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ABSTRACT

In this study we evaluated 3-D imaging of coarse root structure and biomass using
ground-penetrating radar (GPR). GPR surveys were conducted in a white pine forest in
southern Ontario, Canada. GPR profiles were obtained across two test plots (6 and 17 m*
area), using 1 GHz GPR and a MEMS (micro-electro-mechanical systems) accelerometer.
Test plot surveys evaluated the effects of micro-topography, soil moisture content, and
root diameter and spacing. In addition, with the aid of the outcome of the control test
plots two other plots (25 and 400 m” area) were surveyed with varying line sample
spacing to investigate the restraints on resolution brought about by line sampling density.

Accounting for antenna tilt is necessary to determine an accurate and more precise
position of root mass. The antenna tilt was >45° pitch, >28° roll and up to 10° yaw due to
surface micro-topography of the forest floor. Vector 3-D imaging enhanced the
diffraction amplitude (15.5% increase) and centralizes the position of the root compared
to that of the non-vector images. Radial surveys provided root continuity and produced
better root imaging.

GPR largely underestimates coarse root biomass when a line spacing of 25 cm is
used. However similar results are found with smaller line spacing (12.5 cm). A maximum
line spacing of 10 cm provided continuous root structure and the differentiation of roots
spaced 10 cm apart and greater. A sampling line spacing of 5 cm and an inline sampling
interval of 0.5 cm in low soil moisture conditions provided the detection of roots that

were a minimum of 1.4 cm in diameter; compared to 1.9 cm root diameter in high soil
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moisture. This study showed that 3-D imaging of root structure is possible with the

correct field procedure and technique, leading to the estimation of coarse root biomass.
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CHAPTER 1: INTRODUCTION

1.1 Background and Rationale

The Intergovernmental Panel on Climate Change (IPCC) foresees extreme changes in
climate events if current trends of carbon dioxide emissions are continued in the future
(IPCC, 2007). Carbon allocation in forests has garnered increased interest because of their
potential to sequester atmospheric carbon dioxide (CO) to offset anthropogenic
emissions and help in mitigating climate change. It is necessary to determine forest
carbon stocks and to estimate any changes that may occur. In particular, the estimation of
belowground biomass, which is composed of live roots, is important for greenhouse gas
inventory in forests. Roots are responsible for providing nutrients, water and stability in
ecosystem functioning. They act as a carbon sink that account for 20-40 % of global
forest biomass (Hirano et al., 2009). Roots consist of 10-65 % of a tree’s total biomass
varying with factors such as age, species, water and nutrient availability, and competition
(Barton et al., 2004). Coarse roots (>5mm diameter) are important for carbon storage in
forest trees while fine roots (<2mm diameter) are important in tree to soil carbon fluxes
and carbon storage in the soil (Hirano et al., 2008). Therefore it is important to accurately
sample and measure root biomass for carbon allocation. Common practices for
calculating belowground biomass include destructive techniques (e.g. excavation, air
spading and coring) and non-destructive geophysical methods (e.g. ground-penetrating

radar) (XiHong et al., 2010).
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1.2 Destructive Techniques

Soil coring is typically done for the estimation of fine root biomass using a metal
cylinder or auger. With a known volume, the roots can be sampled and converted into
root biomass per unit area (Lassoie and Hinckley, 1991). Coarse root biomass is mainly
obtained by automatic excavation machinery, manually using hand tools and/or high-
pressure methods such as air spading. Entire root zones are excavated using one or more
of these methods. For instance, soil cores have been used to determine fine root biomass
of Norway spruce in a forest located in the Fichtelgebirge mountains in southeast
Germany (Gaul et al., 2008). Together with excavation data, total belowground biomass
can be estimated. Peichl and Arain (2006) used soil coring for fine root biomass and
excavation for coarse root biomass at Turkey Point Flux Station (TPFS). Fine root
biomass was performed in a similar manner as mentioned and 5 white pine trees were
excavated manually and with machinery. Belowground biomass was separated into root
stump, medium root (0.5-2 cm), small roots (<5 mm) and large roots (>2 cm) (Peichl and
Arain, 2007). This was done at 4 sites that varied with stand age resulting in a total
belowground biomass estimate and a biomass estimate for each belowground component
for each tree, given in Table 1.1. These values were used to calculate the total
belowground biomass for each site with allometric equations and the use of stem density.

Root to shoot ratios are used extensively to estimate belowground biomass.
However the large degree in variation of the ratios shows a need to estimate belowground

biomass using species or forest specific equations (Vadeboncoeur et al., 2007). This can
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Table 1.1: Partitioning of belowground biomass in the 2-, 15-, 30-, and 65-year old white
pine sites (Peichl and Arain, 2007).

Tree Component Biomass (kg/tree)

2-year old 15-year old 30-year old 65-year old
Root stump 0.02 +0.01 59+6.1 6.8+5.3 38.9+14.0
Large roots (>2cm) 0 57144 7.9+7.7 51.1+23.5
Medium roots (0.5-2cm) 0.03+£0.03 1.1+0.7 2014 7.6+0.9
Small roots (2-5mm) 0.04 £ 0.03 0.3+0.1 0.5+0.5 09+0.2
Total belowground 0.09 +0.07 13+11 17+ 14 99 + 40
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be done by means of allometric equations and regression analysis. Allometric equations
are based on results and relationships from data collected by destructive techniques. Root
dry weights are used to develop regression equations that estimate coarse root biomass
from measurements of tree diameter at breast height (DBH, 1.3 m) (Lassoie and
Hinckley, 1991). Several studies have found significant regressions describing dry root
biomass as a function of DBH for various forests and tree types (Bolte et al., 2004; Cairns
et al., 1997; Ouimet et al., 2008). The model that has come to form is:

y =b,x DBH" (D
where y is the root biomass (kg) and b, and b are equation constants (Ouimet et al.,
2008). This model has proven useful for estimating the amount of belowground biomass
for site-specific trees types. Difference in climatic region, the amount of DBH samples
taken, and the range in size of DBH samples can explain the differences in the models.
Therefore the relationships are site-specific and should be completed for each individual
site.

Similar studies have been conducted in various locations with different species
and stand age. Peichl and Arain (2007) obtained an allometric equation for stands of
varying age at TPFS composed of white pine forests in southern Ontario. In each site, 5
trees were randomly selected for excavation, covering the range of DBH in each stand
within the dominant canopy layer (Peichl and Arain, 2007). They found belowground
biomass to be highly correlated with DBH across the entire age sequence. There was also
a decrease in the relationship between tree component biomass and stem volume for

belowground biomass and total tree biomass with increasing stand age (Peichl and Arain,



M.Sc Thesis - M. Molon; McMaster University -School of Geography and Earth Sciences

2007). This shows that total tree biomass changes with age and should be considered in
allometric equations, making site-specific allometry important. Their allometric equation
for each site was multiplied by stem density in order to obtain total belowground biomass
for each individual site.

