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Abstract. Decoupling the integrated microwave signal origi-
nating from soil and vegetation remains a challenge for all
microwave remote sensing applications. To improve satel-
lite and airborne microwave data products in forest environ-
ments, a precise and reliable estimation of the relative per-
mittivity (e =&’ —ie”) of trees is required. We developed
an open-ended coaxial probe suitable for in situ permittiv-
ity measurements of tree trunks at L-band frequencies (1—
2 GHz). The probe is characterized by uncertainty ratios un-
der 3.3 % for a broad range of relative permittivities (unit-
less), [2-40] for ¢’ and [0.1-20] for ¢”. We quantified the
complex number describing the permittivity of seven dif-
ferent tree species in both frozen and thawed states: black
spruce, larch, red spruce, balsam fir, red pine, aspen and
black cherry. Permittivity variability is substantial and can
range up to 300 % for certain species. Our results show that
the permittivity of wood is linked to the freeze—thaw state of
vegetation and that even short winter thaw events can lead to
an increase in vegetation permittivity. The open-ended coax-
ial probe proved to be precise enough to capture the diurnal
cycle of water storage inside the trunk for the length of the
growing season.

1 Introduction

The current generation of L-band satellite-based radiome-
ters launched over the last decade — the NASA Soil Mois-
ture Active Passive mission (SMAP; Entekhabi et al., 2010),
the European Space Agency Soil Moisture Ocean Salinity
mission (SMOS; Kerr et al., 2010) and the NASA/CONAE
(Comisién Nacional de Actividades Espaciales) joint Aquar-
ius mission (Le Vine et al., 2010) — offer global coverage of
L-band (1-2 GHz) observations with a revisit time of only
a few days. Although microwave measurements at L-band
wavelengths are mostly used to detect soil moisture, ocean
salinity and land surface freeze—thaw, these wavelengths are
also sensitive to vegetation water content (VWC) since the
microwave vegetation optical depth (VOD) is proportional to
the VWC of the aboveground biomass (Konings and Gen-
tine, 2017; Wigneron et al., 2017; Ulaby and Long, 2014;
Jackson and Schmugge, 1991). However, decoupling the in-
tegrated signal originating from soil and vegetation remains
challenging for all microwave remote sensing applications
(Kerr et al., 2012; Roy et al., 2012, 2014) because vegeta-
tion contributes to microwave brightness temperature mea-
surements and thus scatters and attenuates ground surface
emissions (Wang et al., 1980; Wigneron et al., 2007).
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Vegetation canopy radiative transfer modeling at L band
remains a challenge when it comes to quantifying the
non-negligible scattering and emission effects of vegetation
(Wigneron et al., 2017; Kurum et al., 2012). The relative
permittivity (¢ = &’ —i&”; hereinafter, permittivity refers to
relative permittivity for readability) of a vegetation canopy
couples its electromagnetic attributes to its physical proper-
ties. Current efforts to refine the representation of vegetation
canopies in physical microwave radiative transfer models re-
quire the quantification of the permittivity of vegetation (Fer-
razzoli et al., 2002; Kurum et al., 2011, 2012; Huang et al.,
2017). Since the permittivity of trees is difficult to measure
in the field at microwave frequencies, it is generally derived
from semi-empirical relationships. However, the reliability
of this measurement remains to be quantified (Shmugge et
al., 1980; Kerr et al., 2010, 2012). The well-known w — t
model used in SMOS and SMAP soil moisture algorithms
(Mo et al., 1982; Ulaby et al., 1983; Wigneron et al., 2004)
avoids the use of vegetation permittivity by prescribing a
single-scattering albedo (w) and VOD (t), although it is
likely that those two parameters themselves highly depend on
the permittivity and VWC. To this day, field measurements of
the latter remain challenging (Matheny et al., 2015).

Recent studies examining the impact of vegetation on L-
band microwave passive remote sensing have focused mainly
on tropical regions and grasslands (Konings et al., 2017a, b).
In this paper, we focus on boreal forests, which encompass
~ 30 % of all global forested area (Brandt et al., 2013). The
study of boreal forests is of particular importance for freeze—
thaw event detection, one of the main objectives of both the
SMAP and SMOS missions. Detecting these events is impor-
tant for a better understanding of land surface—atmosphere
interactions, including how the timing of the start of the
thawing period influences the net ecosystem exchanges of
carbon, water and energy (Kim et al., 2014; Panner Selvam et
al., 2016; McDonald et al., 2004; Zhang et al., 2011; Chapin
et al., 2005).

