '-F'{R)Igeg' 0.1024 | 0.0622 | 0.0688 | 0.0483 | 0.0751 | 0.0702 | 0.0490
Wagner | 1194 | 01061 | 0.2003 | 0.0543 | 0.1016 | 0.1286 | 0.0747
RMSD
Semi-
empiric. | 0.1034 | 0.1193 | 0.0755 | 0.0561 | 0.0770 | 0.1358 | 0.0522
RMSD
Period Aug’13- | Jun’13- | May’13 | Apr’14- | Jun’13- [ Apr’14- | Apr’13-
Dec’14 | Nov’14 | -Jul’l4d Jul’l4 Jun’14 Jun’14 Jun’14
data#ipts | 42 22 17 15 16 8 11
2| Lin-reg. 1 40997 | 0.0787 | 0.0925 | 0.0736 | 0.0882 | 0.1058 | 0.1110
2| _RMSD
= | Wagner | 1996 | 0.1416 | 0.0935 | 0.0671 | 0.1007 | 0.0638 | 0.1767
RMSD
Semi-
empiric. | 0.0986 | 0.1363 | 0.0869 | 0.0644 | 0.1013 | 0.0942 | 0.1131
RMSD
Period Aug’11- | Aug’11- | Apr’12- | Apr’13- | Apr’12- | Apr’13- | Apr’l12-
_ Dec’l4 | Nov'14 | Jur14 | Ju’14 | Jun’14 | Jun'14 | Jun’14
£ | data#pts | 83 43 34 29 31 15 21
3 Corr
' 0.66 0.75 0.40 0.65 0.60 0.59 0.10
Coeff. p

Table 5.2. Summary of results comparing soil moisture retrieved from Aquarius HH backscatter
vs. in-situ measurements at 7 selected ground stations. See main text for discussion.
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Figure 5.3. Scatterplots of 2011-2014 Aquarius beam 2 HH-pol radar backscatter (vertical axes, in
linear units) data against corresponding in-situ volumetric soil moisture values (horizontal axes) at
7 selected ground stations. The data are divided into training (blue pts) and testing (red pts) sets;
the training and testing time-periods are shown in Table 5.2. See main text for discussion.
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Figure 5.4. Scatterplots of retrieved volumetric soil moisture values (vertical axes) against
corresponding in-situ values (horizontal axes) on the test set, for each of the 7 selected ground
stations, and each of the three algorithms described in Section 5.2. Blue squares are the results from
linear regression (equation 5.6), red triangles from Wagner’s approach, and green circles from the
semi-empirical method. See main text for discussion.
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Next, we evaluate the algorithms on the SMAP data. We now pool the training and test

sets from Aquarius together, and use that as a training set. The correlation coefficients from
this larger training set are shown in the last row of Table 5.2. The algorithms are then applied
to the SMAP HH backscatter data, and these retrieved soil moisture results (paired with
corresponding in-situ values at the seven ground stations) form the test set. The SMAP test
set comprises data from April 13, 2015 to July 7, 2015. Only 6AM (local time) data was
used, for consistency comparing with the SMAP soil moisture products. The results of the
evaluation of the three algorithms described in Section 5.2 (linear regression, Wagner, semi-
empirical) and trained on Aquarius data, against the in-situ volumetric soil moisture values
at the seven stations, are tabulated in Table 5.3, with each column corresponding to one
station. The correlation coefficients in the third row are merely a re-display from the last row
of Table 5.2. The correlation coefficients in the fourth row are the correlation coefficients
between the SMAP HH backscatter and the in-situ soil moisture values. The RMSD between
the in-situ values and the outputs from each of the algorithms are in the subsequent rows.
Also in Table 5.3 are RMSD values between the in-situ soil moisture values and the outputs
from the existing soil moisture products provided by SMAP. “SMA” is the soil moisture
product using the SMAP radar data and the baseline algorithm by Kim et al. [129]. “SMP”
is the soil moisture product using the SMAP radiometer data and the algorithm by O’Neill et
al. [130]. We used Level-3, version 3 products, obtained from the NASA National Snow
and Ice Data Center Distributed Active Archive Center (NSIDC) [130, 131]. Note that these
algorithms and products are not validated nor expected to be accurate for areas with
vegetation water content >5kg/m2 which includes the forested areas being studied here. py
is the correlation coefficient between the in-situ values and the values from the soil
moisture product. Complementing Table 5.3 is Figure 5.5, which (analogous to Figure 5.4)
displays scatterplots of the retrieved soil moisture values vs. corresponding in-situ values on
the SMAP test set, for each of the 7 selected ground stations, and each of the three algorithms

described in Section 5.2, as well as the SMAP products.
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Station ID# 344 1000 1012 1347 1346 2088 2114

IGBP class 1 1 5 5 4 4 5
Aquarius
correlation 0.66 0.75 0.40 0.65 0.60 0.59 0.10
coeff. p
SMAP

correlation 0.77 0.89 0.42 0.72 0.68 0.79 0.15
coeff. p

Data #pts 37 41 36 40 37 40 16

Linear
regression 0.0704 | 0.0413 | 0.1450 | 0.0735 | 0.0882 | 0.0713 | 0.1820
RMSD
Wagner
RMSD
Semi-
empirical 0.0677 | 0.0815 | 0.1399 | 0.0664 | 0.1277 | 0.1126 | 0.1553
RMSD

0.0730 | 0.1149 | 0.0777 | 0.0737 | 0.1051 | 0.0995 | 0.1811

SMA L3
VD | 0.2624 | 0.2476 | 0.0950 = | 00899 | 00715 | 0.1277
S| dataspts| 39 39 29 0 34 32 12
(V5]
Corr. 0.15 047 | -0.04 ] 002 | 037 0.30
Pw
SMP L3 | 3363 | 01579 | 0.1519 | 0.1101 | 0.0618 | 0.0445 | 0.0745
RMSD
o
(% data #pts 43 42 37 41 38 41 17
Corr. 0.79 0.85 ; 0.81 0.70 080 | -0.05
Pw

Table 5.3. Summary of results comparing soil moisture retrieved from SMAP HH backscatter vs.
in-situ measurements at 7 selected ground stations. The SMAP L3 version 3 active soil moisture
product (radar-only) and passive soil moisture product (radiometer-only) are also included for
comparison. See main text for discussion.
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Figure 5.5. Scatterplots of retrieved volumetric soil moisture values derived from SMAP HH
backscatter (vertical axes) against corresponding in-situ values (horizontal axes), for each of the 7
selected ground stations, and for each of the three algorithms described in Section 5.2, as well as
the SMAP products. Blue squares are the results from linear regression, red upright triangles from
Wagner’s approach, green circles from the semi-empirical method, yellow inverted triangles from
SMAP’s passive soil moisture product (radiometer-only), and purple diamonds from SMAP’s
active soil moisture product (radar only). See main text for discussion.
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Overall amongst the three algorithms, again linear regression gave the lowest RMSD

values on the SMAP test set, while the Wagner and semi-empirical algorithms were
comparable in RMSD. RMSD was unsurprisingly high at stations #1012 and #2114 where
correlation is poor on both training and test sets. SMA and SMP had exceptionally high
RMSD values on station #344, but had lower RMSDs on some of the other stations.
Inspection of Figure 5.5 shows that there was correlation between SMP and the in-situ values,
however SMP sometimes suffered from a large offset bias from the in-situ values. There
were several instances of horizontal/near-horizontal-line retrievals in Figure 5.5 for some of
the algorithms; these were either due to floor or ceiling values, or low values of correlation

coefficient p from Aquarius causing near-zero slopes in the retrieval equation.