Destructive techniques have the ability to quantify fine and coarse roots; soil coring
for quantifying fine roots and excavation for coarse roots. Excavation gives a direct
estimate of root biomass and the introduction of air spading can provide a picture of the
entire root zone and root structure can be analyzed. Allometry is an easy way to quantify
a large spatial extent once excavation is complete. If allometric equations are available for
an entire region the belowground biomass can be estimated. However these methods are
unrepeatable, time consuming, labour intensive, and limited with respect to the area that
can be evaluated (Butnor et al., 2003). This makes it difficult to acquire adequate samples
(XiHong et al., 2010). For instance, coring requires a significant amount of replicate
samples to detect significant differences between samples, but processing time limits the
amount of samples that can be taken over a year (Lassoie and Hinckley, 19991). The
allometric equations should also be species and site-specific since the root zone differs
with soil type and species. Site-specific factors include varying tree density, soil moisture,
nutrients, light exposure, topography, and disturbance (Peichl and Arain, 2006).
Destructive techniques prevent the study of the entire tree root system or root branching
patterns and give little to no resolution on root structure or distribution (Butnor et al.,
2003; Hruska et al., 1999). This makes it difficult to determine spatial variability over a

large area.
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1.3 Geophysical Measurement of Root Biomass

Several studies have demonstrated the successful application of geophysical
methods such as: electrical resistivity tomography, seismic refraction tomography, X-ray
computed tomography, nuclear magnetic resonance and ground-penetrating radar (GPR)
to detect and estimate root biomass (Amato et al., 2008; Heeraman et al., 1997; Leucci,
2010; Zenone et al., 2008). However GPR has been used most widely as it can detect
coarse root location in large areas, estimate root biomass and has the potential to create
three-dimensional (3-D) images of root structure. The costs of these other techniques are
higher than GPR and are difficult to apply in the field (XiHong et al., 2010). GPR has
been used to detect roots in lab and field environments. Controlled lab experiments entail
burying roots in a sand pit to compare the estimated root biomass that GPR obtains versus
the actual root biomass as well as discovering the minimum root diameter that can be
detected by GPR. Barton and Montagu (2004) used 500 MHz, 800 MHz and 1 GHz
antennas to detect roots and determine their root size in a sandpit. Native hardwood roots
of various diameters (1-10 cm) were buried at 50 cm and roots with the same diameters
were buried at various depths (15-155 cm) without overlap and in optimal orientation.
The authors found that the 800 MHz antenna resulted in the clearest radar profiles in
terms of the identification of hyperbolas since it gave the best compromise between
penetration and resolution. However, the centre of the root detected with the 500 MHz
antenna, after processing, correlated well with root diameter compared to the other
antennas. Using half of the 500 MHz data a multiple regression model was created, which

was able to predict root diameters as small as 1 cm with a root mean squared error of 0.6
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cm. Similar results were found in an experiment conducted by Hirano and colleagues
(2009) who buried Cryptomeria japonica roots varying in diameter from 10 mm to 78
mm. A 900 MHz antenna was able to detect roots greater than 19 mm, varying with the
volumetric water content of the roots. Roots with high volumetric water content were
easily detected while roots with volumetric water content of 20 % or less were not found
(Hirano et al., 2009). Closely spaced roots were also not detected by GPR individually.
Slight differences between experiments could be due to soil and root water content,
interval between roots and sand composition, which could lead to an underestimation of
root biomass (Hirano et al., 2009). A recent study performed by XiHong et al (2010) used
a much higher antenna frequency of 2 GHz to calculate Ulmus pumila root biomass in
sand. After surveyed at 10 cm intervals and processed, results showed that coarse root
biomass for root diameters greater than 0.5 cm could be estimated using bulk volume and
density of coarse roots since the density of coarse roots greater than 0.5 cm in diameter
were found to be uniform (XiHong et al., 2010). Root diameter was estimated with the
time between when the wave reaches the root bottom and when it reaches the root top
(XiHong et al., 2010). This was then used in the estimation of coarse root biomass,
assuming the root is cylindrical (XiHong et al., 2010). They found that their GPR based
model was capable of estimating coarse root biomass.

Field experiments apply these findings to various sites to determine the
belowground biomass. Excavation and/or soil cores are required for direct observation
and can be related to GPR reflection. Destructive techniques are also used for verification

of GPR results. Butnor et al (2001) used 1.5 GHz and 400 MHz antennas to determine the
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best soil conditions for the detection of loblolly pine roots using GPR and to calculate
root biomass. Several sites were surveyed with varying soil conditions and the Georgia
and Carolina Sandhills in southeastern United States gave the best results since they are
composed of sandy, excessively drained soils. The 1.5 GHz antenna was used for root
sizing and biomass estimates since it had a higher capacity to resolve roots compared to
the 400 MHz antenna. Grids were surveyed with 25 cm spacing and then harvested for
actual root biomass up to a 40 cm depth. Roots as small as 0.5 cm were detected with the
1.5 GHz antenna to a depth of 50 cm, but dead roots and taproots were poorly detected
(Butnor et al., 2001). Total root biomass was correlated with manual reflection tally (the
number of reflections within a certain threshold range) and high amplitude area. Both
variables were found to be directly proportional to changes in root biomass. Reflector
tally indicated a statistically significant difference (P = 0.0152) compared to that of high
amplitude area, which was therefore not significant. This showed that GPR could be a
valuable tool for root biomass estimation (Butnor et al., 2001). Butnor et al (2003)
performed a similar study with a 1.5 GHz antenna to estimate belowground biomass of
loblolly pine and sweetgum located in Decatur County, Georgia. The site is composed of
Troup and Lucy soils, which allowed for a maximum penetration depth of about 70 cm.
Several plots were surveyed in 60 cm intervals in both directions creating a square grid.
GPR estimates were calculated and compared to soil coils that were taken along the same
transect. GPR root biomass estimates were based on the correlation of root biomass per
core with the number of pixels within a certain threshold range. The correlation

coefficient was also highly significant, agreeing with the Burtnor et al (2001) data.
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Another study by Zenone and colleagues (2008) used 900 MHz and 1.5 GHz antennas
in a circular and square grid transect in a poplar plantation and pine wood forest. For
poplar trees, high frequency antennas (1.5-2 GHz) are best for the detection of small roots
(Zenone et al., 2008). This proved to be the case in this study especially for trees with a
dominant radial expansion of the root system (Zenone et al., 2008). The study used air
spading to see morphological information on the root zone and then scanned the
excavated trees with portable on ground scanning LiDAR. This resulted in a 3-D image of
the root structure showing the potential for 3-D mapping with GPR data, as long as the
appropriate software is available. GPR-SLICE, processing software, has the potential to
create 3-D images of root structure from GPR data, however this has not been explored in
literature.