Freeze—thaw state detection at L band is based on the di-
electric contrast between water and ice at these frequencies
(Fig. 1). At L band, permittivity drops when water freezes.
For oblique incidence angles (>0° from nadir), horizontal
polarization is more affected than its vertical counterpart dur-
ing the phase change, which offers the possibility of using
a polarization ratio as an effective tool for determining soil
freeze—thaw status (Roy et al., 2017; Rautiainen et al., 2016).
The use of L band for freeze—thaw detection has been demon-
strated experimentally (Derkson et al., 2017; Roy et al., 2015,
2017; Rautiainen et al., 2012, 2014, 2016). However, the per-
mittivity of vegetation in frozen versus thawed conditions is
of particular interest for the detection of soil freeze—thaw
events, since soil and vegetation might not freeze or thaw
concurrently. In midwinter, for example, with air tempera-
tures below the freezing point, trees minimize their phys-
iological activities. During this dormancy phase, sap flow
ceases and VWC drops. Some of the water in the tree freezes,
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Figure 1. Real (¢/) and imaginary (¢”) parts of the relative permit-
tivity (unitless) of water and ice at 273 K according to the Debye
relaxation model (Mitzler, 1987; Artemov and Volkov, 2014).

and the ice fraction in the trunk varies as a function of tree
composition and air temperature (Sparks, 2001) and could
theoretically lead to a variation in tree permittivity in rela-
tion to air temperature.

During the growing season the tree contributions to the
L-band signal are related to water fluxes and storage in tree
sapwood in accordance with the demonstrated relationship
between ¢ and VWC (Jackson and Schmugge, 1991). The
high liquid water content of sapwood should translate into
high wood permittivity in contrast to dry heartwood. Sap-
wood thickness varies substantially by species and by region
(Quifionez-Pifion and Valeo, 2017).

To our knowledge, only a small number of measurements
of tree permittivity at microwave frequencies have been re-
ported (e.g., El-Rayes and Ulaby, 1987; Way et al., 1990;
McDonald et al., 2002; Franchois et al., 1998). Most of these
studies report limited details on the accuracy and validation
of the instruments used to measure permittivity and are re-
stricted in scope. For example, El-Rayes and Ulaby (1987)
focused on the measurement of leaf permittivity in a lab-
oratory. The trunks of only two species of tree, balsam fir
(Abies balsamea) and black cherry (Prunus serotina), were
studied in summer conditions and the temporal variability in-
duced by their diurnal and seasonal biological processes was
not considered. It should further be noted that the technique
proposed in El-Rayes and Ulaby (1987) is poorly adapted
to field conditions and required the tree to be cut down.
Even fewer permittivity measurements of vegetation have
been attempted in winter conditions (Way et al., 1990). The
difference between the summer and winter permittivity of
tree trunks could have important impacts on the identifica-
tion of freeze—thaw cycles in forest environments but this
phenomenon remains poorly understood (Roy et al., 2015,
2016).

The goal of this study is to introduce and validate a newly
developed open-ended coaxial probe (OECP) for in situ mea-
surements of tree trunk permittivity at L band. The OECP
measures a reflection coefficient at the interface between the
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probe and the medium of interest. Subsequently, the permit-
tivity is inferred from its empirical relationship with the re-
flection coefficient. Section 2 describes the theory behind
OECP measurements and their calibration. Section 3 ex-
plains the OECP measurement methodology, the study sites
and the tree species. In Sects. 4 and 5, the performance, ca-
pabilities and limitations of the probe are presented and dis-
cussed. Furthermore, vegetation permittivity results during
frozen and thawed periods for various species are presented.

2 Methods
2.1 Open-ended coaxial probe measurement principle

Permittivity (F/m) describes the reaction of a medium to an
external electric field. The relative permittivity (unitless) is
the ratio between the permittivity of a medium and vacuum
permittivity. Relative permittivity is described by a complex
number (¢ = &’ —ig”). The real part of the permittivity (')
describes the effect of the reorientation of the electric dipole
inside the medium that drives wave propagation, and the
imaginary part (¢”) describes the absorption (or loss) by the
medium. It should be noted that the real and imaginary parts
are not independent but linked through the Kramers—Kronig
relations (Klingshirn, 2012). A high value of real permittivity
characterizes a medium that strongly opposes the application
of an external electric field (e.g., & water = 90). In contrast,
a low real permittivity characterizes a medium that does not
strongly oppose the application of an external electric field
(e.g., &'air = 1).

The general principle when dealing with permittivity mea-
surements is to calculate the medium response to an ap-
plied electric field. Five main techniques are used for mea-
suring this response in the microwave domain: waveguide
(Demontoux et al., 2008), transmitting and receiving antenna
(Ghodgaonkar et al., 1990), resonant cavity (Hakki and Cole-
man, 1960; Bircher et al., 2016), transmission line (Topp et
al., 1980) and OECP (Stuchly et al., 1982; Demontoux et al.,
2016). The first three techniques are more difficult to adapt
for in situ field measurements on trees due to their constraints
on the geometry of the samples and the size and fragility of
the measuring devices (e.g., network analyzer required, sam-
ple of a specific shape required to fit in a container).

