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FOREWORD

| discovered how many applications soil spectroscopy has after choosing to write an
assignment concerning the influence of soil mineralogy on the reflectance anisotropy for an
advanced remote sensing course. At the same time | also discovered how much there is still to
be researched and improve in order to get good results for estimating soil characteristics and
assessing different methods of measuring in soil spectroscopy. That is what lead to my
decision of choosing a subject that researches how soil spectra are acquired and how the
differences between the different measuring techniques influence the estimation of soil
characteristics. Of course, this could be a broad research, but I tried to bring a small
contribution to it.

| would like to thank my supervisor, Harm Bartholomeus, for providing me with all the
materials | needed to complete the research, and also for helping me out every time | needed a
new perspective.



ABSTRACT

Soil spectroscopy has nowadays a large number of applications in fields like precision
agriculture and soil mapping, because it provides cheap, fast and non-destructive methods of
estimating soil characteristics. This has led to a large amount of research and, as a
consequence, a large number of published articles. The main problem that arises is how
different the soil spectra measured with different measuring setups are and what is the
influence that these differences have on estimating soil characteristics. Another issue
generated by the research done until now is the fact that very often the term “diffuse
reflectance” is used regardless of its actual definition and also regardless of the equipment
that should be used for measuring it. This research had two objectives: 1) to provide a short
overview of how soil spectral measurements were performed until now and to analyse how
often the term “diffuse reflectance” is used without considering its definition and to check if
there is actually any difference between reflectance measured with specially designed
equipment and other types of equipment (based on spectra comparison); and 2) to analyse the
differences between soil spectra measured with different accessories and what influence the
differences have on predicting soil characteristics (clay content, organic matter content and
quartz content). The results show that the term “diffuse reflectance” is often used without any
consideration for its definition and the equipment that should be used for measuring it, and it
is confirmed from spectral comparison that spectra measured with a diffuse reflectance
measuring accessory (e.g. integrating sphere) differ from spectra measured with other
accessories. Also, spectral analysis showed that spectra measured with different accessories
present considerable differences which influence the outcome of multivariate analysis for
predicting soil characteristics. This has implications on the development of soil spectroscopy,
for example on the project of building a global spectral library using measurements collected
from different sources.
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1. Introduction

Soil spectroscopy has proven to be very valuable for a large number of fields, for example
agriculture and soil science. It has developed considerably during the past two decades
because of the large number of applications in which it can be utilized, and mostly because of
the advantages for estimating soil characteristics when comparing to traditional methods. This
rapid development can be seen in the exponential increase in the number of papers published
in the soil and agricultural sciences literature (Guerrero et al., 2010). Until present day,
numerous instruments and methods to measure soil reflectance and to estimate soil
characteristics have been used. This is due to a number of causes from which we can mention
the large amount of information that can be derived from the spectra and the advances in
computation, instrument manufacturing, developments in multivariate statistics and the great
number of potential applications in agriculture and soil science. The information about
organic matter, mineralogy and water content in the soil, as well as particle size and colour
can be estimated with visible, near-infrared and mid-infrared reflectance spectroscopy
techniques, whether diffuse reflectance is measured or other type of reflectance (e.g. bi-
conical reflectance) (Bartholomeus et al., 2011; Chang et al., 2001; Pirie et al., 2005; Stevens
et al., 2008; Viscarra Rossel et al., 2006a). The techniques used in soil spectroscopy have
important advantages over conventional soil analysis: they are non-destructive, highly
reproducible, rapid, cheap when many measurements are needed, relatively easy to use, small
quantities of sample are needed for analysis, they require minimal sample preparation, and do
not need environmentally harmful extractants (Guerrero et al., 2010).

In the published articles it can be seen that a very large amount of research has been done in
order to determine the best way of estimating soil characteristics and to prove that soil
spectroscopy can actually be used to accurately determine the necessary information for the
different applications, like precision agriculture and soil mapping.

Looking into the previously done researches, the methods of measuring soil spectra can
divided by two criteria: 1) the region of the electromagnetic spectrum in which the
measurements are done and 2) the type of reflectance that is measured. For each of those, the
research has been done for determining a large number of soil characteristics like inorganic
carbon (Chang et al., 2001; McCarty et al., 2002), total carbon (McCarty et al., 2002; Reeves
Il et al., 1999), biomass (Reeves lii and McCarty, 2001; Reeves IlI et al., 1999), cation
exchange capacity (Ben-Dor and Banin, 1995; Janik et al., 1998), Fe content (Chang et al.,
2001; Cozzolino and Moron, 2003; Islam et al., 2003), but also different minerals like K
(Cozzolino and Moron, 2003; Islam et al., 2003; Janik et al., 1998) and Mg (Chang et al.,
2001; Cozzolino and Moron, 2003; Islam et al., 2003), clay, sand, silt, N content (Ben-Dor
and Banin, 1995; Cozzolino and Moron, 2003; Islam et al., 2003; Janik et al., 1998) and
organic matter content (Masserschmidt et al., 1999). There are also specific applications such
as identifying earthworm’s organic matter signatures (Huerta et al., 2013), spectral reflectance
variability in oil contaminated soils (Chakraborty et al., 2012), analysis of petroleum-
contaminated soils (Okparanma et al., 2014) or monitoring potentially toxic elements in the
agricultural soils (Song et al.,, 2012). As we can see, the list of applications for soil
spectroscopy is very large.