To summarize this discussion, I can state that the limitations and pitfalls of
destructive techniques give rise to the evaluation of GPR for biomass detection. There is
an issue with discrete sampling and therefore having to upscale to a larger area through
stem density. Allometric equations can only be as accurate as the given sample size; the
greater the number of trees excavated the more accurate the regression equation. In
addition, destructive techniques destroy the root zone through excavation and coring

eliminating the possibility of 3-D imaging of root structure.

1.4 Study Objectives
In this study I created 3-D images of root structure and distribution using ground-

penetrating radar and developed a standard field procedure. It also introduced a new
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method for obtaining coarse root biomass estimates. The main objectives for this study

were to:

1) evaluate vector guided GPR and the effects of surface micro-topography on the
acquisition of radar data.

2) quantify the spatial distribution and volume of coarse roots using the high-resolution 3-
D GPR resulting in a coarse root biomass estimate.

3) provide a survey method technique by investigating the relationship between line
spacing, volumetric moisture content, root diameter, root spacing and root
continuity with the gridding of GPR data.

4) perform a comparative analysis of the allometric equation method and GPR, to

improve on existing belowground biomass estimates.

1.5 Study Area

This study was conducted in a 73-year-old (planted in 1939) white pine forest,
located 12 km South of the town of Simcoe and 3 km North of Lake Erie in Southern
Ontario Canada (Figure 1.1). The forest is part of an age-chronosequence of three white
pine plantations that make up the Turkey Point Flux Station (TPFS). Carbon dioxide and
water vapour fluxes have been continuously measured at TPFS since 2003. The forest is
dominated by eastern white pine (Pinus strobus L.) (>82 %), some other tree species
within the area are balsam fir, and native Carolinian species. The ground cover vegetation
consists of mosses (eg. Phlox subulata), poison ivy (Rhus radicans (L.) Kuntze ssp.

radicans), bracken fern (Pteridium aquilnum (L.) Kuhn), Canada mayflower
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Figure 1.1: (a) Location of study area and Turkey Point Flux Station (TPFS) 1939 in
southern Ontario with an inset of a regional map of the area. (b) Site map, with the UTM
coordinates of the north-east corner of the reference plot.
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(Maianthemum canadense (Desf.)), and allegheny raspberry (Rubus allegheniensis
(Porter)) (Arain and Restrepo-Coupe, 2005; Peichl and Arain, 2006). The average
diameter at breast height (DBH) is 34 cm, the average tree height is 21.8 + 1.7 m, the
stand density is 421 + 166 stems ha™' (Peichl et al., 2010b) and the leaf area index (LAI)
is 8 m* m™ (Chen et al., 2006).

The 30-year annual mean temperature is 7.8 °C and the mean annual precipitation
is 1010 mm. Between May and September there is 438 mm of rainfall and 133 mm falls
as snow in the winter (Meteorological Services of Canada climate records at Delhi, ON,

located ~20 km West of TPES). The water table is at 7 m below ground surface. The

forest grows on well-drained sandy soil with a low moisture holding capacity (Arain and
Restrepo -Coupe, 2005). The soil is a very fine brunisolic grey-brown luvisol, with a
sandy texture, composed of ~98 % sand, 1 % silt and <I % clay. The site is located on
lacustrine sandy plains that were only modified by wind action (Peichl and Arain, 2006).

The bulk density of the upper 10 cm is 1.35 gem™ (Peichl et al., 2009).

1.6 Methods
1.6.1 Background of Ground-Penetrating Radar

GPR is a non-invasive, near surface (<50 m) geophysical technique that is used to
detect buried objects. It can predict the depth, position and size of matter that is buried
using the time and character of reflected waves (Hirano et al., 2009). GPR consists of
short pulses of radio frequency electromagnetic energy (10-2000 MHz) being radiated to

detect and image electrical discontinuities in the subsurface from a transmitting antenna
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(Figure 1.2). A spectrum of frequencies is generated that extends above and below the
centre frequency of the transmitting antenna (Butnor et al., 2001). Heterogeneities in the
subsurface cause a portion of the energy to be reflected back to a receiving antenna, while
the remainder of the energy is transmitted further into the subsurface. Heterogeneities in
the subsurface are created by layers with different electromagnetic properties due to water
content, dissolved minerals, and expansive clay and heavy minerals (Butnor et al.,
2001). Relative permittivity (&), relative magnetic permeability (1.,) and electrical
conductivity (o) determine how electromagnetic energy will behave in a given medium
(Neal, 2004). Relative (dielectric) permittivity is the capacity of a material to store a
charge when an electric field is present compared to that in a vacuum, measured in farads
per meter. Relative magnetic permeability is the ability of a substance to sustain a
magnetic field relative to free space, in henrys per meter. Conductivity measures the
ability to transport charge in the presence of a static electric field (Neal, 2004). The
receiving unit measures the intensity, velocity and propagation time of the signal (Stover
et al., 2007). If the velocity of the electromagnetic pulse is known then the depth to the
reflector can be calculated using the formula:

d=vt/2 )
where d is the depth to the reflector, v is the propagation velocity, and t is the two way
travel time. The propagation velocity is also related to the relative dielectric permittivity

by:

C
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Figure 1.2: Principle of ground-penetrating radar (GPR) (Neal, 2004). (a) Transmitter
sends a high frequency radar impulse into the subsurface that is reflected due to
boundaries with differences in relative permittivity. The receiver antenna records the
arrival of the reflected impulse and the two way travel time. (b) The direct waves are
visible in this radargram (air and ground wave) and the primary reflections.
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where c is the electromagnetic wave velocity in a vacuum, 3 x 10® ms™, and &, is the
relative dielectric permittivity. This is a simplified equation in the presence of a low-loss
material where the conductivity is negligible and the relative magnetic permeability is 1,
as for most geologic materials. The wave velocity is therefore governed by the relative
permittivity. The contrast in relative permittivity between the medium and buried matter
cause reflections visible in the receiving unit that is attached to a video screen (Barton
and Montagu, 2004). The contrast of relative permittivity determines the strength of the

reflection and is measured by the reflection coefficient, R

A e
R )

where o and p, are negligible and €,; and €, are the relative dielectric permittivity of the
two mediums that are adjacent to one another (Neal, 2004). The electromagnetic wave
velocity is equal to the product of the wavelength (A) and the frequency (f) (Beres and
Haeni, 1991). The reflected energy is sampled and amplified and converted into a
waveform in a lower frequency wave (Butnor et al., 2001). Roots have a higher water
content than the surrounding soil matrix therefore they provide a permittivity contrast that
can be detected with GPR (Cui et al., 2010). The relative permittivity of unsaturated sand
is 2.55 - 7.5 whereas the relative permittivity of fresh water is 80 (Neal, 2004). Recent
studies using frequencies as high as 1.5 GHz have been able to detect roots as small as 0.5
cm (Butnor et al, 2001).