In this study, we designed, developed and validated an
OECP operating at the L band. The permittivity of the probed
medium is inferred from the reflection coefficient (p) mea-
sured at the interface between the probe and the medium
(Fig. 2a). The probe was developed with the requirement
that it must be operational during field campaigns in remote
forest environments. Therefore, the system had to be eas-
ily transportable, reasonably sized in terms of weight and
dimensions, low in energy consumption, operational at low
temperatures and weatherproof. The design of our probe was
inspired by the work of Filali et al. (2006, 2008). Filali et
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al. (2006) developed an OECP for nondestructive measure-
ments of concrete dielectric properties in the 100-900 MHz
spectrum. OECPs are dimension dependent, and thus the ra-
dius of the inner conducting cylinder and the dielectric ma-
terial determine the effective frequency range of the probe.
The dimensions of our OECP were chosen to cover the L-
band spectrum (centered at 1.4 GHz). The probe comprises
two coaxial conducting cylinders, 65 mm in length. The in-
ner metal cylinder has a radius of 5 mm, while the outer metal
cylinder has inner and outer radii of 16.2 and 30 mm, re-
spectively. The 11.2 mm gap between the coaxial aluminum
cylinders is filled with polytetrafluoroethylene (PTFE), a di-
electric material. The probe was custom-made (Atelier Pe-
dro, Sherbrooke, QC, Canada) following Filali et al. (2006,
2008). The OECP generates an electric field through its own
coaxial dielectric medium as well as through a medium adja-
cent to its exposed end (Fig. 2a). The probe’s external electric
field extends to a distance comparable to the inner diameter
of the probe, but its range varies substantially according to
the permittivity of the medium studied (Eq. 1). The electric
field range defines the thickness of the sampled medium and
can be estimated using the penetration depth 84 (Eq. 1) de-
scribing the travel distance of an electromagnetic plane wave
before being attenuated by a factor 1/e where e is the Euler
number.

c g’

= —_—,
d 2nf &”

ey

where f represents the frequency (Hz), and c is the speed of
light in a vacuum (m s~h.

A reflectometer (Planar R54; Copper Mountain Technolo-
gies, Indianapolis, IN, USA) was used to measure p from
the reflected wave at the interface between the probe and the
probed medium. We chose to use a low-cost reflectometer
such as the Planar R54 (USD 3000) instead of a more ex-
pensive network analyzer (~ USD 15000) since only the p
measurement is needed for our OECP. The Planar R54 re-
flectometer was chosen because of its ease of use in the field,
small size and wide operational temperature range (from —40
to 450 °C). The reflectometer connects to a laptop on which
manufacturer software is used to control and acquire the p
data. Figure 2b gives an overview of the complete measure-
ment system.

2.2 Open-ended coaxial probe calibration

To obtain the estimate of the medium’s permittivity, the
OECP must first be calibrated with reference media. The cali-
bration process involves obtaining the calibration parameters
necessary to transform p into the permittivity of the probed
medium. The medium permittivity can be deduced from its
admittance Y (inverse of the impedance) obtained by solving
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Figure 2. (a) Diagram of the electrical field produced by the open-ended coaxial probe. (b) Open-ended coaxial probe kit for permittivity
measurement. The reflectometer manufacturer provides the RVNA control program. An SMA N cable is required to connect the probe to the

Planar R54 reflectometer.

the following equation (Filali et al., 2006, 2008):

b b m
2~k2 —jkr
Y(8)=—] 7 / / / cosge — dodudu’, )
fﬂoln(z)a s r

(k= f\/ €r€olho)s

r= \/uz +u'? +2uu’cosg) in radians per meter, f is
the frequency in hertz, ¢, is the media relative permittivity,
& is the vacuum absolute permittivity, p, is the vacuum
absolute permeability, (u, u’, ¢) are the cylindrical coordi-
nates and a and b represent the internal and external radius
of the coaxial probe in meters, respectively. One notices that
the integral of Eq. (2) is in cylindrical coordinates. Solving
Eq. (2) numerically requires a vast amount of computing
power because of integration singularities. Hence, a well-
documented Taylor series approximation is used to make the
calculation process much more effective with only subtle
differences in results (Blackham and Pollard, 1997). The
following equation is derived from the use of the Taylor
series approximation of the exponential term in Eq. (2):

where k is the wavenumber

) n—4%
Y(e)= ﬂijl—ﬁ(g)z,jioﬁ, )
b
where
b b w
L= (—j)"! / / / r"2cospdpdudu’. 4)
a a 0

The probe reflection coefficient I' can be obtained using
Eq. (5) where Y, represents the admittance of the probe
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Y, = %Q’l) and Y (¢) represents the admittance of the
medium.

_ Y()—Y, (5)

Y()+7Y,

In order to obtain the reflection coefficient I" at the contact
interface between the probe and the sample, it is important to
know how this coefficient is affected by the components that
separate the measuring plane from the reflectometer (reflec-
tometer input connector, coaxial cable and coaxial probe).
The following relation connects the reflection coefficient p
measured by the reflectometer to I':

e p —Si1
S1p+ 81281 — S11 S’

(6)

where S;; (i, j € {1,2}) represents the probe scattering pa-
rameters. Since Eq. (7) has three unknown parameters (511,
S12521 and $27), it is necessary to use at least three reference
media with known reflection coefficients I" (or the permittiv-
ity) to solve the resulting system of equations (Eq. 7). Here
we used an open circuit, a short circuit and a known refer-
ence solution as reference media. The reference solutions are
saline solutions whose relationship between the NaCl con-
centration and the permittivity is described by the Cole—Cole
equation (Cole and Cole, 1941) that has previously been ver-
ified for this type of application (Nyshadham et al., 1992).
A single solution would be sufficient to perform calibration;
nevertheless, a set of five saline solutions with concentrations
ranging from 10 to 30 parts per thousand (ppt) was used to
ensure greater precision. Thus, by measuring p, it is possible
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to determine I" and then find the probed material permittivity.