Considering the first criterion of dividing the measuring, there are two regions of the
electromagnetic spectrum in which the research is done, consisting of similar equipment and
measurement settings. One of the regions is in the interval 350-2500 nm, which covers the
ultraviolet — visible — near-infrared spectrum, while the other region covers the mid-infrared
spectrum, in the interval of 2500-25000 nm. Of course, different research has been done in
variations of these intervals in order to check which region performs better in estimating
certain soil characteristics. The range of the intervals also depends on the spectrometer that is
used. For example, the spectrometer can measure between 400-2500 nm instead of the 350-
2500 nm interval in the VIS-NIR region (Chang et al., 2001) or it can measure more in the
UV part from 250-2500 nm which would actually be the UV-VIS-NIR region (Islam et al.,
2003). The considered interval is also very often in the NIR between 1100-2500 (2498) nm
for determining certain soil characteristics which perform better in this region (McCarty and
Reeves, 2001; McCarty et al., 2002; Reeves Il et al., 1999).

Considering the type of reflectance that is measured, there are two main types: diffuse
reflectance and “regular reflectance”. What can be noticed is that in the articles in which the
“regular” reflectance is measured, it is usually not explained what type of reflectance that is.
According to the paper of Nicodemus (Nicodemus, 1970), there are nine kinds of reflectance
corresponding to nine geometries. They are combinations of directional, conical and
hemispherical incident and reflected beam geometry and they are presented in Table 1.

Table 1. Types of reflectance

Incoming
Reﬂecédlatlon Directional Conical Hemispherical
radiation
Directional Bidirectional Directional-Conical | Directional-hemispherical
Conical Conical — directional Biconical Conical — hemispherical
Hemispherical | Hemisph.—directional Hemisph.—conical Bihemispherical

There are two things that are most striking when browsing through the articles that use soil
spectroscopy for their research: one is the variety of spectrometers and accessories used to
measure soil spectra, and the other one is that in a large number of articles it is mentioned that
diffuse reflectance is measured but not all of them are using diffuse reflectance measuring
accessories. For example, there are articles that use a spectrometer with a diffuse reflectance
integrating sphere (Islam et al., 2003; Viscarra Rossel et al., 2006a), while others use a fibre-
optic and average two spectra taken with 90° rotation of the sample (Brown et al., 2005), or a
contact probe (Nocita et al., 2013).

The question is if these “wrong” descriptions are actually a problem. Do these differences
actually influence the outcome of using the data for deriving different soil characteristics?

Considering this information, the objective of this thesis is to analyse what the influence of
the different settings for acquiring the soil spectra is on a) the derived soil spectra and b) on
deriving the soil properties. The research is divided in four research questions:




1. What are the methods, measurement settings and equipment used until now in soil
spectroscopy?

2. How is it said that diffuse reflectance is measured in the research done is soil
spectroscopy? Is the terminology properly used in the articles in which the research is
published?

3. What are the differences between soil spectra measured with different accessories and
settings?

4. How much do the different settings influence the estimation of certain soil characteristics
with multivariate analysis?

2. Methodology

2.1 Research questions 1 and 2: overview of soil spectra measuring
setups and ways of measuring diffuse reflectance

Research questions 1 and 2 were answered by doing literature research.

For research question 1, three articles were used as base for the literature research, part of the
cited articles being studied. These articles provide overviews over the advances in soil
spectroscopy (Reeves lii et al., 2012), visible and near infrared spectroscopy in soil science
(Stenberg et al., 2010) and methods for NIR and MIR soil spectroscopy (Reeves lii, 2010).
The articles were analysed to get the following information:

e What is the information regarding spectral measurements that can usually be found in
the articles describing research done in soil spectroscopy
e Instruments and accessories used for measurements
The spectral region in which the measurements are performed
If there is any description of the sample preparation
How detailed the measuring settings are described

The results from the second research question were added to the results coming from studying
references from the three above mentioned articles.

Research question 2 was answered with a query that was made on sciencedirect.com to find
articles with the keywords “diffuse reflectance” and “soil”, in the title, abstract and keywords,
written in the period between 2011 and 2013. The articles were analysed in order to see which
are the instruments, accessories and methods used for measuring what was called in the
articles “diffuse reflectance”. The articles that used specially designed accessories for
measuring diffuse reflectance were considered to have used correctly the term “diffuse
reflectance”, while the articles that used other types of accessories were considered to have
used the term erroneously.