With just seven stations, it is difficult and unwise to read too much into the evaluations. We
next perform evaluation over all 38 stations shown in Figure 5.2, but this time using a subset
of the SMAP data for training our three algorithms (linear regression, Wagner, semi-
empirical), since we lack training data from Aquarius for most of these stations. At each
station, 5 pairs of data points (pairs of in-situ soil moisture values and corresponding SMAP
HH backscatter values) were chosen at random for training, out of all the data from April 13,
2015 to July 7, 2015. The remainder (about 20-40 data points) of the data points forms our
test set. For linear regression, these 5 points were used to find the line of best fit and
estimation of slope and intercept. For the semi-empirical method, here we take the correlation
coefficient to be p=0.60 for all 38 stations, which is the median value of the Aquarius-
computed correlation coefficients at the seven stations (last row of Table 5.2, or third row of
Table 5.3). For Wagner’s approach, the minimum and maximum observed HH values, out
of those 5, were used as the 10" and 90" percentiles of the observed HH values in the
algorithm. Here, Wagner’s approach is expected to fail disastrously since the maximum and
minimum of only 5 data points from April-July are unlikely to correspond to the field
capacity W, and wilting point W,.,, . The results of the evaluation are displayed in the

boxplots of Figure 5.6 and Figure 5.7.
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E SMAP evaluation: boxplots of RMSD at 38 stations
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Figure 5.6. Boxplots of the root-mean-squared-difference (RMSD) between the in-situ soil
moisture and the retrieved values output from the various algorithms, showing the distribution over
all 38 stations. The RMSD from each of the 38 stations is scattered (marked with crosses), the
boxes show the inter-quartile range, the horizontal blue lines the median, the whiskers the 10" and
90" percentiles. The red circles show the overall RMSD computed by pooling all data points from
all stations.
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S1MAF' evaluation: boxplots of correlation coefficient at 38 stations
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Figure 5.7. Boxplots of the Pearson correlation coefficient between the in-situ soil moisture and the
retrieved soil moisture values in the SMP and SMA products, showing the distribution over the 38
ground stations. The correlation coefficient between the in-situ values and the SMAP HH
backscatter is also plotted. The respective correlation coefficients from each of the 38 stations is
scattered (marked with crosses), the boxes show the inter-quartile range, the horizontal blue lines
the median, the whiskers the 10" and 90*" percentiles.

Figure 5.6 contains boxplots of the root-mean-squared-difference (RMSD) between the in-
situ volumetric soil moisture measured at the ground stations and the retrieved values output
from the various algorithms, showing the distribution over all 38 stations. Figure 5.7 contains
boxplots of the Pearson correlation coefficient between the in-situ soil moisture and the
retrieved soil moisture values in the SMP and SMA products, as well as the correlation
coefficient between the in-situ values and the SMAP HH backscatter. From Figure 5.6, we
see that, in terms of this RMSD metric, linear regression gives the lowest RMSD, followed
by the semi-empirical algorithm, followed by SMA, Wagner’s approach, and SMP has the
highest RMSD. The failure of Wagner’s algorithm was expected due to the small training
size. For the small training size, linear regression gave a surprisingly low RMSD, while the

semi-empirical algorithm was by design robust against a small training size. It is noteworthy
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that our rudimentary semi-empirical algorithm, which does not use any in-situ soil

moisture values for training, slightly outperformed the baseline SMA product in RMSD. This
is not to say that the semi-empirical algorithm in this form has a good RMSD performance;
rather, all the algorithms, with the exception of linear regression, have median RMSDs

>10%, which should be considered a poor performance.

On the other hand, caution must be taken in interpreting these SMAP and Aquarius
evaluations to mean that linear regression is overwhelmingly the most superior algorithm.
Note that the in-situ measurements are at a single point on the ground, which may not
necessarily be representative of the entire 30-40km SMAP radar footprint (approximately
the size of a 36km EASE?2 grid pixel); there may be significant variation in the soil moisture
at different points within the same footprint. COSMOS offered a much larger ground area
(at the scale of hundreds of metres [127]) than a point measurement, but still significantly
smaller than the SMAP footprint. Famiglietti et al. [133] analyzed the spatial variability of
soil moisture using data from various field experiments in Oklahoma and lowa to be about
0.07cm®/cm? standard deviation at the 50km scale, but this standard deviation itself had
scatter and variability; the coefficient of variation (ratio of standard deviation to mean) was
a decreasing function of soil moisture. An analysis of the in-situ soil moisture data from
SMAP core-validation sites [134] verifies the findings by Famiglietti et al. [133]. One of the
purposes of the SMAP core-validation sites is to have accurate and validated soil moisture
ground-truth measurements made over multiple sites within a 30-40km footprint so as to
mitigate this variability. However, the SMAP product was not expected to be valid in areas
of dense vegetation, thus these sites are mostly over cropland or grassland areas with none
in the forest land cover classes. As such, we have to rely mostly on the available point-
measurement data. There may also be significant land cover heterogeneity within each 30-
40km footprint. Since our linear regression algorithm made use of in-situ soil moisture data
for training and evaluation was performed on the same station, the linear regression results
may thus be “over-trained” on just the immediate vicinity of the stations themselves instead
of the soil moisture over the entire footprint. It might be better to think of the RMSD of the

linear regression results as a “best case” scenario, or performance upper limit, in the absence
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of spatial heterogeneity within a footprint, or if that could somehow be taken care of.

Indeed, as a rough estimate, if we suppose that spatial heterogeneity contributes 0.07cm®/cm?
of variation, adding this to the linear regression RMSD values yields a median of about
0.09cm®/cm?3, which is now a much smaller advantage over the semi-empirical algorithm, an
advantage that we might presume related to the utilization of some soil moisture training

information vs. no soil moisture training information for the semi-empirical algorithm.