~ Tilap3(p1 — p2) + 11302 (03 — p1) + Tal3p1(02 — p3)

Sy =
" 2 (o1 — p2) + T3 (03 — p1) +T2I'3(02 — 03)
Syy = 1 (p2 = S11) +T2(S11 — p1)
12 (o2 — p1)
(o1 = S11) (1 = S$IM)
S12821 = (N

I

2.3 Performance evaluation

Probed depth is an important parameter needed for permittiv-
ity measurements because it indicates the minimum required
sample thickness. By measuring the permittivity of a stack
of paper sheets with a metallic plate underneath, it is possi-
ble to experimentally evaluate the probed depth of the OECP
(El-Rayes and Ulaby, 1987). The permittivity of paper is rela-
tively low, around &’ paper ~ 2.95 (El-Rayes and Ulaby, 1987),
in contrast to the apparent high permittivity induced by the
high reflection coefficient of metallic material at microwave
frequencies. Therefore, by increasing the height of the paper
stack (i.e., adding more paper sheets) the permittivity stabi-
lizes when the metallic plate no longer affects the probe. The
expected penetration depth at L band for paper is about 9 mm
when calculated using Eq. (1).

To investigate the uncertainty associated with the OECP
measurements, liquid and solid standards with well-known
permittivities were used to identify any systematic errors
and evaluate probe precision. The root mean square error
(RMSE) percentage between our measured permittivity and
the expected permittivity as found in the scientific litera-
ture was calculated to quantify the probe’s precision. The
four liquid references chosen (ethylene glycol, 1-propanol,
2-propanol and 1-butanol) have well-known frequency and
temperature dependencies (Gregory and Clarke, 2012). Fur-
thermore, they do not interact with the probe’s materials. For
the solid reference, polytetrafluoroethylene (PTFE) was cho-
sen as the permittivity is given by Webster (2003) and it can
be easily shaped into an appropriate sample size.

2.4 Tree permittivity measurements using an
open-ended coaxial probe

One of the main challenges in taking measurements of vege-
tation material with an OECP is obtaining a smooth surface
to ensure full contact between the probe and the solid sample.
Any air gap between the probe and the solid wood sample
substantially affects the measurement as the low permittivity
of air will systematically produce lower permittivity read-
ings. To obtain accurate measurements in tree trunks, a set of
Forstner drill bits (Freud Tools Inc., High Point, NC, USA),
typically used in woodworking, was modified to create a flat
surface at the desired depth in the tree trunk (Fig. 3a). To
ensure proper contact, soft rotary tools were used to polish
and clean the wood surface (Fig. 3b). Figure 3b shows a typ-
ical tangential cut that has been prepared for measurement.
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This method for creating a smooth surface in the tree trunk
proved to be suitable for obtaining reliable and reproducible
permittivity measurements of tree trunks without disturbing
the sampling area of the trunk (see Sect. 4.2). Figure 3c
demonstrates the process followed to collect the permittivity
measurements of the tree. For every depth in a given trunk
cavity, two or three measurements were taken. Permittivity
results presented in this article are the average of those mul-
tiple measurements at the same depth in the examined tree
trunks.

During the growing season, due to tree transpiration and
associated water flow in the sapwood, OECP measurements
must be taken shortly after the cut to avoid an accumulation
of sap around the sample area. Repeated measurements af-
ter the initial cut show that the measured trunk permittivity
remains stable for 2 to 5 min depending on the species and
season (data not shown). Under frozen conditions, this is not
a concern since there is no biological reaction in response
to the cut. The sapwood depth was estimated visually using
tree cores extracted with an increment borer (Maeglin, 1959).
Because it was shown that the OECP calibration is temper-
ature dependent, the OECP was always thermalized to the
outdoor temperature before calibrations and measurements
were taken.

For continuous measurement and to avoid any oozing or
drying issues due to the tree’s biological reaction to the
wound, the gap between the probe and the cavity edges was
sealed with plumber’s putty. The plumber’s putty does not
affect measurements because it is placed around the edge of
the probe, away from the open-ended measuring surface of
the OECP probe. The OECP was inserted into the middle of
the sapwood (6 mm of depth) in a red pine (Pinus resinosa;
see Sect. 3.2) for continuous permittivity measurements over
several weeks during September 2017. One permittivity mea-
surement was taken every 5 min. Soil moisture EC-TM sen-
sors (Decagon Devices Inc., Pullman, WA, USA) were in-
serted in the soil at 5 cm, 10 cm and vertical positions around
the studied tree to monitor soil water availability.

In this article, the state of the vegetation will be referred to
as fully frozen when the soil, air and tree-skin temperatures
are permanently below the freezing point. It will be referred
to as fully thawed when the soil, air and tree-skin tempera-
tures remain permanently above the freezing point for sev-
eral consecutive days. A winter thaw event refers to a period
when the air and tree-skin temperature rise above the freez-
ing point, while the soil temperature stays below 0 °C.