2.2 Research question 3: assessments of the differences between soil
spectra measured with different accessories and settings

2.2.1 Spectral measurements

In order to answer research questions 3 and 4, soil spectral measurements were done.
Measurements were performed on 57 soil samples, consisting of measurements for bi-conical
reflectance and measurements for diffuse reflectance. The soil samples originate from the
North of Morocco, and have a large variation in texture and mineralogy. Sample preparation
consisted of drying and sieving them in order to get a particle size smaller than 2 mm (Mulder
et al.,, 2013). To minimize the influence of the surface roughness, the sample surface was
flattened before measuring the reflectance. Spectra were collected with five different settings,
using five different accessories.

The measurement settings were the following:

e Spectrometer mounted on a robotic arm (robot-based goniometer)

e Spectrometer with muglight

e Spectrometer with contact probe

e Spectrometer with an integrating sphere

e Spectrometer with illumination from an external lamp and 90° rotation of the sample
between collecting two spectra

The measurements from the first two experiments were done before the start of this research,
while the last three were done during this research.

Measurements with external lamp illumination

For the measurements of the samples using external lamp illumination, an Analytical Spectral
Devices (ASD) Fieldspec Pro FR spectrometer was used with an external ASD lamp for
illumination. The lamp was positioned at a 45° zenith angle. Petri dishes were used for the soil
samples, and the fibre optic with a 25° view angle was positioned at 10 cm above the sample,
so the field of view could cover the entire surface of the petri dish, but not include the edges.
A spectralon panel was used for calibrating the spectrometer, and the calibration was done
after measuring each 10 soil samples.

The measured spectra consisted of 25 averaged spectral measurements. With these settings,
two spectra with 90° rotation of the petri dish were recorded for each soil sample. The final
spectrum for each sample was obtained from averaging the two spectra.

Measurements using a contact probe

The ASD Fieldspec Pro FR spectrometer was equipped with an ASD High Intensity Contact
Probe. For each sample five spectra were measured, each measured spectrum consisting of an
average of 25 internal spectral measurements. A spectralon panel was used for calibration and
the calibration was done after measuring each 10 soil samples.
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The five spectra measured for each soil sample were averaged in order to obtain the final
spectrum.

Integrating sphere measurements

The integrating sphere measurements were performed using the ASD Fieldspec Pro FR
spectrometer equipped with an ASD integrating sphere. The sphere has openings through
which light can enter, and ports for mounting samples and standards, and placing the
appropriate detectors. The integrating sphere’s original light source’s lamp (collimated light
source assembly) was broken so the lamp from the contact probe was used. For getting the
best results, the calibration was done before measuring each soil sample, because of the
differences between the soil samples and the small amount of radiation that reached the
contact probe. The calibration was done using a 99% uncalibrated reference standard (white

plug).

Stray light was measured before each session of measurements using the light trap accessory.
The stray light values were used for correcting the soil sample spectra by excluding the
specular reflectance.

For each soil sample three spectra were collected and each spectrum was obtained by
averaging 200 measurements. The final spectrum was obtained by correcting the three
measured spectra using the stray light correction and averaging them.

Goniometer measurements

The goniometer measurements were conducted as described in the paper of Bartholomeus et
al. (2013). The measurements were performed with a robot-based goniometer system that had
an ASD Fieldspec 3 spectrometer mounted on the robotic arm. A 1° fore-optic accessory was
used for constraining the viewing angle. The reflectance was collected at 92 different angles,
in the wavelength range of 350-2500 nm. The light source was a collimated solar illuminator
positioned at 30° zenith angle (Bartholomeus et al., 2013).

The measurements taken from all the angles were averaged for each soil sample in order to
obtain a spherical coverage, which could be considered close to what some authors are doing
when measuring diffuse reflectance by averaging spectra measured with sample rotation by
different angles.

Measurements with mug light illumination

As the measurements done with a spectrometer mounted on a goniometer, the measurements
done with the mug lamp illumination were performed before this research was started. This
measurements were performed on powdered samples. The settings are described in the paper
of Mulder et al. (2013). The spectral measurements were performed using an Analytical
Spectral Devices (ASD) Fieldspec 3 spectroradiometer. The spectroradiometer measured the
spectra in the 350-2500 nm wavelength region. The samples were measured using an ASD
High Intensity Muglight (4 W quartz tungsten halogen lamp) to minimise measurement errors
associated with stray light and specular reflection. The samples were placed in pure quartz
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sample holders to avoid scattering from the sample holder. As mentioned before, the
difference between this measuring experiment and the other mentioned before is that the
samples were grounded to a powder (<68um). All sample holders were calibrated against a
non-reflecting reference standard prior to sample measurements (Mulder et al., 2013).

For each soil sample five spectra consisting of an average of 25 measurements were measured
and then averaged to obtain the final result.

An overview of the geometrical properties of the five measuring experiments is presented in
Table 2.