Further remarks can be made concerning Figure 5.7. Empirically, we observe that there is
some correlation, though not a tight one, between in-situ soil moisture and the L-band HH
backscatter. In fact the passive soil moisture product SMP exhibited a slightly better
correlation with the in-situ values, implying that the radiometer data contains useful
information for soil moisture retrieval. The poor RMSD of SMP in Figure 5.6 suggests that
instead it is merely the algorithm for the passive soil moisture product (which was not
designed for areas with vegetation water content >5kg/m?) that is not suitable over forested
areas and led to significant errors. Likewise, the much poorer correlation of SMA with in-
situ soil moisture despite correlation between HH and the in-situ values suggests that the
algorithm for the baseline SMA active soil moisture product had not managed to properly
exploit the radar data in areas of high vegetation, where it was not designed for. Evidently
different algorithms should be used for soil moisture retrieval under forests; perhaps some of

our approaches introduced in this chapter might have better exploited the radar data.

Separately, based on the correlation coefficients we could make the interpretation that the
square of the correlation coefficient is the fraction of the variance in HH backscatter
explained by soil moisture variation. A significant fraction (very roughly half) of variance in
HH backscatter is thus not due to soil moisture. Compare this to the model-based analysis of
Chapter 3 where it seemed that, though secondary factors were important and far from
negligible, the primary source of temporal variation was thought to be likely due to soil
moisture. Indeed, based on the model-based approaches of Chapter 2 and Chapter 3, one
might raise the very compelling suggestion that simply using the HH radar backscatter in our
proposed algorithms does not make full use of the polarization information; the HH radar

backscatter is “contaminated” by changes due to other factors e.g. changes in vegetation.
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Based on the model, one might attempt to “cancel out” the vegetation changes by using

corrections of the form HH — yHV, or similar forms in logarithmic (dB) scale. Figure 5.8
does a quick exploration of this idea on the data, as a function of y. However as can be seen
from the figure, such an approach might be marginally beneficial at best. Using logarithmic-
transformed variables yields a similar conclusion (not displayed). It is unclear if this is due
to inadequacies in our modelling, the limited ability of one station to represent the soil
moisture of the entire radar footprint, or other unaccounted-for factors driving HH

backscatter changes.

boxplots of corr. coeffs. at 38 stations, vs. -y parameter

=
L
o
% P * - i ; % e
o 8 . X % . y
< 08t 4 5 4 X
e o % . / KK »
= R By b
o // / ?// %f % /_.f’- /’/
o Y]
— D.B‘ - % 5w ¥ =
= .y -y " /é /’// é//
o /f¢ Y * Y
E __/,f’/ ! 5w Ed =
5 f/ % . 8 // X
204 | |74 |2 X% X
= Pt
o ¢ A P Wt
E /z EA
0.2 X
o
2
2 X
o 4
o 0 : : : : : : :
O

0 0.5 1 1.5 2 2.5 3

y

Figure 5.8. Boxplots of the Pearson correlation coefficient between the in-situ soil moisture and the
quantity HH — yHV computed from the SMAP radar data over the 38 ground stations, for various
values of y.

5.4 Conclusion
We proposed and evaluated several soil-moisture retrieval algorithms for forested areas using

Aquarius and SMAP L-band radar backscatter and in-situ volumetric soil moisture
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measurements at 38 ground stations in the United States. In terms of the RMSD between

the ground measurements and the retrieval algorithm outputs, our linear regression algorithm
(overall RMSD 6.5%) and semi-empirical algorithm (overall RMSD 11.5%) performed
better than baseline algorithms from SMAP that used either passive radiometer (overall
RMSD 18%) or active radar (overall RMSD 13%) measurements only, though these SMAP
soil moisture products were not intended to be valid in forested areas. Our semi-empirical
algorithm, which is based on our forward model from earlier chapters, did not make use of
any in-situ soil moisture values for training. The linear regression algorithm relied on in-situ
soil moisture values for training and may represent an estimate of the expected limit of soil
moisture retrieval RMSD performance over forested areas using just L-band multi-
polarization scatterometry with no additional phase information. Correlations between the
radar backscatter and the in-situ soil moisture were positive but not tight, showing a
significant fraction of the temporal variance in radar backscatter not directly due to soil
moisture changes; despite suggestions by our forward model in earlier chapters, it remained
difficult to properly separate these different factors using L-band multi-polarization
scatterometry alone.
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Appendix A

BISTATIC SCATTERING FROM A DIELECTRIC CYLINDER

The expression for the far-field bistatic scattering from a dielectric cylinder is given in this
section (backscatter being a special case of bistatic scattering). There is a known exact
analytical solution only for infinitely long cylinders, first derived by Wait [135]; here we
follow more closely the notation and expressions by Bohren and Huffman [30] for the case
of a vertically oriented, infinitely long dielectric cylinder in vacuum. For long (compared to
the wavelength) but finite cylinders, we apply the approximation made by Ruck and Barrick
[136] and van Zyl and Kim [11], by multiplying by a sinc function to the solution for infinite
cylinders.

Let k = 2m /A be the wavenumber, ¢ the dielectric constant of the cylinder, r the radius of
the cylinder, and L the cylinder length. Let 6; be the angle of the incident wave from the
vertical, and ¢; and ¢, the incident and scattered azimuth angles, following the FSA/BSA
conventions as in Chapter 2. Note that for infinitely long cylinders, scattering only takes
place on a forward scattering cone making the same angle with the vertical cylinder axis, i.e.
0, = m — 0; . Also, by the azimuthal symmetry, the dependence on ¢; and ¢ occurs only

through the relative angle ¢ — ¢; between them.

Let

§ = krsing;

n = kr\/e - cos?6;
A = ELETRDIR(E) = M (D7 ()]
By = E[e€J7(MIn(©) = nJn )7 (©)]
C = 1) €05 0 (I LE/m)? = 1]

Dy = 1y c0s 6; [ (MHY (©)[(§/m? — 1]
Vo = € [e€/n HSD(©) — nfu)HSY ()]

S
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Wi = i€ [0 A (€) = &P (©)]

where J,, is the Bessel function of the first kind, order , J;, is its derivative, H,(ll) is the Hankel

function, and H,(f)' its derivative. Further compute

o CaVa = BaDn _ WaB, +iD,Cy
" Wy, +iD2 " WLV, + iD2
AV, —iC,D, C, W, + A,D,
Anll = 5 v L on2 nll = 0> 1 n2 = anl
W, V,, + iD? W,V,, + iD?

Ty = byt +2 ) (—1)" cos(nlys — b — 1) by
n=1

Ty =aon +2 Z(—l)” cos(n[gs — ¢; — ]) anp
n=1

Ty =20 ) (~1)" sin(nlys — ¢ - 71)
n=1

We keep only the first 20 terms in the infinite series for computation, as a reasonable trade-
off between computational accuracy and speed.