3 Study sites

Tree permittivity measurements were taken at three different
sites for a total of seven tree species (five conifers and two
hardwoods). For each species, several measurements were
obtained at several depths per tree. All measurements were
taken at breast height (= 1.3 m above ground level). The per-
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Figure 3. Tangential cut of a black cherry trunk for permittivity measurement. (a) First, a hole is drilled in the trunk using a modified Forstner
drill bit. (b) The surface is then flattened using a soft rotary tool. (¢) Black cherry trunk permittivity measurement using the OECP. A scale

is provided for the images, but not for the tools.

mittivity vertical variability along the trunk was not inves-
tigate in this article; a slight increase in permittivity is ex-
pected from roots to the top of the tree (Franchois et al.,
1998). A detailed description of the sites studied and the
measurements obtained can be found in Table 1.

The Old Black Spruce (OBS) site is located in northern
Saskatchewan near Canada’s boreal forest southern limit and
is composed mainly of black spruce (Picea mariana) with
about 10 % larch (Larix laricina) (Gower et al., 1997; Berg-
eron et al., 2007). For this study, bimonthly measurements of
tree permittivity were conducted at the site from January to
May 2017. In addition, a 5-day study was conducted starting
on 16 September 2016 to capture tree dielectric characteris-
tics towards the end of summer and a second took place start-
ing on 3 May 2017 to capture the spring freeze—thaw transi-
tion phase. The Montmorency Forest research site (NEIGE-
FM) is located in a boreal forest stand in Québec dominated
by balsam fir (Abies balsamea) with occasional red spruce
(Picea rubens). It was visited four times for 2-day visits start-
ing on 2 November 2016, 18 January 2017, 8 March 2017
and 11 May 2017. The research station Site Interdisciplinaire
de Recherche en Environnement Extérieur (SIRENE) is lo-
cated in a mixed forest stand in Québec dominated by red
pine plantation with aspens (Populous tremuloides) and black
cherry (Prunus serotina). It was visited seven times between
June 2016 and May 2017.

Geosci. Instrum. Method. Data Syst., 7, 195-208, 2018

4 Results
4.1 Probed depth

The permittivity of a stack of paper sheets stabilized at a
thickness of 10 mm (Fig. 4). At that thickness, the effect of
paper sheet height is too low to be observed given the probe’s
precision (see Sect. 4.2). Because the probed depth depends
on the permittivity of the material, it is expected that sam-
ples with higher permittivity will have a shallower probed
depth. The permittivity of paper is close to the lower end
of the range of permittivity expected for vegetation material,
and thus a 10 mm measurement should be seen as the upper
limit of the probed depth of the OECP. For this reason, all re-
sults shown in this article were taken with samples of thick-
ness greater than 10 mm to ensure there is no measurement
disturbance in the probe’s effective electrical field.

4.2 Performance evaluation

A validation of the OECP performance was conducted by
using liquid and solid standards (Fig. 5). The results summa-
rized in Table 2 show consensus between our measurements
and the reference data. In the L-band wavelength range, the
standard deviation between the reference and measured data
is under 2.5 % (Table 2). For some liquids, we can observe
the beginning of a deviation out of the frequency domain
for which the probe was designed (1-2 GHz). Such devia-
tion was to be expected and can be ignored for our L-band
measurements since only the 1-2 GHz range is used. As a
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Table 1. Study sites and tree measurement details for Old Black Spruce (OBS), Montmorency Forest research site (NEIGE-FM) and Site
Interdisciplinaire de Recherche en Environnement Extérieur (SIRENE). DBH stands for the diameter of the tree at breast height.

Sites GPS coordinates Species Number of  Average DBH in
Common  Latin measured cm (standard
trees deviation)
OBS 53°59'14” N Black Picea 16 11.4 (1.6)
105°07'04” W spruce mariana
OBS 53°59'14” N Larch Larix 5 22.1(3.5)
105°07'04" W laricina
NEIGE-FM 47°19'20" N Red Picea 3 13.7 (1.1)
71°09'05” W spruce rubens
NEIGE-FM 47°19/20” N Balsam Abies 2 15.0 (1.3)
71°09'05" W fir balsamea
SIRENE 45°22/25" N Red Pinus 6 27.0 (4.5)
71°55'22” W pine resinosa
SIRENE 45°22/25” N Aspen Populus 5 21.0(1.9)
71°55'22" W tremuloides
SIRENE 45°22/25” N Black Prunus 2 30.2 (1.2)
71°55'22" W cherry serotina
18 X T T T
16 L —e —('paper (measured)|
i €' aper (TEfETENCE)
14 .
E‘ |
@ \
S12h <« OECP 4
o &
g 10+ ( ,
’E .‘\ —— Paper height
g 8 B
a «—— Copper plate
g Y
86 i
[0] e
4
4~ O -
2 | - -
O 1 1 1
0 5 10 15 20 25

Paper height (mm)

Figure 4. Real relative permittivity (unitless) at L band (1-2 GHz averaging) of a stack of paper sheets. The permittivity imaginary part is

provided in the Supplement (Fig. S6).

result, measurements made on the same liquid standard vary
less than 0.5 % over 20 independent measurements.