Table 2. Overview of the geometrical properties of the five measuring experiments

Spectrometer | lllumination | Illumination Sensing FOV | Viewing zenith angle
Accessory | zenith angle accesory [°] [°]
[’]
ASD High 35 High Intensity | 25 12
Fieldspec 3 Intensity Muglight
Muglight
ASD Collimated 30 Fibre optic 1 Different angles
Fieldspec 3 solar with 1°
mounted on | illuminator foreoptic
goniometer
ASD ASD lamp 45 Bare fibre 25 0
Fieldspec
Pro
ASD Lamp in 12 Fibre optic in 25 35
Fieldspec contact contact probe
Pro probe
ASD Lampin | Hemispherical | Fibre optic in Hemispherical
Fieldspec integrating integrating
Pro sphere sphere

2.2.2 Spectra comparison

The third research question was answered based on the spectra comparison. The comparison
was done in three ways:

1. Visual comparison:

The general aspect of the five spectra obtained for each soil sample was assessed in order to
see how much they differ visually and if there is any trend in how the spectra differ (e.g. if
one of the experiments gives constantly higher or lower values than the others).

2. The spectra obtained using the High Intensity Contact Probe were considered as
reference spectra because the contact probe is, as its name already sais, a contact
accessory, which does not allow interference with radiation from the outside
environment and the spectra showed less noise than in the case of the integrating
sphere. The muglight is also a contact accessory, but since the measurements were not
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performed during this research and the soil samples were powdered, the spectra
obtained with it was not chosen as reference data. The RMSE was obtained by
calculating the average of the squared differences between the contact probe spectra
and each other spectra, and then taking its squared root; this shows how much the
spectra differ in value, regardless of the shape:

The RMSE shows how much the soil samples differ in reflectance values (Dennison et al.,
2004). If the illumination on a sample is higher with one accessory than with another one (e.g.
it is higher with the external lamp illumination than with the integrating sphere), the RMSE
would still have a big value, even though the spectra are similar in shape.

3. Spectral angle mapper (SAM) was used to determine how big the differences between
the shape of the contact probe reference spectra and the other spectra are, regardless of
the differences in their reflectance values:

The Spectral Angle Mapper is a tool for image classification, whose algorithm determines the
spectral similarity between two spectra by calculating the angle between them, treating them
as vectors in a n-dimensional data space. The measure of similarity is not influenced by the
differences in the quantity of reflectance, because the angle between the spectra considered as
vectors is not influenced by the length of the vectors, so what is actually estimated is how
similar the spectra’s shape are (Kruse et al., 1993). The SAM value is an angle expressed in
radians and it represents the similarity between the spectra. The smaller the angle is, the
higher the similarity between the spectra. The value can be expressed also as the value of the
angle’s cosine, in this case a value close to one showing high similarity between the spectra
(De Carvalho and Meneses, 2000).

2.3 Research question 4: the influence of different measuring setups
on estimating soil characteristics

The last research question was answered by modelling the obtained data for estimating three
characteristics of the soil: clay content, organic matter content and quartz content. For this,
four experiments were conducted, using Partial Least Squares Regression (PLSR). The
experiments are presented in Table 3.

The experiments consisted of first using data without pre-processing and then pre-processed
data. The pre-processing of the spectra consisted of applying the Savitzky-Golay filter for
noise removal (Savitzky and Golay, 1964) and calculating the 1% derivatives for removing the
additive and multiplicative effects in the spectra (Rinnan et al., 2009).
The same experiments were conducted for both pre-processed data and processed data:
1) The PLSR model was calibrated using data from each measurement setting and
validated using the leave-one-out (LOO) cross-validation
2) The PLSR model was calibrated using the data obtained with the contact probe and
validated using the other four sets of data. The results of the LOO cross-validation
were used for determining the number of factors used for modelling.
The spectra manipulation and the modelling were done using the chemometrics software
ParLeS 3.1 (Viscarra Rossel, 2008).
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The software calculates statistics for each validation, and for this research three of the
statistics were analyzes: root mean square error (RMSE), relative percent deviation (RPD),
and R? (Viscarra Rossel, 2008). For satisfactory results, the RMSE should be very low, while
the R? and RPD values can be classified in three categories: category A - RPD values higher
than 2 and R? between 0.8 and 1, category B — RPD values between 1.4 and 2 and R? between
0.5 and 0.8, and category C — RPD <1.4 and R? <0.5 (Chang et al., 2001).

3. Results

3.1 Overview of instruments and measuring experiments in soil
spectroscopy

Due to the fact that soil spectroscopy has started developing in the 60’s and 70’s, with a more
modern use of laboratory spectrometers starting in the 80’s and getting popular during the
90’s, there is currently a large variety of instruments and accessories used for measuring soil
spectra (Reeves lii, 2010). The instruments are divided mainly in two categories, accordingly
to the spectral range in which they are measuring: instruments that measure in the VIS-NIR
part of the electromagnetic spectrum (350-2500 nm) and instruments that measure in the MIR
part of the spectrum (2500-11000 nm). The VIS-NIR spectroscopy was the first part of soil
spectroscopy that started to develop, research about soil application using this part of the
electromagnetic spectrum being done since the 60’s and 70’s as mentioned before. The
research using MIR spectroscopy started to be applied for the analysis of agricultural products
and soils in the 90’s. Because of this, the choice of instruments that measure in the VIS-NIR
is much larger than the one of instruments measuring in the MIR part of the spectrum (Reeves
lii, 2010).