The displayed image, known as the radargram, shows the two-way travel time of

the pulse passing through the surface, hitting an object and then returning to the surface.
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This two-way travel time, in nanoseconds, is displayed on the vertical axis of the
radargram, with the distance of the survey along the horizontal axis. Roots produce
hyperbolic patterns and higher amplitudes of reflected waves in comparison to the
surrounding matter that can be observed on the radargram. The hyperbolic pattern is
created as the root is sensed, before and after the antenna is moved directly over the root
(Zenone et al., 2008). The apex of a hyperbola represents the antenna passing over a root
(Butnor et al., 2001). Post-processing can be done to reduce clutter in the data and
minimize the effects of multiple hyperbolic functions (Butnor et al., 2003). When
deciding upon a frequency to use it is important to note that there will be a tradeoff
between penetration depth and resolution. A high frequency radar signal has high
resolution but low penetration depth and vice versa. Under ideal conditions the resolution
is equal to a quarter of the wavelength, but velocity uncertainties and waveform variations
result in a resolution that is one-third to half of the wavelength (Benson, 1995; Beres and
Haeni, 1991). Signal processing must be done to make the radargram into an image that

can be better interpreted.

1.6.1.1 Advantages of Ground Penetrating Radar

The uncertainty in GPR can be eliminated by the presence of optimal conditions.
Optimal soil conditions would be well-drained sand. Processing techniques also eliminate
many of the limitations. For example, processing can eliminate clutter and the
interference of objects in the ground other than roots (Butnor et al., 2003). Corrections for

topography and tilt of the antenna over uneven terrain can also be corrected through
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processing of GPR data with digitized contour maps as outlined in Goodman et al. (2006)
using GPR-SLICE software. The addition of horizontal and vertical bandpass filtering
and migration in the processing routine may help discriminate closely spaced roots and
improve imaging of the root structure in the field (Butnor et al., 2001). Uncertainty can be
measured and eliminated by using other methods in conjunction with GPR, such as soil
cores for fine root biomass. GPR is a good supplement and possible alternative to
destructive methods, since it is fast, non-destructive and therefore repeatable and can be
done over a large area (Butnor et al., 2003). The non-destructive nature of GPR can lead
to exploring the spatial and temporal variability of belowground biomass. High
frequencies together with smaller measurement intervals can provide resolution of a
survey of less than 1 cm (Hruska et al., 1999). Although GPR primarily detects coarse
roots, this is the bulk of belowground biomass. Fine roots are normally ignored because
they are not easily distinguished from soil organic matter. In addition, even though high
frequency antennas have limited penetration under optimal conditions, this is where the
majority of roots reside. A 1.5 GHz antenna with penetration of up to 70 cm in optimal
conditions would provide high-resolution surveys for the root zone. While the root zone is
site-specific, dependent on water and nutrition availability, soil type, and species, an
appropriate frequency can be chosen for the area under investigation. Unlike non-
geophysical techniques, such as soil cores, GPR is capable of creating a 3-D structure of

the roots belowground, in addition to quantifying belowground biomass.
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1.6.1.2 Limitations and Uncertainties of Ground Penetrating Radar

GPR is a relatively new technique that is being used to a greater extent in root
detection, however it has its limitations and restrictions. Soil properties impact GPR
penetration greatly. This is due to spherical spreading and the conversion of
electromagnetic energy to thermal energy causing attenuation losses. GPR works best in
sandy soils with low water content because of the high conductivity of water and its effect
on the attenuation of the electromagnetic wave. Clay also has a high conductivity
resulting in a decrease in signal penetration. As the electromagnetic wave travels through
the medium its amplitude (A) exponentially declines from its initial value (Ag) with depth
(z), which varies with frequency. This is calculated by:

A=A (5)

where a is the attenuation constant (Neal, 2004). The attenuation constant for low-loss

materials is frequency independent and can be calculated by:

a =%1/M/8 (6)

where ¢ is the conductivity and p is the magnetic permeability (Neal, 2004). This
equation clearly shows that conductivity has the greatest influence on the attenuation
constant.

When choosing a frequency, a trade-off must be made between penetration depth
and resolution. A high frequency will result in high resolution, but low penetration depth
with the reverse trend for a low frequency. Therefore a frequency of 100 MHz, for

example, can provide information down to depth of 30 m under optimal conditions,
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whereas a 2 GHz system would provide information up to 0.2 m in depth (Barton and
Montagu, 2004). The highest resolution obtained using a 1.5 GHz frequency is greater
than 5 mm roots, but only reaches a depth of 0.5 m (Hirano et al., 2009). Fine roots, less
than 2 mm, cannot be detected using GPR (Stover et al., 2007). GPR is only capable of
mapping roots in the horizontal plane, making it impossible to detect roots that are
vertically oriented, such as taproots. If a root is not perfectly perpendicular to the profile
then the classic hyperbolic anomaly shape may be lost and its true position will not be
identified (Zenone et al., 2008). This can also cause clusters of roots to remain
undistinguished, appearing as elongated and obscured (Butnor et al., 2001). Uneven
terrain and litter can further complicate this issue. Removing understory and clearing the
area before use can help eliminate this problem. In addition, it is hard to distinguish live
roots from dead or decaying roots since dead roots can take on the properties of the soil
overtime (Hirano et al., 2009). Dead roots also have less of a contrast in relative
permittivity from the surrounding soil since its water content will decrease significantly,
leading to an underestimation of carbon stock. Unexpected features within the soil can
reduce the quality of the data by creating clutter leading to a misinterpretation of the data.
However, post-collection processing can eliminate this (Butnor et al., 2003). Lastly,
processing techniques may differ depending upon the site characteristic, radar system,
software system used and objective. A GPR model should be carefully calibrated and

validated according to species and local environmental conditions (XiHong et al., 2010).
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1.6.2 Equipment and Software

A high frequency antenna of 1 GHz was used. A Noggin Plus 1 GHz smart handle
profiling system was rented from Sensors and Software (Mississauga). Ideally a 1 GHz
frequency would provide a resolution of 2.5 cm to a depth of about 1.5 m in dry sand. All
surveys were completed with an OS5000 series accelerometer attached to the GPR unit. A
program called GPR-Slice (version 7) was used for processing the radargrams. GPR-Slice
v7 allowed for 3-D images to be created as well as a processing flow and model. OASIS
was used alongside GPR-Slice in order to process and image the antenna tilt obtained
from the accelerometer. A soil moisture probe was used to collect the soil moisture at a

depth of 20 cm.