To test contact with the flattened surface and evaluate
OECEP precision, solid sample measurements were also con-
ducted (Fig. 6). The consensus between our measurements
and the reference data deteriorates slightly to 3.3 % for the
real permittivity while using PTFE solid samples (Table 2).
It should be noted that the 40 % standard deviation in Ta-
ble 1 for the imaginary part is mainly due to the fact that ¢”
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for PTFE is almost zero at L band; the fluctuations are still
consistent with the real part. Overall, the lab tests on well-
known references confirmed that the OECP is suitable to ac-
quire permittivity data with a precision of up to 3.3 %. With
the solid samples, the reproducibility over 20 independent
measurements fluctuates up to 1 %.
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Figure 6. Real (¢pppp) and imaginary (spppg) relative permittivity
(unitless) of a block of polytetrafluoroethylene (PTFE).

4.3 Dielectric characterization of tree trunks

4.3.1 Freeze-thaw state and species-specific
permittivities

Two patterns can be observed in Fig. 7: (1) the influence
of sapwood depth on the radial profile and (2) the effect of
the freeze—thaw state on the permittivity of the tree trunks.
There are two distinct behaviors of the radial profiles dur-
ing the thawed season. In the first several millimeters of the
trunk, sapwood permittivity is higher due to a high water con-
tent, but permittivity decreases quickly to a lower and well-
constrained value in the heartwood (Fig. 7). It has to be noted
that since the probed depth can reach up to 10 mm, there is
a bias toward lower permittivity near the interface sapwood-—
heartwood because the probe is measuring some dryer wood
behind the actual sapwood.
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Table 2. Root mean square error (RMSE) between the measured L-
band relative permittivity value (real and imaginary parts) and the
accepted value in the scientific literature for the data presented in
Figs. 5 and 6. The percentage of error is in parentheses.

Sample RMSE; ¢, (error %)  RMSEjy, (error %)
Ethylene glycol 0.16 (0.8 %) 0.14 (0.8 %)
1-Propanol 0.04 (0.8 %) 0.08 (1.7 %)
2-Propanol 0.042 (0.9 %) 0.06 (1.5 %)
1-Butanol 0.1 (2.5%) 0.068 (2.5 %)
PTFE 0.068 (3.3 %) 0.041 (41.1 %)

During winter, sap flow approaches zero, resulting in con-
sistently low tree trunk permittivity across the whole range
of trunk depths (Fig. 7). With the warmer days of spring,
plant biological activity including sap flow recommences, re-
sulting in an increase in sapwood thickness and peak per-
mittivity. A midwinter thaw event occurred at OBS from 15
to 21 February. During those warmer days, the air temper-
ature reached 5°C. This event was sufficient to melt wa-
ter inside the trees as the sapwood permittivity measure-
ments of that day were similar to measurements taken during
warmer spring temperatures when trees were biologically ac-
tive. Since the ground was still frozen, it is unlikely that the
trees started to photosynthesize. Another winter 1-day thaw
event was captured at the Montmorency site on 8 March and
displayed the same behavior as the OBS winter thaw event
(data available in the Supplement, Fig. S5). These short thaw
events caused a permittivity increase in the sapwood, which
leads us to conclude that the vegetation freeze—thaw signal is
particularly sensitive to short winter thaw events.

www.geosci-instrum-method-data-syst.net/7/195/2018/



A. Mavrovic et al.: Dielectric characterization of vegetation at L. band 203

25

(a) Sapwood |Heartwood

- —y N
o (&) o
T T T

Relative permittivity (real part)

[42]
T

0 10 20 30 40
Depth (mm)

(b) —€—Fall September 1 6" (T=21°C)

—e—Spring May 3 (T = 8° C)

~ © ~Spring April 11 (T=11°C)
Spring April 11t (T=11°C)

@ = © ~Winter thaw February 21% (T = 1°C)

: - & -Spring March 14" (T = -1.2°C) 1

v - @ -Spring March 28" (T = 2.1°C)

O  Winter data

[22]
T

(%]
T

IS
T

—-—-—Winter linear fit

w
T

Relative permittivity (imaginary part)
N

—
T

Depth (mm)

Figure 7. Trunk radial profile of the real (a) and imaginary (b) relative permittivity (unitless) at L band of black spruce at the OBS site
in Saskatchewan. The gray vertical line approximates the sapwood depth estimated visually with tree core samples. The winter data were
always collected well below the freezing point through the middle of winter.

Substantial differences were observed in the frozen per-
mittivity of different tree species (Table 3), ranging from 3.52
to 9.13 for the real part and from 0.36 to 3.23 for the imagi-
nary part. Evaluating thawed tree permittivity is challenging
since permittivity changes with depth. However, it should be
noted that L-band interaction would be higher with the sap-
wood because it is the outer layer of the tree and its permit-
tivity is higher than the heartwood. To ensure a representative
averaging of the sapwood permittivity, we did not make mea-
surements too close to the interface between sapwood and
heartwood to avoid a bias toward lower permittivity. Know-
ing that the sapwood thickness of the trees used in this study
is around 2 cm, the average permittivity reported in Table 3
for different thawed species was estimated by averaging the
permittivity through the first centimeter under the bark using
a trapezoidal numerical integration over that first centimeter.
Again, significant differences were observed in the thawed
permittivity of the tree species, ranging from 11.14 to 27.66
for the real part and from 3.05 to 9.33 for the imaginary part.
Most of the thawed data date back to the end of spring (i.e.,
a fully thawed environment) and it should be kept in mind
that some of these value patterns are to be expected during
the growing season due to water storage in the trees and di-
urnal fluctuations as a result of tree hydrodynamics, as dis-
cussed below. Since all measurements used to calculate the
permittivity of the thawed trees were collected in the latter
part of the afternoon (between 15:00 and 18:00 local time),
the evaluated permittivity corresponds to the daily minimum
(see Sect. 4.3.2).
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4.3.2 Diurnal cycles of tree permittivity