The research done in the MIR part of the spectrum consists mostly in measuring diffuse
reflectance — diffuse reflectance infrared fourier transform spectroscopy (DRIFTS). The
instruments used for MIR spectroscopy are Fourier Transform spectrometers equipped most
often with diffuse reflectance accessories (Azuaje et al., 2012; Ben-Dor and Banin, 1995;
Davinic et al., 2012; Jindaluang et al., 2013; McDowell et al., 2012; Rasche et al., 2013;
Ryals et al., 2014; Song et al., 2012), or without accessories (McBratney et al., 2006; Viscarra
Rossel et al., 2006b).

As mentioned before, for the VIS-NIR spectroscopy there is a larger variety of
instruments and accessories that can be used. This is due, as presented, to the fact that
research in this part of the spectrum started earlier than for MIR, but also to the fact that VIS-
NIR instruments are cheaper and present some advantages, like portability for in-situ
measurements (Reeves lii, 2010). The instruments used until now in research are: a)
spectrometers, though referred to with different terms in different articles - spectrometers
(Barthes et al., 2008; Bogner et al., 2011; McDowell et al., 2012; Rawlins et al., 2011,
Stevens et al., 2008; Viscarra Rossel et al., 2006a; Viscarra Rossel et al., 2006b),
spectroradiometers (Brown et al., 2005; Brown et al., 2006; Chakraborty et al., 2012; Nocita
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et al., 2013; Xie et al., 2012), and spectrophotometers (Ben-Dor and Banin, 1995; Chang and
Laird, 2002; Ge et al., 2011; Islam et al., 2003; Jordanova et al., 2013; Minasny et al., 2011;
Nocita et al., 2014; Okparanma et al., 2014; Song et al., 2012) and b) scanning
monochromators (Chang et al., 2001; Cozzolino and Moron, 2006; Siebielec et al., 2004).
Although it is not encountered very often, there are also fourier transform instruments used
for the NIR spectroscopy (Ben-Dor and Banin, 1995).

An overview of the accessories that are used for the VIS-NIR instruments is provided below,
in Table 3. The type of reflectance presented in the table is classified accordingly to the paper
of Nicodemus (1970), although in some of the articles it is mentioned that diffuse reflectance
is measured (e.g. (Brodsky et al., 2013; Okparanma et al., 2014; Siebielec et al., 2004)).

The settings of the measurements are usually not described in detail. What can most often be
found in the articles cited in this research is:

e ashort description of the instrument and accessories used,;

e the spectral range in which the spectra are measured,;

e the description of the preparation of the samples (e.g. samples are dried, sieved and
placed in petri dishes);

e the number of spectra and internal measurements for the spectra that are averaged in
order to obtain the final spectrum: they are never chosen based on a rule, being
different for the different articles, e.g. two averaged spectra (Viscarra Rossel et al.,
2006a), 64 averaged spectra (Siebielec et al., 2004), 15 internal measurements (Ge et
al., 2011), 25 internal measurements (Chang et al., 2001);

e a short description of the settings for the measurements (e.g. the inclination angle of
the external lamp, if the sample was illuminated from above or from below, or if the
sample was rotated between collecting the spectra).

Due to the fact that for this research MIR instruments were not easily available and also
because most research in articles is done with NIR spectroscopy or VIS-NIR spectroscopy, |
chose to do the last three parts of the research based only on NIR and VIS-NIR spectroscopy.
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Table 3. Overview of the used accessories for the VIS-NIR instruments.

Instruments Accessory Type of reflectance Citations

(Brodsky et al., 2013;
Minasny et al., 2011,
Nocita et al., 2013;
Okparanma et al.,
2014; Rossel and
Chen, 2011; Stevens
et al., 2008)

Contact probe Bi-conical

(Islam et al., 2003;
Viscarra Rossel et al.,
2006a; Viscarra

Integrating sphere Diffuse Rossel et al., 2006b)

Spectrometer Praying mantis Diffuse (Ben-Dor and Banin,
attachment 1995)

(Brown et al., 2005;
Brown et al., 2006;
Chakraborty et al.,

2012; Ge et al., 2011,

Mug light Bi-conical Rawlins et al., 2011)

(Nocita et al., 2014)
(Geetal., 2011;
McDowell et al.,

2012; Sarkhot et al.,

2011);

External lamp Bi-conical

(Siebielec et al.,

Scanning Rotating cup Bi-conical 2004)

monochromator

3.2 “Diffuse” reflectance measurements

As mentioned before, the second problem arising after the literature research is that often it is
mentioned that diffuse reflectance spectroscopy is used to determine different soil
characteristics, but what is said to be “diffuse reflectance” is measured in many different
ways. In some articles it is said that diffuse reflectance is measured although the
measurements are done with accessories that can only measure bi-conical reflectance (which
is actually what is used in the researches that use bi-conical reflectance). As mentioned
before, the difference between the two types of measured soil reflectance, namely bi-conical
reflectance and diffuse (bi-hemispherical reflectance or conical-hemispherical reflectance) is
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the quantity of radiation that reaches the sample, is reflected by it and then is collected by the
spectrometer.