The expression for our approximation for the (dimensionless) scattering matrix of a finite

cylinder is then

_ [San Sny] _ UkLsins . (kL [_TZ T3
[S] = [Sm Sl = sind; sinc|{ — (cos 6; + cos 6;) T, T, (A1)
with
sinx
sinc(x) =

Here equation (A. 1) is written for the BSA convention. For the FSA convention, the signs

of Sy, and Sy, should be flipped (see Section 0). For finite cylinders, we need not impose
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6, = m — 6;, but the sinc function keeps the scattering small if 8, departs from this

significantly and the cylinder length is large compared to the wavelength. The approximation
is not expected to be good if the incident direction is close to the cylinder axis. In our
computer implementation, we set the scattering matrix to zero if we are within 5 degrees of
the cylinder axis. There are a few further caveats to the approximation of equation (A. 1).
Realize that in this approximation, there is apparently no reflection of the induced current
from the ends of the cylinder and thus no resonance length. Also note that reciprocity may
not be respected exactly by equation (A.1) when 6; # m/2 # 6, in the sense that
Shv(0i, @i, 65, s) # Syn(6s, s + m,0;, p; + ). The physical optics approximation of
multiplying by the sinc function has only been rigorously shown for the case 8; = m/2 [30]
[137]. We still use approximation (A. 1) in spite of these issues because of the following
reasons. Firstly, because we intend to use finite cylinders to model conceptual sections of
branches and other similar linear structures in vegetation, the neglect of the end reflections
may be reasonable. Secondly, because the majority of direct single-scattering backscatter
from vegetation will come from cylinders oriented near 8; = m/2 , the approximation is valid
where it matters most. Any potential issues with using approximation (A. 1) are thus more
likely to come from using it for calculations involving multiple scattering, where all

permutations of bistatic angles may be involved.

The above expression was for a vertically oriented cylinder. For a cylinder with axis
arbitrarily oriented in the direction (6., ¢.), first consider the local rotated frame in which
the cylinder is vertically oriented, and let (0;., ¢;.) and (8., ¢s.) be the local incident and
scattered directions as in the BSA convention of Figure 1.2. Using the scattering matrix
[S(Bic, Pic, Osc, Psc)] in this local rotated frame, we will then apply coordinate rotations to

obtain the scattering matrix in the global frame [11].

Let

¢ =sinf.cos¢p.X+ sinf.sin¢p.y + cos 6.2

(g}

X

-

(g}

X

-
[

o>
X
=

o>

X

-
2



The bistatic scattering matrix (in the global frame) from a dielectric cylinder is then

[S(eir ¢i; 05' ()bs' 96' ()bc)] =
ilic ’ ili i'1ic ) oil
h; '

h,-h, h,-v
[,\S s s¢ ,\S Ascl [S(eic: (pic' esc' d)sc)] [,\ 3 ~ ~
Vs * hsc Vs * Vg Vic* Vic " V;

Note that (0;., ¢;.) can easily be found from 6., ¢, , 6;, ¢; using

sin 6; cos ¢;
k; = [sin; sin ¢;
— cos 6;
cosf.cos¢p, cosB.sin¢p, —sinb,
—sin ¢, cos ¢, 0 k;.

sin 6;. sin ¢;.
sinf,.sin¢g, cosf,

[sin 0;. cos qbic] [
— cos 0,

sin 6, cos ¢,
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(A.2)
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Appendix B

MULTIPLE SCATTERING CORRECTION FACTOR

In this Appendix, the estimation of the multiple-scattering correction factors
Fruu(Ten(0i0), 010, €0), Fyv(Ten(8i0), Bi0, €) and Fyy(tcn(6i0), Bi0, €,) 10 the canopy
vegetation backscatter term (Section 2.2) is described. Within this Appendix, the subscript i
for the incidence angle 6; is temporarily changed to i0 to avoid notational confusion (for
reasons that would become apparent). The overall approach is as follows. For the co-
polarized corrections Fyy and Fyy , the method of radiative transfer is used to estimate the
backscatter without making the single-scattering assumption. A further correction is made to
account for coherent backscatter enhancement not modelled by the radiative transfer
equations. The cross-polarization correction Fyy is estimated from the co-polarization
corrections via Monte-Carlo estimates of the ratio between cross-polarization and co-

polarization returns for double scattering.

The radiative transfer equation for our scattering problem can be written as [40]

dl
== —[K]I + 4f(M)I aq. (B.1)

Here s is the distance along the propagation direction being considered, and [K] is the
extinction coefficient matrix, often denoted k. in the literature, but here we change the
notation slightly to avoid excessive subscripts and confusion with the field extinction. I is

the modified Stokes vector satisfying

I, [ (IE,I?)
NI o 2 1] CED |
Lda=|fla="lo ok by (B.2)
4 2Im(E, E};)

with units of power per unit solid angle per unit area (area perpendicular to the propagation

direction), where 7 is the charateristic impedance of the medium (=377< for free space). (M)
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is the average Stokes matrix density, with dimensions of area per unit volume; the entries

of (M) for the form of the radiative transfer equation that shall be used here will be written

out explicitly later.

For our horizontal slab geometry, with 8 the angle from the vertical, let G be the power per
solid angle per unit horizontal area, instead of power per unit perpendicular area. Then G =

I|cos 6], and the radiative transfer equation becomes

1
|cos @]

a6 1
dz  |cos0|

[K]G + f(M)G dQ. (B.3)
4m
There are various ways to solve the radiative transfer equation [40, 138-141]. A numerical
approach to solving the radiative transfer equation may be to solve a linear system as
described below. Discretize the 4w sphere into 2/ directions, J upwards and J downwards,
and use subscripts u or d for “upwards” or “downwards” respectively. (In the computer
implementation, J = 162 was used, with angular intervals of 10° in elevation and 20° in
azimuth). Subscripts s, i, or j , each running from 1 to J, will be reserved as indices for these
directions, with subscripti typically used for an “incident” direction, and subscript s
typically used for a “scattered” direction; when there is a need to subscript both “scattered”
and “incident” simultaneously, a semicolon will be used to separate them, e.g. (s;i) or

(us; di) . Associate solid angle AQ,,; or solid angle AQ; with each direction, such that

J J
anzAQuj : 2n=ZAde (B.4)
j=1 j=1

Let z0 = (1= 2) Az, Az = (Z; — Z1)/lyax Where (Z, — Z;) is the total height of the

vegetation layer, and L,,,,, IS the total number of thin sublayers that whole layer is being
divided into for computation. [ is an integer indexing the sublayers and Az is the thickness
of each sublayer. The highest sublayer is thus associated with index [ = [,,,,,, and the lowest
sublayer with index [ = 1. Our discretized radiative transfer equation then reads, for each

s =1, ...,/ and for each [ (except for the upper and lower boundaries)
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O] )
d 1 G G,
O] (l) ui
— Gyl = ———— [KlysGyl + E M + B.5
dZ+ us |COS Husl [ << usut)l ull ( usdz)l 9d1|> ( a)
(O] 0)
d 1 G
@) (l) ui
—G,, = ——— [K] 4Gy, E M B.5b
dz_ ds |COS edsl [ ds + (( dS'Lll> | ull + ( ds; dl> | gdll) ( )

In these equations, G(l) is a 4x1 vector of Stokes parameters to be interpreted as the power
(in watts) through a unit horizontal plane area (1Im?) through solid angle AQy,; =
sinf,; ABA¢ centred at the direction (6,;,¢,;), at position z = (l —%) Az (the I -th
sublayer), and likewise for G() and AQ,; (replace subscript u for “upwards” by d for