The continuous measurements on the red pine show that the
OCERP captures diurnal permittivity cycles (Fig. 8a). Since
permittivity is strongly correlated with liquid water content
(i.e., tree water storage), the diurnal cycles are mainly linked
to the tree’s daily use of its water resources (Matheny et al.,
2015). Water storage depletes during the day as a result of
tree transpiration. During the late afternoon to early morn-
ing hours, trees replenish their water storage as a result of
lower atmospheric demand and transpiration rates (e.g., Pap-
pas et al., 2018). This is why maximum peak permittivity
occurred during the night (between 18:00 and 20:00 local
time) and the minima occurred between 15:00 and 17:00 lo-
cal time. The soil moisture peaks measured by the EC-TM
sensors in Fig. 8b correspond to rain events, with the major
one occurring on the evening of 27 September. The days af-
ter rain events correspond to higher permittivity. After those
rain events, there was a substantial amount of water available
in the soil, enhancing water content in the sapwood.

5 Discussion

This study presents a new instrument for measuring tree
trunk permittivity and demonstrates its applicability, preci-
sion and reliability for several common temperate and boreal
tree species in North America. The OECP system is afford-
able (total costs are around USD 7000) when compared with
other systems used to measure permittivity at microwave fre-
quencies. The Canadian boreal forest is largely dominated by
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Table 3. Complex L-band relative permittivity for different tree species in thawed and frozen states. The standard deviation of the data is in
parentheses when the number of trees probed was relevant for this statistic. £1cm average represents the average value of the trunk permittivity
through the first centimeter under the bark, while eaverage represents the average value across the whole radial profile as seen in Fig. 7. All
data were taken between 15:00 and 18:00 local time. Detailed data are available in the Supplement for thawed trees (Figs. S1 to S5) and

frozen trees (Fig. S7).

Tree species  Site Thawed Frozen
/ " / 1
€lem average €lem average €average €average
Black spruce  OBS 19.20 5.19  3.52(0.36) 0.36(0.11)
Larch OBS 13.63 3.39  4.02(0.58) 1.49(0.20)
Red spruce NEIGE-FM 27.66 7.72  6.57(0.78) 0.78 (0.35)
Balsam fir NEIGE-FM 11.14 3.05 — —
Red pine SIRENE 19.38 6.26 8.80(0.31) 3.17(0.14)
Aspen SIRENE 21.55(1.33) 5.49 (0.50) 6.22(1.12) 2.21(0.69)
Black cherry  SIRENE 27.20 9.33 9.13(1.31) 3.23(0.63)
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Figure 8. (a) Daily cycle of red pine sapwood L-band permittivity (unitless) at the SIRENE site, and (b) soil moisture at 5 and 10 cm of

depth (EC-TM probe).

coniferous species, such as black spruce, which are evergreen
trees with a small number of relatively thin branches. The
influence of needles and branches on radiometric measure-
ments is considered negligible at L band due to their size and
quantity (Ferrazzoli et al., 2002). The diameter of branches
needs to be a significant fraction of the wavelength to influ-
ence the signal. At L band, the wavelength (about 20 cm) is
much smaller than the diameter of branches for typical trees
(black spruce) in boreal forests. Nevertheless, for deciduous
forest, branch permittivity can still be measured using the
same technique used for the trunk, but only for branches with
a diameter greater than the OECP diameter. Measurements of
broad-leaved leaf permittivity could be obtained by stacking
a pile of leaves thicker than the probed depth (El-Rayes and
Ulaby, 1987).
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The period over which the data were collected allows for a
better understanding of seasonal fluctuations in tree permit-
tivity and its dependence on thaw events. The clear discrep-
ancy between the freeze and thawed trunk permittivity is due
to the water phase change and the limited biological activ-
ity of trees during winter. Tree species have a broad range
of strategies for regulating their internal water storage and
the resulting transpiration rates. Trees growing in an environ-
ment with annual freeze—thaw cycles have to be resistant to
freezing-induced cavitation in their conductive xylem (plant
tissues where water transport occurs). Even with anti-freeze
mechanisms that allow them to keep 25 % of their water in
liquid state while air temperatures are below —20°C, trees
still experience ice formations, at least in the outer layers
of the tree trunk (Sparks et al., 2001). For example, conif-
erous species are characterized by smaller conduit diameters
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in their xylem to avoid internal damage (Sakai and Larcher,
1987). Sparks (2001) showed that there is no clear correlation
between wood temperature and the volumetric water content
inside the trunk. This absence of a correlation demonstrates
the importance of obtaining direct permittivity measurements
of vegetation material for radiometric modeling purposes be-
cause there is no reliable relationship between a tree’s per-
mittivity and its other easily measured physical properties.
However, even if it was shown that the permittivity was quite
stable when a tree was frozen, there are still some variations
when air temperature was around 0 °C. Hence, it would be in-
teresting in future work to analyze with continuous measure-
ments how the permittivity varies during freeze—thaw transi-
tions.