In general, diffuse reflectance measurements are made using an instrument (e.g. spectrometer)
equipped with a diffuse reflectance accessory (e.g. integrating sphere). An integrating sphere
is a hollow sphere, coated on the inside with a white material of diffuse reflectance close to
one. The radiation that is reflected by the sample is completely collected by the fibre optic,
since there is almost no radiation absorption in the sphere’s walls, which makes this diffuse
reflectance, or bi-hemispherical reflectance (Torrent and Barron, 2008).

In laboratory spectroscopy, what is usually measured as “regular” reflectance is the bi-conical
reflectance, while the diffuse reflectance is the bi-hemispherical reflectance, if one wants to
be strict about it. Some authors mention that they measure diffuse reflectance in conditions in
which strictly speaking they measure bi-conical reflectance or hemispherical-conical at most
(cases in which the sample is illuminated from multiple directions with lamps, which could
simulate hemispherical illumination, but the reflectance is measured with a fibre optic with a
certain field of view). The bidirectional reflectance cannot really be measured since it is the
reflectance corresponding to an infinitely small ray of radiation illuminating the sample and
the infinitely small reflectance measured with an infinitely small field of view (FOV)
(Nicodemus, 1970). Therefore, the reflectance that is measured is the bi-conical reflectance:
the reflectance corresponding to a conical incident beam (e.g. from a lamp) and a conical
reflected beam (e.g. measured with a fibre optic with a certain FOV). The diffuse reflectance
is actually the bi-hemispherical reflectance, since it is usually measured with instruments
equipped with diffuse reflectance accessories (e.g. integrating sphere) (Torrent and Barron,
2008).

However, as it can be seen in the literature and partly exemplified below, many authors say
that they use diffuse reflectance, but the spectral measurements are done with a lot of different
other accessories that are not specifically designed for measuring diffuse reflectance.

The search resulted in 44 articles among which 23 are using spectra measured in the UV-VIS-
NIR region, two are not relevant to the research (they are not using diffuse reflectance for soil
applications) (Nicolini et al., 2011; Uchimiya et al., 2013), two are overviews of the use of
diffuse reflectance measurements in soil science and soil applications (Hapke and Lindon,
2010; Reeves lii et al., 2012), one is using satellite remotely sensed data (Kodikara et al.,
2012) and the rest of 17 articles are measuring diffuse reflectance in the MIR region of the
electromagnetic spectrum.

In the 23 articles about research using the VIS-NIR part of the spectrum, the instruments used
are spectrometers and it is said that diffuse reflectance is measured with different accessories,
or with an external lamp or a muglight together with the rotation of the sample. Below is a list
with the articles and the accessories or techniques used for measuring diffuse reflectance:

e Using a contact probe: five articles (Brodsky et al., 2013; Minasny et al., 2011; Nocita
et al., 2013; Okparanma et al., 2014; Rossel and Chen, 2011);
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Using rotation of the sample and illumination from a lamp: four articles — sample
scanned twice in both directions (Nocita et al., 2014); averaging of three spectra with
the sample cup rotated 20° between each measurement (McDowell et al., 2012); two
scans obtained by rotating the petri dish 90° between (Ge et al., 2011); four scans from
each of the four quadrants of a petri dish by rotating the sample 90° (Sarkhot et al.,
2011);

Using the rotation of the sample and illumination from a muglight: three articles — four
spectra scanned with a 90° rotation between successive scans (Chakraborty et al.,
2012); two spectra collected with a 90° rotation of the sample (Rawlins et al., 2011);
four scans from the four quadrants of the petri dish by rotating it 90° (Ge et al., 2011);
Using fibre optic and illumination from a lamp: five articles (Bébek et al., 2011; Ge et
al., 2011; Myers et al., 2011; Song et al., 2012; Xie et al., 2012)

Using diffuse reflectance measuring accessories: two articles — integrating sphere
(Jordanova et al., 2013), and a cricket accessory (Bogner et al., 2011);

One article mentions that diffuse reflectance is measured with a spectrometer in
diffuse reflectance mode, without any other specifications (Marin-Gonzalez et al.,
2013)

Three articles do not mention any accessory, they only specify that the measurements
are done with a spectrometer (Balsam et al., 2011; Kuang and Mouazen, 2013; Kweon
and Maxton, 2013)

3.3 Comparison between spectra measured with different accessories

The spectra measured with the integrating sphere were very noisy in certain wavelength
ranges (Fig. 1). Therefore, the spectra were compared between 600 and 1700 nm.

Reflectance [-]

16 24

0.7
1
07

0.8
1
0.5
1

0.5
0.5

0.4
0.4

0.3
1

Reflectance [-]
0.3
|

0.2
0.z
|

— Integrating Sphgre — Integrating Sphefe
Bl — Contact Probe — Contact Probe
o — Lamp — Lamp
— Muglight — Muglight
Goniometer Goniometer

0.1
0.1
|

0.0
1
0o
1

T T T T T T T T T T
500 1000 1500 2000 2500 500 1000 1500 2000 2500

Wavelength [nm] Wavelength [nm]

Fig. 1. Example spectra between 350 — 2500 nm for two soil samples. Noise is clearly visible

for the integrating sphere spectra in the regions below 600 nm and above 1700 nm.