“downwards”). The extinction coefficient matrix in the direction (6,5, ¢ys) IS

I[Z(Kv,cn(eus)) 0 0 0 }

_ 0 2<Kh,cn(9us)> 0 0

[(Klus = nen 0 0 (Kv,cn(gus) + Kh,cn(eus)) 0 | (B:6)
l 0 0 0 (Kv,cn (Qus) + Kncn (Qus» Jus

and likewise for [K];s (replace u by d). Azimuthal symmetry in the cylinder orientation
distribution is assumed, removing the dependence of [K],; on ¢, and [K] 4 on ¢, . Recall
that n.,, is the number density of cylinders in the canopy layer, while{xy, .,,) and (x,, c,,) are
per-cylinder extinction cross-sections for the field, to be distinguished from the extinction
coefficient matrices [K] for the power or intensity. (k;, ., (6y5)) and {kp, ., (6,5)) are found
from the optical theorem (equation 1.23); the angular brackets denote averaging over the

orientation and size distribution of the scatterers (i.e. cylinders).
n
(Mus;di) = %Aﬂus X

[ vaS;v SvhS;h Re(va5$h) _Im(sva;h)

<| ShvShy ShnShn Re(ShyShn) —Im(SpySpn) |

[ZRe(vas;:,,) 2Re(SynShn)  Re(SuwSin + SynShw)  —Im(SywShp — SvhS;:»j
2Im(SyyShy)  2Im(SyrSpp)  Im(SyyShn + SonShy)  Re(SuuShn — SonShv)

) (B.7)
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is the average Stokes matrix density (entries listed in [40]) for incident direction

(B4, ai) to scattered direction (0y, Pys), and (M., is for incident direction (6, ¢y,;)
to scattered direction (645, @4s), and likewise for (Mys.q;) and (Mys.;). k = 2m/A is the
wavenumber. The angular brackets for the Stokes matrix denote averaging over orientation
of the cylinder orientation and size distribution, normalized to one cylinder. To clarify, we
thus need to compute the dimensionless bistatic scattering matrix (Appendix A), in FSA
coordinates,

Shh Shv

Svn  Spw
between incident direction (64;, ¢4;) and scattered direction (6, ¢,,5) for asingle cylinder,
and average the second order quantities S,, Sy, , SynSyn, €tc. over the cylinder size and
orientation distribution, to get the matrix elements (S,,S;,), {SurSyr), etc. (Care must be
taken that in the FSA coordinate definition, 6; is the supplement of what one might expect.)

The following distribution (Table B.1) of cylinder sizes was used:

R[i‘:T']‘]JS 0.10 | 0.14 | 020 | 029 | 042 | 059 | 0.85 | 1.21 | 1.72 | 246 | 351
'-[i?ﬁ}h 215 | 27.3 | 346 | 439 | 556 | 70.6 | 894 |1134 | 1437 | 1822 | 2310
umber | o9 | 250 | 123 | 6.02 | 296 | 1.45 | 0712 | 0.349 | 0.172 | 0.084 | 0.041
dist. (%)
volume | 513 | 270 | 342 | 433 | 549 | 696 | 883 | 1119 | 14.18 | 17.98 | 2280
dist. (%)

Table B.1. Distribution of cylinder sizes for radiative transfer computation.

The cylinder lengths were chosen to follow the L(r) o r?/3 relationship (equation 2.44).
The cylinder number distribution was chosen to satisfy the n.,p(r) Alnr o2
relationship discussed in equation (2.39) of Section 2.7 (since log-uniform bins are used for
the radius distribution). n.,, was varied to give the desired optical thickness t.,. The radius
distribution was chosen for approximate consistency with the 1mm-3cm distribution
discussed in Section 2.7. Strictly speaking, a distribution up to slightly larger radii might

have been more appropriate. The reason is because while Imm-3cm covered the main
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resonance region with the strongest extinction and single-scattering backscatter per unit

volume, for multiple-scattering, the single-scattering albedo (which considers the whole 4x
sphere instead of just the backscatter direction) is small towards the Rayleigh regime, but
continues to be significantly large at radii larger than the resonance size. However, it
becomes unclear how far beyond 3cm radius the number density distribution will be valid;
e.g. in the boreal forests, 3cm radius already approaches the typical maximum size of tree

branches.

The orientation distribution was chosen to be uniform over the 4m sphere. (The multiple-
scattering correction factors would turn out to be quite similar if we had chosen a cosine-
squared distribution instead, so for simplicity we used a uniform distribution to compute the
correction factors, and apply them even for non-uniform orientation distributions.) Note also
that the number density n.,, and total layer height (Z, — Z,) always occur together so only
their product n., (Z, — Z;) (number of cylinders per unit ground area) matters in this
computation. Also for our case of a uniformly random cylinder orientation distribution, by

symmetry {ip cn(8)) = (K, (6)) = (k) is independent of 6.

Directly computing and averaging the bistatic scattering matrices for each (My;.q;) IS
computationally intensive. For randomly oriented cylinders, the average Stokes matrix
should be a function only of the angle in between the incident and scattered directions, up to
a coordinate transformation. This symmetry can be used to speed up computations. Recall
that in FSA coordinates,

k; =sinf;cos¢; X+ sinf;sin¢; § — cos 0, Z

kg = sin 6, cos ¢4 X + sin O sin ¢ ¥ + cos 6, Z

>
>

N>
N>

o X K; . N o o X K . - -
hi: , Vi:hiin: hS: = , VS:thki
|2 x ki |2 x k|

Let the direction vector perpendicular to the scattering plane be

N>
=
N>

>

=

i N

A—L B.8
W= T x k| (B.8)
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and define
h,, =wxk;, 9, =h, xk =-w, (B.9a)
hy, =wxk,, ¥, =h xk,=-w. (B.9b)
Let
[S]w S’”‘ ‘;’“’ (B.10)
vh %%

be the scattering matrix in the rotated frame where w is vertical. The incident and scattered
directions lie in the horizontal plane in this frame, and the 2x2 scattering matrix [S],, =

[S(A¢)],, depends only on the angle between them,
Agp = acos(i{i . i{s). (B.11)

For the cases of forward scattering A¢ = 0 or back scattering A¢ = m (or approximate
cases), pick w = —¥; . The 2x2 scattering matrix in the original global frame is then given

by the coordinate transformation
[S(Qi; bi, bs, ¢s)] = [U]sw [S(A¢)]W[U]Wi (B- 12)

where the rotation matrices

b, b, b, by, by, by, 9
[U]SW—[A Jow s YSW], [Ulwi=[JW i T "] (B.13)
A/ hsw Vs * Vow Viw'hi Viw " Vj