Tree permittivity measurements can be of particular in-
terest for the calibration and validation of microwave radia-
tive transfer models for vegetation canopies. Radiative trans-
fer models use the permittivity of the different layers (i.e.,
soil, snow and vegetation) to simulate wave—matter inter-
actions. Since permittivity is challenging to measure in the
field, it is typically derived from empirical relationships us-
ing more easily measurable parameters such as VWC and
temperature. In Ferrazzoli et al. (2002), the dielectric con-
stant of vegetation was computed with the semi-empirical
formula given by Ulaby et al. (1986). The problem is that
few of those relationships exist for vegetation and their ap-
plicability is limited. When the information for such param-
eterization is not available, models like w — t compute the
missing information through semi-empirical optimization. In
situ permittivity measurements make it possible to validate
and calibrate those empirical relationships using physical-
based microwave radiative transfer models. Tree permittivity
is one of the main inputs in physical-based microwave ra-
diative transfer models and can thus be considered as one of
the main sources of uncertainty in the vegetation microwave
emission and scattering properties calculation (Ferrazzoli et
al., 2002; Kurum et al., 2011; Huang et al., 2017). In con-
junction with L-band passive microwave ground-based ra-
diometer and/or airborne observations in forested areas, tree
permittivity measurements may inform microwave radiative
transfer models to better understand and quantify the emis-
sion and scattering properties of vegetation. For example,
Kurum et al. (2011) used an OECP with a vector network
analyzer to measure tree permittivity in order to parameter-
ize their first-order radiative transfer model for microwave
radiometry of a forest canopy at L band. Furthermore, the
permittivity measurements could be used to calibrate semi-
empirical vegetation microwave emission models such as the
o — T model, as the w — t parameters should be linked to tree
permittivity. Hence the OECP measurements, in conjunction
with radiometer observations, could lead to w — T calibra-
tion and link @ — 7 to tree hydraulic properties. Improving
microwave radiative transfer model capabilities will thus en-
hance our capacity to decouple the signal coming from soil
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and vegetation and enhance soil moisture, freeze—thaw and
tree hydraulics retrieval algorithms in boreal forest.

This study showed that tree permittivity is closely linked
to tree hydraulic characteristics: during the thawed period,
variations in tree permittivity are related to the tree’s water
storage, while in winter, tree freezing led to a strong decrease
in permittivity. Hence, following empirical calibration (e.g.,
Matheny et al., 2015), the probe could be used to monitor
the hydraulic properties of trees including water storage and
the amount of frozen water in the tree. Compared to other
methods to measure tree water storage, such as inserting soil
moisture probes (Matheny et al., 2015), using several OECPs
on a tree would make it possible to measure water storage
and the amount of frozen water at different depths in the tree.
However, for such long-term measurement applications, the
biological reaction of the tree to the wound created by the
cut made to insert the probe will have to be evaluated. Fig-
ure 8a shows a coherent signal over more than a month of
measurements, suggesting that the tree’s response to wound-
ing is minimal; however, measurements over a longer period
of time would be necessary to ensure the possibility of us-
ing the probe over full seasonal cycles to monitor the hy-
draulic functioning of trees. It is difficult to modify the di-
mensions of the probe without impacting its frequency limit
since this is geometry dependent. Nevertheless, it is possible
to reduce the dimensions of the probe for less invasive mea-
surements, which will further increase the frequency limit.
Moreover, it is possible to produce a series of probes oper-
ating up to higher frequency limits by reducing the size of
their aperture, given that the limitation of the probed depth is
acceptable.

6 Conclusions

This paper showed that the open-ended coaxial probe
(OECP) is a suitable device to monitor the L-band permittiv-
ity (real and imaginary parts) of tree trunks. The OECP de-
vice that was developed displayed uncertainties under 3.3 %
with a solid reference target and under 2.5 % with liquid stan-
dards. The permittivity of seven tree species was evaluated in
both frozen and thawed states and revealed significant differ-
ences in the permittivity of those species. A clear distinc-
tion can be made between the dielectric characterization of
(1) sapwood, for which the permittivity is high because of the
high permittivity of water but decreases with depth, and (2)
heartwood, for which the permittivity is low and constant.
Our results indicate that the vegetation freeze—thaw state is
sensitive to short winter thaw events. The OECP also proved
to be precise enough to capture the growing season’s diur-
nal cycle of fluctuations of tree water storage; however, its
suitability for long-term continuous measurements requires
further testing in order to quantify the impact of wounding
effects.
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Future work will examine the suitability of the OECP for
soil permittivity measurements. Having a single instrument
able to measure the L-band permittivity of both soil and veg-
etation in situ would be a useful tool for calibrating and vali-
dating microwave radiative transfer models.
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