In Fig. 2, spectra from six soil samples are presented, with the spectral range between 600 —
1700 nm. From the visual comparison, the first thing that can be noticed is that for each
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sample, the spectra measured with the different accessories have similar shapes, except for the
spectrum measured with the goniometer. However, it is clear that for most samples, the
reflectance values measured in the different experiments are quite different, although there is
not a clear pattern for all the samples of which spectrum has the highest values and which has
the lowest values.

What can be seen for all soil samples is that the reflectance measured with the mug light
illumination has much higher values than the other measured spectra. This is the result of the
different texture of the samples, since in this case the samples are powdered. Also, as
mentioned before, the spectrum measured with the goniometer has a considerably different
shape than the other four spectra: it has a much deeper absorption peak around 1400 nm, and
also other absorption features along the spectrum. This may be due to the fact that, during the
measurements, the fibre optic was further away from the soil samples than the receiving
sensor was for the other experiments.

For most of the soil samples, the spectrum measured with the integrating sphere has the
lowest values, while the spectra measured with the contact probe and the external lamp
illumination have mostly close values, although there is no pattern on which has the highest
values (for some samples the reflectance measured with the contact probe has higher values
than the one measured with the external lamp illumination, and for other samples this is the
other way around). There are also samples for which the spectrum measured with the
integrating sphere has higher values than the spectrum measured with the contact probe and
external lamp, and samples for which all three spectra are very close together. The main cause
of this variation is probably the soil texture. Although the soil samples have grains smaller
than 2 mm, some of the samples are very sandy and have a fine texture, while other samples
have bigger, individual grains and look very coarse. For the coarse samples, the values of the
integrating sphere measurements are much lower.

This observation is based only on a few examples that were recorded during the
measurements sessions, since there is no information about the soil samples texture, and all
the samples were sieved to have particle sizes smaller than 2 mm. Because of the shading, not
a lot of radiation is reflected to the fibre optic. As it can be seen from the spectra measured
with the muglight for the powdered samples, the texture has great influence on the reflectance
intensity, fact that could confirm the presented theory.
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Fig. 2. Soil sample spectra in the 600 — 1700 nm spectral range.
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Table 4. The average RMSE value of the differences between the reference spectrum and the

other spectra
RMSE Integrating External lamp Mug light Goniometer
[%] sphere
Contact probe 5.7 2.1 19.4 4.1

Table 4 shows the values for RMSE. As expected from the visual comparison, the highest
RMSE is for the differences between the spectra measured with the contact probe and the
ones measured with the mug light, showing a difference of 19.4% in reflectance intensity.
This was already expected because for all the samples, the values for the reflectance measured
with the mug light were much higher than all the others. The smallest value is for the RMSE
for the external lamp measurements (difference in reflectance intensity of only 2.1%), which
could also be seen in the visual assessment. The values between the spectra obtained with the
contact probe and the external lamp were the closest for almost all the samples. The
goniometer measurements have also a high RMSE (4.1%), because although the differences
in reflectance were not very high (not as high as the ones from the mug light), the spectra still
presented deeper absorption peaks and also more absorption features.

Since the RMSE cannot show if the contact probe spectra have higher or lower values than
the other datasets and if there is any trend in which measuring experiment gives higher or
lower values, going back to the visual assessment we can see how many samples have the
contact probe measurements lower than the other, which samples have them similar to the
lamp measurements, and which samples have all the spectra with very small distance in
between (all the spectra are almost completely overlaying, which are showed in the graph as
the value “All spectra similar”) (this analysis excludes the mug light measurements, since it
was mentioned before that all the samples except for one give the highest reflectance values
when measuring with this accessory). In Fig. 3 is presented the number of samples for the
sample groups presented before.
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Figure 3. Comparison of reflectance intensities between the contact probe spectra and the
other spectra. The graph shows the number of samples that have higher reflectance for the
mentioned accessories when compared to the contact probe measured reflectance.

Table 5. The average SAM angle values between the reference spectrum and the other spectra

SAM Integrating External lamp Mug light Goniometer
[radian] sphere
Contact probe 0.00211 0.0133 0.0703 0.0700

As mentioned before, the SAM value does not take into account the illumination and shading
(Table 5). It can now be seen that the smallest angle is between the contact probe spectrum
and the integrating sphere spectrum, although the integrating sphere spectrum was for most of
the samples the one with the lowest values. This means that, although the radiation that
reached the fibre optic in the integrating sphere was lower than the radiation that reached the
contact probe or the fibre optic with the other accessories, the shape of the spectra collected
with the integrating sphere and the contact probe present the highest similarity in shape. The
biggest differences are found when compared to the spectra collected with the mug light and
the goniometer. Although from the visual comparison one would expect to get a higher
difference between the shape of the contact probe spectra and the goniometer spectra, since
the goniometer spectra have the absorbance features, the highest difference is actually found
when compared to the mug light spectra. However, the difference between the SAM value
when compared to the goniometer measurements and to the mug light measurements is very
low, the values being almost equal.
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3.4 Effects of the different measuring settings on estimating soil
characteristics

The question that arises from the already mentioned results is if the differences between
spectra can be eliminated by pre-processing. The differences in intensities should be
eliminated by calculating the 1% derivatives of the spectra (Rinnan et al., 2009), which should
lead to better result for modelling. However, the shape of the spectra will still influence the

model’s outcome, and the question is how important will the differences between the spectra
be.