Writing out the 2x2 scattering matrix as a vector, equation (B.13) becomes

Shn Shn
Shv = [U],,, ®[U]" Shv B. 14
S - sw wi S ( . )
vh vh

Svv Svv w
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where
l[il h [hiw h; v, hil oo [ iw Vg, hi“
s Mgy | & s " Vsw s
h -9 9. -0 he % 9. -9
[U]sw®[U]al =| - iw A i AlW A i . iw A i AlW Al | (B.15)

| ~ 3 th hl Viw - hi PPN hiw ’ hi Viw hi I

l s " gy | o A A A Vs " Vew |2 A A N J
hiw Vi Viy "V hiw Vi Viw "V

The 4x4 scatterer covariance matrices in the global frame and the rotated frame are thus

related by
[C(6;, ¢, 65, d5)] = ([U]5, ®IUIL,)NC(AP)],, ([U] 5, ®[UTL, )T (B.16)
where

[Shhs;;h ShnShvy  ShaSwn Shhszjv]

[C] — ShvS;h ShvS;;v Shv ;h ShvS;v

SvhS;;h SvhS;;v SvhS;h SvhS;v

vaS;;h vaS;:v vaS;h vaS;v

is the 4x4 scatterer covariance matrix and the dagger symbol 1 denotes matrix transpose
conjugation (to be distinguished from the superscript Tdenoting matrix transpose). In this
way, we can precompute ([C(A¢)],,) over a grid of A¢ values (a 2° grid spacing was used),
and obtain ([C(0;, ¢;, O, d,)]) for any incident and scattered direction pair by applying the
transformation. The angular brackets denote averaging over the cylinder orientation and size

distribution. Finally, the elements of the average Stokes matrix

[ vaSv*v SvhS;h Re(vaS;h) _Im(svvssh) ]
| ShoShy ShnShn Re(ShySpn) —Im(SpySpn) |

(l ZRe(vaS;:v) ZRe(SvhS;;h) Re(vaS;;h + SvhS;;v) _Im(vaS;:h - Svhs;:v) |
Zlm(vaS;{v) Zlm(svhs;:h) Im(vaS;;h + SvhS;;v) Re(vaS;{h - Svhs;{v)

)

can be obtained from the elements of the average covariance matrix.

Having computed the Stokes matrices (Mys.4;), (Mgs.yi), €tC., returning to the radiative
transfer equation, the differential equations (B.5a) and (B.5b) can be solved numerically by

the (backward) Euler method:
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_ d
GI(}J) = ng 1) + AZEGSJ)- , Vi=2, .. bnax,j =1,...,] (B_ 17a)
d
l l l .
Gg]) = Gé;'l) + AZd—Z_GEl} , vi=1,.., lmax -1,j=1,..,]. (B_ 17b)

With appropriate boundary conditions on the top and bottom sublayers, these equations can
be collected into a linear system whose solution would be our desired solution to the radiative
transfer equation. In computations, l,,,4, = 1007.,(6;9) cos 6;, was used (with [,,,, = 20

if 7.,(0;0) cos B;, < 0.2), such that each sublayer is indeed thin.

For our radar scattering calculations, there are two additional special directions to be taken
care of. Firstly, the incident radar beam is treated as a plane wave, i.e. its beamwidth is a
delta function in angular space, so it has to be taken into account separately. The subscript
i0 shall be used to denote quantities associated with this incident beam, e.g. the incident

direction is (6;9, ;o) , With ¢;, set to 0 for convenience. (Again, care must be taken that in

the FSA coordinate definition, 8; is the supplement of what one might expect.) Let Gl%) be

a 4x1 vector of Stokes parameters to be interpreted as the power (in watts), in this direction,

through a unit horizontal plane area (1m?) at the [ -th sublayer.

Secondly, the final output direction of interest (i.e. the backscatter direction) may not be
coincident with the centre of one the discretized directions, so it is best to also handle it
separately. The subscript s0 shall be used to denote terms associated with final scattering
direction of interest for evaluation, i.e. the direction (6, ¢5o). For the particular case of
backscatter, (659, s0) = (0,0, T — ;o). Let GEQ be a 4x1 vector of Stokes parameters to be
interpreted as the power (in watts) through a unit horizontal plane area (1m?) through a unit

solid angle AQ, = 1 steradian centred at the direction (8, ¢,), at the [ -th sublayer.
Thus the linear system we actually solve is of the form

x=[B]x+b (B.18)
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1) (1)
|[ X ] B(l'l) vee B(lrlmax) |[ b —I
x=| x® |[,[B] = [ : : ,b=| p® |
B (ImaxD ... B (Umaxlmax) | I
X (lmax) lb (lmax)J

where x is a concatenation of ,,,,,, x® vectors, each of which is 8] + 8 long:

xO =" (B.19)

and [B] has [lyax X Lnax blocks, each block a (8] + 8) x (8/ +8) matrix. Using
[0](s)+8)x(sj+8) t0 denote the (8] + 8) X (8] + 8) zero matrix, [0](4;+4)x(aj+4) t0 denote
(4] +4) x (4] +4) zero matrix, [I](4j+a)x(aj+a) t0 denote the (4] +4) x (4 +4)
identity matrix, the (I,m)-th block of [B] is

B(l,m) — AZ[A] , Vi = m, [ = 1, lmax (B 20)

I 0
Blm) — [[ ](4]+4)><(4]+4) [ ](4]+4)x(4]+4)l , Vi=m+1, L=2, . Loy

[0](aj+a)xcaj+a)  [0l(aj+ayx(aj+a)

0 0
BLm) — [[ ](4]+4)><(4]+4) [ ](4]+4)><(4]+4)l ' vi=m-—1, m =2, ...Lyay

[0](aj+a)xcaj+e)  (Maj+a)xaj+a)
B(l'm) = [0](8]+8)X(8]+8) B otherwise

where [A] is the following (8] + 8) x (8] + 8) matrix:
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l[[[Aso;so]] [[Aso;u]] [[Aso;d]] [[Aso;io]]]l
Au;so Au;u Au;d Au;iO
M hsl [Aaa] [Aa] (gl |

HAio;so] [Aio]  [Aiod] [AiO;iO]J

(B.21)

The matrices within [A] are defined as follows:

1 "
[Aso;so] = m ((Mso;m) - [K]so) ) a4 X 4 matrix
[Aso;io] = m(Mso;io) ) a4 X 4 matrix
[Aio-io] = —; Kl , a4 X 4 matrix
' |cos 6]

[Aio.s0] = [0laxs, a4 X 4zero matrix

[Aso;u] = [[Aso;ul][ASO;uZ] [Aso;u]]] , a4 X 4] matrix which is a row

concantenation of ] 4x4 submatrices, with [Aso;ui] = (Mo Vi=1,..,]

|cos 8|

[Asoa] = |[Asoar][Asoz] - [Asos]] . a4 x 4] matrix which is a row

concantenation of /] 4 X 4 submatrices, with [Aso;di] (Mgo.q;) Vi=1,..,]