1.6.3 Calibration Pit

A 2 x 3 m trench was excavated in order to act as a calibration pit for the reference
plot and determine the minimum root diameter that could be detected. The trench was
excavated to a depth of 0.6 m and white pine roots were reburied at around 0.4 m. Roots
were collected while digging, and fourteen roots were reburied. Each root was weighed,
numbered and measured for diameter and length in the field. The roots were reburied at
various orientations and with varying diameter (Figure 1.3a). The roots varied in diameter
from 0.5 cm to 12 cm. Five roots with similar diameter were placed 4 cm, 5 cm, 10 cm
and 20 cm apart. This would determine the minimum spacing detected by GPR before the

roots were no longer individually detected. A root was also placed vertically to show the
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Figure 1.3: (a) Photo showing layout of roots. (b) GPR survey grid for 2 x 3 m
calibration pit. (c) Survey grid for 20 x 20 m reference plot, with the inset outlined in red
and tree represented as green open circles. (d) Survey grid for 5 x 5 m inset of reference
plot, with trees represented as green open circles.
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inability of GPR to detect roots that are perpendicular to the survey layout, since white
pine trees have several main roots that extend horizontally and vertically.

A survey was performed before and after a 13.69 mm rainfall in order to
determine the effect of soil moisture content. A 0.05 x 0.05 m grid was created on a
plastic tarp to ensure that the survey was repeated in the same manner before and after
rainfall (Figure 1.3b). The plastic tarp also provided a smooth surface that the GPR could
be dragged along without any interference from the ground surface. The GPR system was
pulled over the grid smoothly and slowly. The surveys were conducted with an inline
sampling rate of 0.005 m. The soil moisture pre-rainfall was about 6 % at a depth of 20
cm compared to 11 % post-rainfall. The test pit was also used to help create a standard

field procedure by determining the environment and survey size that is best.

1.6.4 Reference Plot

A 20 x 20 m reference plot was used to apply the GPR technique and compare
biomass measurements with the allometric equation. A 0.25 x 0.25 m grid was created
with string within the 20 x 20 m reference plot (Figure 1.3c). A smaller grid of 0.125 x
0.125 m was created in a 5 x 5 m area within the reference plot (Figure 1.3d). An inline
sampling rate of 0.005 m was used for both surveys. Both surveys consisted of dragging
the GPR system along the strings for consistency over top of the understory vegetation.
When an obstacle was encountered, such as a log or tree, the line was stopped and
continued past the obstacle. The GPR system was dragged slowly and carefully in order

to minimize any tipping or bouncing of the system.
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The DBH and coordinates of the trees within the reference plot were recorded as
well as 5 m around the perimeter of the plot. There were 24 large (DBH > 9 cm) trees
within the reference area. Small trees were ignored, as the allometric equation does not
take them into account. There were 16 small trees in the 20 x 20 m reference plot. This
data was used to calculate an allometrically derived biomass value that could be
compared to the GPR value. A map of tree location with their corresponding biomass

(kgC) value was created.

1.6.5 Radial Survey

Radial surveys were performed around a tree with a DBH of 11.8 cm. The survey
began 50 cm away from the tree in a circular fashion, at an interval of 10 cm and inline
sampling of 0.005 m. A rope marked every 10 cm was attached to the GPR unit and tied
around the tree. This allowed the GPR unit to be moved around the tree and ensured that
the survey grid was consistent. The rope was attached and reattached every 10 cm and the

survey ceased once a large tree interfered.

1.6.6 Accelerometer

The accelerometer recorded the pitch, roll and yaw of the unit. This was done to
correct for antenna tilt created from any offset of the GPR unit due to micro-topography.
The roll, pitch and yaw are used to describe the rotation of the GPR unit around the x, y,

and z axis respectively. This is discussed further in Chapter 2 of the thesis.
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1.7 Subsurface Modeling and Data Processing
1.7.1 Gain Recovery and Background Removal

Gain recovery and the removal of DC drift were performed on all of the radargrams
before further processing was done. This step was imperative in order to account for radar
wave attenuation through spherical divergence. This step restores the signal amplitudes
with increasing two-way travel times (Reynolds, 1997). Time zero adjustment was also
performed to set the ground surface to zero on the vertical scale. Background removal
was used to eliminate surface reflections, airwaves and ground waves. Objects on the
surface of the ground being detected from reflected waves generate surface reflections.

Air and ground waves are direct waves from the antenna to the receiver.

1.7.2 Bandpass Filtering

A high pass filter retains hyperbolic reflections and suppresses flat lying events,
while low pass filtering has the opposite effect (Sensors and Software Inc, 1999).
Therefore high pass filtering was applied to the radargrams, as dipping events identify
roots. A bandpass filter of 761 — 2605 MHz was used. This would preserve the hyperbolic

reflections generated from roots and eliminate stratigraphic events.

1.7.3 Stolt Migration
Migration collapses diffraction hyperbolas to their correct geometrical position
(Reynolds, 1997). A point source, such as a root, generates a hyperbola that can be

compressed back to a point using the correct velocity and aperture width. The aperture
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width is the number of traces that are chosen adjacent to the hyperbola (Reynolds, 1997).
When the radar wave velocity is slow then the hyperbola is steep and a small number of
traces are required. For a fast velocity and therefore wide and flattened hyperbolic
curvature a large number of traces are chosen. A point is created at the apex of the

hyperbola. A velocity of 0.11 m/ns was determined and a width of 501 was used.

1.7.4 Hilbert Transform

The last step of the processing flow was Hilbert transform, which calculates the
envelope of the radargram pulse. Hilbert transform connects the positive amplitudes of
the signal thereby creating more intact looking roots. This step is useful since we are

interested in the areas with strong reflections and therefore high amplitudes.

1.7.5 Grid Parameters

The 2 x 3 m area was processed with three different gridding parameters. This was
done to calibrate the reference survey along with its subset survey. The first grid was 0.05
x 0.05 m, the second 0.1 x 0.1 m and the last 0.25 x 0.25 m. With the known volume
calculated from the roots before being buried, it was possible to determine the volume
threshold for each interval spacing scenario. This volume threshold was then applied to
the corresponding reference area. This ensured that we were not over-estimating or under-
estimating root mass/volume. All of the surveys were processed with the same processing

flow and each corresponding survey used the same grid parameters.
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The volume of roots within the isometric volume was generated using GPR-Slice.
GPR-Slice determines the volume of the root mass within the isometric volume. The
isometric surface is created using the marching cubes algorithm. The surfaces displayed
within the plot area are of equal amplitude in the 3-D volume (Goodman and Klein,
2012).

The antenna tilt was processed with GPR-Slice and OASIS. GPR-Slice calculated
the vector of the antenna position using the roll, pitch and yaw angles recorded by the
accelerometer. The radargrams with their vector position were displayed in GPR-Slice
and exported to be gridded in OASIS. This was done for both the 2 x 3 m calibration pit
and radial survey. In attempt to smooth the radial vector data, a time correction was
applied to the accelerometer and global positioning system (GPS) data. The time
correction involved the addition of milliseconds to the time stamp of the data sets. A 15-
point box step filter was also applied to the accelerometer data. The box step filter

smoothed the accelerometer data, reducing error brought about by the system.