~ |cos B4l

[Aul;iO]

[Au;io] = : a 4] X 4 matrix which is a column concantenation
[Awio]

of ] 4 X 4 submatrices, with [Aus-io] =—(My0) Vs=1,..,J
’ |cos 6| ’

[Adl;iO]

[Ad;iO = : a 4] X 4 matrix which is a column concantenation
[A a0

of ] 4 X 4 submatrices, with [Ads;io] = (Mgs.i0) Vs=1,..,]

|cos 0y
[Au;so] = [0]4/x4 a 4] X 4 zero matrix

[Ad;so] = [0]4/x4 a 4] X 4 zero matrix
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[Aio;u] = [0]4X4] , a4 X 4] zero matrix

[Aio.a] = [0laxa;, a4 X 4] zero matrix

[Aul;dl] [Aul;d]]
[Au;d] = : : ,comprising J X ] blocks of 4 X 4 matrices, with
[Auar]  [Aua]
1 ,
[Aus;di] = W(Mus;di) VS,l = 1, ,]
[Adiaa] - [Adru]
[Ad;u] = : : ,comprising J X J blocks of 4 X 4 matrices, with
[Agjur] - [Aqjayl
[Ads;ui] = |COS Huil (Mds;ui) Vs, i =1, l]
[Aul ul] [Aul u]]
[Au;u] = : - : ,comprising | X | blocks of 4 X 4 matrices, with
[Au];ul] [Au];u]]
1 . .
[Aus;ui] = m<Mus;ui> Vs,i=1,..,],s#1
1 . .
[Aus;ui] = m((MHS;ui) - [K]us) Vs, i =1, :] S =1
[Adl;dl] [Adl;d]]
[Ad;d] = : : ,comprising J X J blocks of 4 X 4 matrices, with
[Aga] - [Agsa]
[Ads;dl] = W<Mds;di> VS,i = 1, ,] ,S F+ i
[Ads;dl] (( ds; dl) ]ds) VS,i = 11 ,] S = L.

Ic s 64l

It remains to specify b, the column concatenation of I,,,,,, b® vectors, each of which is 8] +

8 long. Most entries are zero:

b® = [0]g/4e)x1,  a (8] +8) x 1zerovector,VI=2,..,lns—1 (B.22a)
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while b® and bUmax) specify the boundary conditions at the bottom and top

respectively. At the top, we neglect internal reflection, but provide a 1W/m? incident plane

wave from direction (6;,, ¢;0)

0

(Umax+1) _ |lcos ;]
Giomax — 0 0
0

for h — polarization,

lcos By ]

(nax+1) _ 0
Gio - 0
0

for v — polarization

so we set the boundary condition at the top to be

b (lmax) — [[2](8’ *‘”“l (B22.b)

(Imaxt1)
i0

and at the bottom boundary, set to be
b = [0](gj+8)x1 » @ (8] +8) X 1 zero vector. (B22.¢)

This simplified boundary condition corresponds to no reflections off the ground nor incident
radiation upwelling from the ground. This may seem unphysical, but remember that the
purpose of this radiative transfer calculation is just to compute the multiple-scattering
correction to the canopy backscattering term only. Reflections involving the ground had been
taken into account as a separate term. If we chose to include reflections off the ground within
the radiative transfer computation as is often done in the literature, some rearrangement of
terms and entries of [B] would need to be modified correspondingly. Ground physical
parameters would enter and we would need to solve the radiative transfer equation for each
set of ground parameters, increasing the complexity and computational effort required to
explore the full parameter space, and yet still not having taken into account coherent effects
that would require further correction. The simplification adopted here requires only
vegetation parameters for the radiative transfer calculation and isolates contributions from

different scattering components to the total radar backscatter.
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With the linear system fully specified, solving equation (B.18) for x, and recalling that

'Ggi)max)'
(lmax)
Gul
(bmax)
G, 7

(lmax) =

X =
(lmax)

Gdl

(Imax)

(lmax)
| Gma)

our desired radar backscatter is contained within the solution Ggi)m“x) , Which is a 4x1 vector
of Stokes parameters to be interpreted as the power (in watts) through a unit horizontal plane
area (1m?) through a unit solid angle AQ, = 1 steradian centred in the backscatter direction
(850, Pso), that was due to a 1W/m? incident plane wave. From Section 1.3, the normalized
radar cross-section is 4m of the scattered power per steradian per unit ground area per unit

illumination intensity

o 1dp 1
Oon =X Ga st

(B.23)

here written for the example of incident h-polarization and scattered v-polarization. Thus we

have, for the case of incident h-polarization (setting G%’”“"“) = [0 |cos 85| 0 0]7),

normalized backscatter radar cross-sections
— . (lmax)
VHen,e =41 [1000] - G (B. 24a)
HHgype = 4 [0100] - Glmar) (B. 24b)

and for the case of incident v-polarization (setting G%max”) = [|cos B;] 0 0 0]7),

normalized backscatter radar cross-sections
VWenre = 4m [1000]- Ggi}"a") (B.24c)

HVgnye = 41 [0100] - Gigre (B.24d)
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We expect HV and VH to be the same and indeed the computed values are in close

agreement (this is an important check because the approximation (A.1) that we used for
bistatic scattering from cylinders did not necessarily respect reciprocity for all cases); thus
the HV,,, - and VH,,, , results are averaged and treated together as a single cross-polarized
case. HH.,, ,» and VV,,, ... are almost the same, with a very slight excess in VV,,, .. compared
to HH.,, , at larger optical thickness. An explanation of this difference is provided by van
de Hulst [142]: it is due to double-scatterings involving pairs of scatterers near the surface
such that the direction vector between them is parallel to +h; . These pathways provide the
greater backscatter return for VV compared to HH; this difference is more pronounced at

large incidence angles. For our case, it is typically no more than 0.2dB.

The results from this radiative transfer computation are compared in Figure B.1 to the results
from the single-scattering calculation of equations (2.7a-c), at radar wavelength = 0.24m,

incidence angle 8; = 38.49°, and cylinder relative permittivity &, = 35.94 + 11.09i .

ch and H'm'cn for radiative transfer and single-scattering ; A=0.24m, e:v=35.94+11.09i, F)m=38.49°

-6 T T T T T T J R
—Vch (radiative transfer)
-8 | —HV (radiative transfer) I ——
cn,rt o
10 - \f\.fcmS (single-scattering) /,
S chn,ﬂ (single-scattering) /,,// - p—
m -12 //"" -
=3 i L
6.14 it _
A_ " s
o 8 s N
[ -
v 16 7 .
e
'
18 F /7 4 -
z /
7 A
20 F e /o i
- Yy
# v
-22 ' ' e ' B——
1072 107 10°

Figure B.2. Normalized backscatter radar cross-sections VV,,, ,+ (= HHp 1), VVen g5 (= HHep gs),
HVep e (= VHenre), HVenss (= VHenss), as a function of the optical thickness 7., (8;0) =
2nenlken)(Z, — Z1)/ cos 0, for the radiative transfer and single-scattering methods.
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This radiative transfer solution however is not the final result. In the backscatter direction,

there is an enhancement of co-polarized backscatter due to coherent effects [142, 143, 138].
The backscatter enhancement is essentially due to the constructive interference of reciprocal
(for the co-polarized case) counter-propagating paths with exactly equal path length. This
radiative transfer solution does not contain such a coherent effect. To account for this
backscatter enhancement, the estimated additional co-polarized backscatter due to multiple-
scattering (i.e. the difference between the radiative transfer solution and the single-scattering
solution) is multiplied by 2. For the cross-polarized backscatter, however, the counter-
propagating paths are not reciprocal. Thus the backscatter enhancement factor may not be 2
for cross-polarization; in fact, de-enhancement may even occur [144]. In view of this issue,
we do not use the HV,.,, , solution from radiative transfer, but instead independently estimate
the ratio of the cross-polarized to co-polarized multiple-scattering contribution, so as to
leverage on the greater confidence in the co-polarized quantities. A separate set of Monte-
Carlo simulations (with the afore-mentioned distribution) was performed to estimate this
cross-to-co-polarization ratio, denoted by o, for double-scattering. This value should be fairly
independent of incident angle due to the uniformly random orientation distribution of
cylinders, however it would vary with cylinder relative permittivity &,. Higher-order
scatterings were not computed owing to the significantly greater effort; from Liao et al.
[139], we expect most of the multiple scattering contributions to be from double-scattering.
Such an approach is not expected to be valid when the single-scattering albedo (ratio of total
scattering to extinction, of individual particles) is very high, but in our case we estimate

single-scattering albedos not to exceed 0.75.

The results from the Monte-Carlo simulations for several values of cylinder relative

permittivity &, are tabulated in Table B.2.

Cylinder relative
permittivity &,
Estimated double-
scattering cross-to- 0.27 0.38 0.42 0.43
co-pol ratio, o(s,)

515+ 1.41i 17.10+5.83i | 35.94 + 11.09i | 62.75 + 18.22i

Table B.2. Monte-Carlo estimate of cross-pol to co-pol ratio for double-scattering.
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The final estimated multiple-scattering correction factors are then:

I—H_Icn,ssg:'HH = Hch,ss + Z(Hch,rt - Hch,ss)

Hch rt (Tcn' 01’0' gv)
F 6;0),0;, =142 - -1 B.25
HH(Tcn( 10) i gv) + (Hch,ss(Tcnr 91’0: ev) ( )
ch,ssT v = ch,ss + Z(ch,rt - ch,ss)
ch rt (Tcnr Qi(), Sv)
F 6;9),0;, =142 - -1 B.26
VV(Tcn( lO) i gv) + <ch,ss(Tcnr Bi0, gv) ( )
HH ¢y e + Vit
HVcn,ss?HV = HVcn,ss + 20 ( 2 2 = ch,ss)
Fruv(Ten(0i0), 050, €y) = 1+ 0(g,) X
(Hch,rt (Tcn» B0, Ev) + VVcn,rt(Tcn: B0, gv) - 2VVcn,ss (Tcnl B0 51;)) (B.27)
HVcn,ss (Tcnr QiOr gv) . .

These estimated multiple-scattering  correction  factors  Fyp (T (0i0), i, ),
Fyv(Ten(0i0), 050, €,) and Fuy(Ten(6:0), 0:0, &,) are plotted in Figure 2.2, Figure 2.3, and
Figure 2.4 as a function of optical thickness t.,(6;) = ncn(<xh,cn(ei0)) +
(Kpen(Bi0))) (Z — Z1)/ c0s 8y = 2neplkcen)(Z, — Z1)/ cos By, for several values of 6y,
and &,. Linear interpolation is used to obtain values of Fyy, Fyv, Fyv at intermediate values
of 7., (0;0), 6;p and &,. Note that in Figure 2.2, Figure 2.3, and Figure 2.4, the notation for

the radar incidence angle is reverted to 6; instead of 6;,.
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Appendix C

MIRONOV DIELECTRIC MODEL OF MOIST SOILS

Dielectric models are necessary to relate the relative permittivity of moist soils to other
physical properties including the water content. There are several popular models used for
microwave remote sensing; see Wigneron et al. [145] for a review. Here we adopt the model
by Mironov et al. [43] tailored for practical use at 1.4GHz, with validated formulae for the
soil relative permittivity as a function of soil volumetric moisture, soil temperature, and clay

fraction. In this model, the real and imaginary parts of the dielectric relative permittivity &,

of a moist soil are given by
Real(g;) = n2 — k2, Imag(e,) = 2ngk;
n :{nd-f-(nb—l)W, W< W,
s nd + (nb - 1)Wt + (Tlu - 1)(W - Wt‘)’ W 2 Wt

kg + KW, W <Ww,;
s = {Kd W+ (o — DW= W),  W=W,
where, in this Appendix only, n and x are the real and imaginary parts of the complex
refractive index, not to be confused with notations elsewhere in this thesis. The subscripts
s,d, b,u are for moist soil, dry soil, bound soil water, and free soil water, respectively. W is
the volumetric moisture content of the soil in cm3/cm3, and W, is the maximum bound water
fraction (for a given type of soil). Expressions for these parameters at 1.4GHz were provided
by Mironov et al. [43] as fitted polynomial functions of clay content C in percent (valid in

the range 0-70), and temperature T in degrees Celsius (valid in the range 10-40):
W, = 0.0286 + 0.00307C
ng = 1.634 — 0.00539C + 2.75 X 1075C?2

kg = 0.0395 — 4.038 X 107*C
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np = (8.86 + 0.00321T) + (—0.0644 + 7.96 x 107*T)C

+(2.97 x 107 — 9.6 X 107°T)C?

Kk, = (0.738 — 0.000903T + 8.57 x 107°T2) + (—0.00215 + 1.47 X 107*T)C
+ (7.36 Xx 1075 — 1.03 X 107°T + 1.05 x 1078T2)(?

ny = (10.3 — 0.0173T) + (6.5 X 10™* + 8.82 X 107°T)C
+ (—6.34 X 107% — 6.32 x 107'T)C?

Kk, = (0.738 — 0.017T) + (1.78 X 1074T2) + (0.0161 + 7.25 x 1074T)C
+ (—1.46 X 10™* — 6.03 X 107°T — 7.87 x 10°T2)(?2

This model allows us to compute the soil relative permittivity ¢, given the soil volumetric
moisture content W/, temperature T and clay content C. To retrieve the soil moisture W, we
also need the inverse relationship. Since the dependence on temperature is quite weak over
most of the range of interest, for convenience and ease of inversion, we shall use only T =
15°C. We shall also neglect the imaginary part of ¢, as before (see Section 3.3). We then
compute &, over a grid of values of W and C, and use this as a look-up table for the inverse

relationship to obtain W from &, and C .