1.8 Layout of Thesis

This thesis is presented as a “sandwich thesis” where Chapter 2 and Chapter 3 are
formatted for submission to an academic journal. Chapter 2 focuses on methodology and
vector guided radar imaging of roots using GPR. The effects of micro-topography are
investigated with the use of radargrams and an accelerometer. 3-D images are created to
compare the differences of root location with and without vector imaging applied. The

study shows that vector guided radar imaging is necessary to obtain precise and accurate
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positions of roots. Chapter 3 is a test case that evaluates the effects of line spacing, soil
moisture, root diameter, and root spacing on the detection of roots using GPR. We also
attempt to estimate root biomass using total root volume estimated from isometric
surfaces calculated on the Hilbert-transformed radargrams. We then compare the GPR
estimates to the estimates from the site-specific allometric equation. With the generation
of 3-D images, the study identifies that these variables all influence the outcome of the
GPR survey, which in turn have an effect on the accuracy of the biomass estimate

obtained.
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CHAPTER 2: 3-D GROUND PENETRATING RADAR (GPR)
IMAGING OF ROOT STRUCTURE IN A TEMPERATE PINE
FOREST, TURKEY POINT, ONTARIO

Abstract

Tree root biomass is an important component of carbon storage in forest
ecosystems. Ground-penetrating radar (GPR) has been employed successfully to map root
systems and to estimate root diameter but previous studies have focused largely on
interpretation of root structures in 2-D profiles. In this study, we evaluated 3-D imaging
of root structure in a temperate pine forest in southern Ontario, Canada using high-
resolution (1 GHz) GPR. High-resolution imaging was achieved using high sampling
density (inline = 0.5 cm, inter-line spacing 5-10 cm) and post-survey correction of
antenna tilt induced by surface micro-topography. Antenna motions were recorded with a
MEMS (micro-electro-mechanical systems) accelerometer and used to calculate the
antenna attitude (pitch, roll, yaw) and the transmit beam vector. Surveys were performed
on a grid-wise basis across a 2 x 3 m test pit (5 cm spacing) and using a radial survey
method (10 cm lines) to determine the most effective acquisition strategy. Radargrams
were corrected for beam angle, migrated using Stolt (F-k) migration and interpolated to a
quasi-3-D volume using an inverse distance algorithm. Root volumes were estimated
from isosurfaces calculated on the Hilbert-transformed amplitudes using a marching
cubes algorithm.

The results show that the forest floor micro-topography induced significant

antenna tilt (pitch > 45°, roll > 28°) and yaw (up to 10°), leading to errors in the
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positioning of root diffraction events in 2-D radargrams and 3-D radar volumes. The
vector migrated GPR amplitudes showed a 15.5% increase and improved imaging of root
structures due to focusing of diffraction energy. The radial scanning produced better root
imaging and continuity due to the larger number of root crossings when compared to the
rectilinear survey grid. Isosurfaces calculated on Hilbert-transformed amplitudes provide

a rapid means of quantifying the root diameter and total biomass volume.

Keywords: Ground-penetrating radar, 3-D imaging, root structure, antenna tilt,
accelerometer, vector corrections
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2.1 Introduction

Tree roots account for a large proportion of the total biomass in forests (30-65%)
and are an important terrestrial carbon sink comprising about 40% of belowground carbon
(Dixon et al., 1994; Peichl and Arain, 2006; Goodale et al., 2012). Knowledge of carbon
storage in root systems is critical to understanding carbon cycling in forest ecosystems
and for predicting of CO, drawdown resulting from reforestation and afforestation
programs (Arora and Montenegro, 2011). Root biomass is one of the least understood
components of the terrestrial carbon cycle due to the difficulty in observing and
measuring buried roots. Inventory of root biomass is conducted conventionally using
destructive methods, including soil coring, test pitting, air spading (soil removal using air
jets) and increasingly, using non-invasive geophysical methods (Hruska et al., 1999;
Butnor et al., 2001, 2003). Geophysical methods have the advantage of being non-
destructive and can be repeated, allowing assessment of spatial and temporal changes in
root biomass.

A number of geophysical methods have been applied successfully in tree root
detection and biomass estimation but electrical resistivity and ground-penetrating radar
(GPR) have been used most widely (Zenone et al., 2008; Satriani et al., 2010; Leucci,
2011). Tree roots are commonly observed in GPR radargrams but in many studies they
have been viewed as a source of noise rather than targets of interest. The first studies to
evaluate GPR imaging of root structures were conducted by Hruska et al. (1999) and
Butnor et al. (2001). Hruska et al. (1999) employed 450 MHz GPR (5-cm line spacing) to

map oak roots (Quercus petracea) in a sandy loam and were able to image coarse roots >
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3 cm diameter. Root networks were mapped in plan view by manual 2-D tracing of root
diffractions identified in radargrams. Butnor et al. (2001) evaluated GPR mapping of
roots across a broad range of soil conditions in southeastern USA. Using 1.5 GHz radar
and 25 cm line spacing they were able to resolve roots as fine as 0.5 cm and estimate root
diameter (0.5 to 6.5 cm) through analysis of radargram diffraction amplitudes. Butnor et
al. (2001) concluded that GPR had great potential for biomass estimation in sandy
resistive soils and advocated high-resolution imaging using small line spacings (< 5 cm).
In several subsequent studies, statistically significant correlations between radar
amplitudes, root diameter and root biomass were determined by experimental studies on
natural and simulated root networks (Stokes et al., 2002; Butnor et al., 2003, 2005; Barton
and Montagu, 2004; Stover et al., 2007; Dannoura et al., 2008; Hirano et al., 2009). Most
studies employed the root diffraction amplitude or derived amplitude parameters (e.g.
Butnor et al., 2003; Barton and Montagu, 2004) to develop empirical equations relating
root diameter to GPR amplitude parameters.

While these studies demonstrate the great potential for GPR estimation of root
biomass, several important limitations of GPR were identified: 1) GPR image quality and
resolution is site specific and strongly controlled by soil conditions (moisture, clay
content and soil texture); imaging is optimal in resistive, well-drained sandy soils and
degraded in water-saturated and highly-conductive clay rich soils, 2) small roots (< 0.5
cm) and closely-spaced roots are difficult to image unless lines are collected at very high
density (e.g. 2-5 cm) and with sufficient inline sampling so that diffraction hyperbolas are

clearly recorded in radargrams, 3) soil heterogeneities (e.g. presence of clasts, soil
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layering, plant debris) can produce significant background noise and clutter in
radargrams, making it difficult to distinguish root diffractions, 4) root diffraction
characteristics vary with root moisture content and density, and are also a function of the
antecedent conditions (e.g. rainfall or period of drought), 5) root volumes estimated from
2-D profiles may underestimate root biomass; accurate characterization of root structure
and volume requires 3-dimensional (3-D) mapping of the entire root networks.

The limitations of 2-D GPR methods for imaging 3-D subsurface structures were
recognized more than a decade ago for applications in geology, archaeology and civil
engineering. These disciplines now routinely employ either fully 3-D or quasi-3-D
rendering of GPR volumes (Grasmueck, 1996). Full 3-D imaging requires recording of
reflections over a range of transmitter-receiver offsets (e.g. common mid-point data).
Such data are typically acquired using multi-channel GPR systems and processed in a
manner similar to 3-D seismic methods (Grasmueck, 1996). 3-D GPR volumes can be
produced by interpolation of common-offset GPR 2-D profile data when they are
acquired as a grid work of closely spaced profiles (Neale, 2004). GPR data volumes
generated in this fashion are termed ‘quasi-3-D’ because they do not contain a wide range
of reflection azimuths and offsets necessary for full 3-D imaging. To date, few studies
have attempted quasi-3-D imaging of root networks. Wielopolski et al. (2002) generated
quasi-3-D volumes of artificial roots in a 2-m” sandbox by interpolation of closely spaced
1.5 GHz radar profiles. Roots as small as 0.25 cm were rendered in 3-D as an isosurface
(surface of constant amplitude) using a marching cubes algorithm (Lorenson and Cline,

1987). Zenone et al. (2008) used 3-D fence diagrams in combination with laser scanning
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of excavated roots to create a 3-D model of a root network. Roots imaged by the laser
scanner corresponded closely with high amplitude diffractions in the radar profiles.
Zenone et al. (2008) also evaluated the use of circular (radial) scanning around trees but
were unable to produce 3-D volume models due to unavailability of software capable of
displaying and analyzing circular scans. More recently, Yokota et al. (2011) produced a
3-D volume model of root structures using a rotary laser to improve the accuracy of
radargram positioning.

A further requirement for high-resolution 3-D GPR imaging is correction for surface
topographic effects. As shown in Figure 2.1, as a radar antenna is towed across uneven
ground the antenna will be subject to tilting (pitch, roll) and rotational motions (yaw).
These motions in turn cause the transmit beam to be deflected from the assumed vertical
vector and can lead to potential errors in positioning of reflection and diffraction targets
in radargrams (Figure 2.2). The magnitude of the sensor and beam axis motions will be a
function of the surface roughness and also the bottom surface area of the GPR antenna.
Tilt and yaw motions will be exaggerated for high-frequency (> 1 GHz) antennas, which
have a relatively small surface area. Errors due to surface topographic effects have been
well documented for GPR surveys acquired across rugged topography (Goodman et al.,
2006a, 2006b; and Conyers and Leckebusch, 2010) but micro-topographic effects have
not been considered, nor corrected for in root biometric surveys. The conventional
approach for correction of surface topographic effects is to perform a trace-by-trace bulk
shift (static correction) of the radargram traces (in either depth or two-way travel time) to

account for the changes in sensor elevation along the profile. Other schemes apply
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A TXRX

A

Figure 2.1: Topographic effects on GPR transmit beam. The beam angle (a) is vertical
only for the case of a horizontal ground surface. A. Smooth topography. B. Uneven
topography (modified from Goodman et al., 2006b).
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Figure 2.2: Micro-topographic effects on GPR beam angle. Antenna towed across
uneven ground surface will be subject to tilt (pitch, roll) and rotational (yaw) motions.
Motions are exaggerated when antenna length and width are small relative to wavelength
of the ground surface undulations. Root detected at location A will be migrated in down-
dip direction to B, resulting in mis-location of diffraction event in radargram.
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corrections that estimate the tilt of the transmit beam axis using the vector normal to the
surface topography and perform a simple migration of the GPR amplitudes to their
correct locations (Goodman et al., 2006a). These schemes work well for correction of
large topographic effects using digital elevation models but are not practical for
correction of micro-topographic effects, unless high-density surface elevation
measurements are available (e.g. from laser scanning). An alternate method for correcting
topographic effects is to directly measure the antenna orientation using an accelerometer
(Prokhorenko et al., 2012) but this method has not yet been evaluated as a 3-D GPR
acquisition strategy.

In this paper, we report on the results of 3-D GPR imaging of root structures in a
white pine (Pinus strobus L.) plantation in southern Ontario, Canada. The overall
objective of the study was to assess the potential for non-invasive belowground biomass
estimation using 3-D GPR. This work is part of an ongoing program of long-term carbon
flux monitoring at the Turkey Point Flux Station (TPFS) (Arain and Restrepo, 2005;
Piechl and Arain, 2006). High-resolution GPR data were acquired at the TPFS on two
small test plots (6 and 17 m?) with high survey line density (5-10 cm) to evaluate the
resolving capabilities of a 1 GHz radar system. GPR data were acquired with a tilt meter
fixed to the antenna to assess the effects of ground surface micro-topography on sensor
motions and 3-D image quality. The results demonstrate that sensor tilt due to relatively
minor ground micro-topography can degrade GPR image quality. A new approach is
outlined for correction of the antenna tilt and rectification of radagrams using

accelerometer data. The quasi-3-D volumes generated from the tilt-corrected radargrams
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allow enhanced mapping of root networks and estimation of root volumes from isometric
surfaces. The approach demonstrated in this study can also be applied more broadly to
enhanced 3-D imaging of subsurface structures in archaeology, civil engineering and

earth sciences.

2.2 Study Site

The study site is a 73-year old white pine (Pinus strobus L.) plantation located
near Turkey Point, Ontario, Canada. This site is part of the Turkey Point Flux Station
(42°71°N, 80°35°W) that includes a chronosequence of four white pine plantations. The
area experiences a temperate climate with a mean annual temperature of 7.8 °C and
annual precipitation of 1010 mm (Peichl and Arain, 2007; Peichl et al., 2010).
Approximately 438 mm of this precipitation falls in May to September.

The site is located on a lacustrine plain dominated by thick (up to 20 m) sandy
surficial sediments with brunisolic grey brown luvisol soil type (Peichl and Arain, 2007).
The soil texture ranges from very fine sandy sediments to fine sandy loam (Peichl and
Arain, 2007; Peichl and Arain, 2006). The soil has a low to moderate water holding

capacity and is well to perfectly drained (Peichl and Arain, 2006).

2.3 Field Methods
3-D GPR surveys were acquired using a Sensors and Software Noggin 1 GHz
GPR system with DVL data monitor/controller. Due to the thick forest canopy at the site

D-GPS positioning was impractical and survey positioning was obtained using the
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Noggin odometer wheel and by visual reference to grid lines drawn on a polyethylene
tarp. All profiles were collected with an inline sample spacing of 0.5 cm and 5 or 10 cm
line spacings (Figure 2.3C and 2.3D). All radargram record lengths were set to 30 ns with
a 0.1 ns sample interval (300 samples per trace).

The GPR antenna motions were recorded with a Server S-5000-US digital
compass/tilt meter mounted on the top surface of the 1 GHz antenna. With this instrument
yaw, pitch and roll were recorded at a 20 Hz update rate (0.05 s) and monitored on a
tablet computer during the survey. The sensor employs a 3-axis anisotropic magneto-
resistance sensor (AMS) and a 3-axis micro-electro-mechanical systems (MEMS)
accelerometer to measure pitch and roll with accuracy of 1° and yaw (azimuth) with
accuracy of 0.5° (RMS) (OceanServer Technology Inc., 2010). The orientation reference
framework and conventions used for measurement of the instrument pitch, roll and yaw

angles are shown in Figure 2.4.

2.3.1 Test Plot

A 2 x 3 m test plot was excavated to a depth of 60 cm and all tree roots removed.
Fourteen roots were collected and their mass (g), length, and diameter were recorded in
the field. The roots varied in diameter from 0.5 cm to 12 cm. The pit was backfilled with
20 cm of native sand and 14 roots were placed in the pit bottom at 40 cm depth (Figure
2.5). Plastic flagging marker tags were placed next to each root and the pit and roots were
photographed from a height of 2 m. The pit was then backfilled with the native sand and

the surface smoothed and leveled. The 3-D survey was acquired with 5 cm line spacing
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Figure 2.3: A. Collection rectilinear survey over 2 x 3 m test pit using 1 GHz Noggin
shielded antenna with MEMS accelerometer mounted on top surface. Grid lines on plastic
tarp at 5 cm intervals. B. Acquisition of radial survey around tree. Rope is used to keep
antenna at constant radius from tree trunk. C. Survey grid for 2 x 3 m survey with
location of buried roots shown. D. Radial survey grid location of tree with a base
diameter of about 27 cm. Radial scan collected at 10-cm intervals.
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Figure 2.4: Reference framework for measurement of antenna orientation. Pitch is
measured in inline (X) direction and roll in cross-line (Y) direction. The antenna rotation
or yaw is measured relative to a vertical axis (Z2).
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Figure 2.5: Photograph taken from above of root layout.
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by towing the 1 GHz GPR antenna slowly across a rectilinear survey grid drawn on a
plastic tarp (Figure 2.3A). A total of 102 profiles were collected with an inline sample

spacing of 0.5 cm (401 or 601 scans per record).

2.3.2 Radial Surveys

A radial survey, employing circular scanning pattern (Figures 2.3B, 2.3D), was
carried out over a 17 m” area around a single white pine with a DBH of 11.8 cm and basal
diameter of 27 cm. Surveys began at a radius of 50 cm from the tree base and were
incremented at 10 cm intervals to a maximum radius of 220 cm (Figure 2.3D). A rope,
marked every 10 cm, was tied to the tree base and tethered to the GPR system to keep the
antenna at a constant radius from the tree. A second rope was used to maintain an
outward tension on the GPR antenna while the operator towed the instrument around the
survey line. GPR soundings were collected at 0.5 cm intervals and the positioning
determined using the survey wheel odometer (Figure 2.3D). Using this method and with

careful towing the positional error was estimated to be <%2 cm in the cross-line and <1

cm in the inline directions.

2.4 Data Processing
2.4.1 Accelerometer Data
The accelerometer data were smoothed using 15-point boxcar filter and time-

synched to the nearest 0.05 s (20 Hz) with corresponding traces in GPR radargrams. The
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smoothed roll, pitch and yaw angles were converted to vector coordinates using the

following relations:

1 [sin(p) * cos(r)] *cos(y)- [cos(p) * cos(r)] *sin(y)
, =|sin(p)* cos(r)] *sin(y)— [cos(p) * cos(r)] *cos(y)

3 Sll’l(l’) (1)

= <

<

where V|, V3, V3 are the vector components and p, r, and y are the pitch, roll and yaw
angles in radians. The vector coordinates were then imported to GPR-SLICE™ software
and used to re-project the beam axis. Figure 2.6 shows two examples of the vector-

corrected radargrams displayed in 3-D space.

2.4.2 GPR Data

GPR profiles were processed to quasi-3-D volumes in GPR-SLICE™ v.7.1
software (Goodman, 2012). GPR-SLICE ™ was designed specifically for 3-D imaging of
GPR data and includes options for vector navigation and correction of beam angles using
tilt meter data. The radar processing flow is summarized in Figure 2.7. The initial
processing steps included application of linear gain function, background removal, and
band-pass filtering (761-2605 MHz) to suppress low frequency reverberations and
horizontal reflection events produced by soil stratigraphy. A velocity versus depth
function was then determined by curve fitting of root diffraction hyperbolas. An average
radar wave velocity of 0.11 m/ns was used to migrate the data using Stolt (frequency-
wavenumber) migration. Migration is a critical step for root imaging as it collapses the

diffraction hyperbolas to high amplitude foci that are centered over roots. As a final
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Figure 2.6: Depth-converted radargrams with correction for beam vector corrections
applied (2 x 3 m lines 43, 96) B. Tilt corrected radial scans (lines 4, 16). Radargrams
show Hilbert-transformed amplitudes. Roots indicated by zones of high amplitude.
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Figure 2.7: Schematic diagram showing processing flow.
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filtering step, a Hilbert transform was applied to radargrams to produce a rectified signal
envelope. This step results in a significant enhancement of diffracted energy in the
radargrams and simplifies interpretation of root structures, particularly when root
diffractions are closely spaced and overlapping (Doolittle and Butnor, 2009).

The processed radargrams were corrected for topographic effects and instrument
tilt using the calculated transmit beam vectors in GPR-SLICE™ (Figure 2.6). Both the
tilt-corrected and uncorrected amplitude data were exported as an ascii flat file (x,y,z,
amplitude) to Geosoft Oasis'™ and gridded using a 3-D inverse distance algorithm (1 cm
grid cells, 5 cm search radius). The resulting quasi-3-D GPR volumes were then depth-
sliced at various horizons for visualization of root structures and for comparison of the
tilt-corrected GPR with the uncorrected data. Several difference grids were calculated for
the 2 x 3 m and radial depth slices to determine the amplitude change resulting from the

tilt correction.

2.5 Results
2.5.1 Instrument Motions

The tilt meter data show that the GPR antenna was subject to considerable tilting
motion as it was towed across the survey areas (Figures 2.8, 2.9, 2.10). As shown in
Figure 2.8, the pitch and roll varied rapidly along the lines with amplitudes of about 2-
10°. The variability in the yaw angles (azimuth) was small by comparison (Figure 2.8)
and resulted from small changes in the tow direction. The yaw data for the radial survey

show a constantly changing heading due to the circular line paths (Figure 2.8B). In
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Figure 2.8: Plots showing pitch, roll and yaw data recorded using MEMS tilt sensor.

Data were smoothed using a 15-point boxcar filter. A. 2 x 3 m survey line 4. B. Radial

survey line 10.
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Figure 2.9: Maps showing interpolated pitch and roll values for 2 x 3 m survey. A. Pitch
N-S lines. B. Pitch from W-E lines. C. Roll from N-S lines. D. Roll W-E lines. Contour

line indicates 0 degrees pitch/roll.
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Figure 2.10: Maps showing interpolated pitch (A) and roll (B) values for radial survey.
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