The clay content of the samples is between 5% and 47.5%, the organic matter content
between 0.27% and 9.33%, and the quartz content between 12.6% and 83% (considering the
mineralogical content). Although the organic matter content is not very high in the measured
soil samples, the model performs the best for it, giving the lowest values for the RMSE.
Because the organic matter content has values lower and higher than 5%, the plots for the
observed and predicted values showed a non-linear relation (Figure 4), which lead to the
decision of transforming the organic matter values in the logarithm values. In this situation,
the organic matter values for the samples are between -0.57 log% and 0.97 log%.

Contact Probe-no processing Contact Probe-processed

1:1 Jife 1.1 Jirie

arganic matter predicted [%]
4

Organic matter predicted [%)]
4

COrganic matter observed [%] Organic matter observed [%]

Figure 4. Non-linear relation when plotting the organic matter observed values against the
predicted values (example for the contact probe measurements, but comparable for all
measurements).

In Figures 6 and 8 it can be seen that the relation becomes linear when using the logarithm
values.

As it can be seen in Tables 6, 7 and 8, the statistics for the leave-one-out cross validation of
the PLSR models calibrated on each different dataset are not very satisfactory.

23



Table 6. Statistics for the LOO cross-validation for clay content

No. of

) latent

RMSE [%] R Al variables

Data pre- No Yes No Yes No Yes | No | Yes
processing

comact | gs99 | 8771 | 0265 | 0245 | 1.10 105 | 6| 3
probe

Integrating | - 9931 | 8400 | 0198 | 0289 | 0.96 114 | 6 | 6
sphere

Lamp 0853 | 10.652 | 0200 | 0138 | 0.7 090 | 6| 3

Muglight | 9.140 | 9.334 | 0222 | 0231 | 1.05 102 | 4| 3

Goniometer | 8.382 | 8381 | 0308 | 0297 | 1.4 114 | 6 | 6

The best values are for the models estimating organic matter, where the RMSE values for
using no pre-processing techniques are between 0.213 log% for the lamp measurements and
0.249 log% for the muglight measurements. This is also a result of the low range that the soil
samples have in organic matter content, also considering that the logarithm values of the
organic matter content were used. However, the R® values are very low, the models
explaining only between 48.1% (for the muglight measurements) and 62.1% (for the lamp
measurements) of the variability of the data. When using the pre-processed data, the results
are different for the different datasets: for the contact probe, muglight and goniometer
measurements the RMSE values are improving, although not by much taking into
consideration the RMSE values, the maximum being a decrease of 1.531 % for the integrating
sphere measurements in the case of clay predictions and 4% for quartz predictions. For the
integrating sphere and lamp measurements, the RMSE values are increasing, which means
that the model is getting worse. The same change can be seen in the R? values and the RPD
values, but still the values that improve are not good enough.

Table 7. Statistics for the LOO cross-validation for organic matter content

No. of
latent
2
RMSE [log%] R RPD et
Data pre- No Yes No Yes No Yes No | Yes
processing
Contact | 4,39 | o254 | 0522 | 0458 1.45 136 | 4 | 3
probe
Integrating | o6 | 0244 | 0578 | 0.496 1.53 142 | 6| 3
sphere
Lamp 0213 | 0224 | 0621 | 0584 1.62 155 | 6 | 5
Muglight | 0249 | 0227 | 0481 | 0593 1.39 153 | 7
Goniometer | 0.230 | 0229 | 0563 | 0576 1.50 151 | 6 | 6
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Table 8. Statistics for the LOO cross-validation for quartz content

No. of
Data RMSE [%] R? RPD V;fit:gltes
Pre-_ No Yes No Yes No Yes No | Yes
processing
Contact | 10756 | 16206 | 0.302 0.337 1.08 111 | 4 | 4
probe
'”tsepghr:rt_éng 20163 | 16.278 | 0164 | 0.250 0.90 112 | 6| 8
Lamp 17218 | 19.069 | 0.284 0.223 1.05 095 | 6 | 4
Muglight | 16.367 | 17.379 | 0.284 0.255 111 104 | 6 | 4
Goniometer | 15.073 | 16554 | 0.378 0.296 1.20 110 | 5 | 4

When looking at the statistics for all three contents estimations, the RPD values for clay and
quartz content do not go higher than 1.20, while a good value for the RPD should be at least
higher than 1.4, considering the categories presented in the methodology. This happens for the
organic matter estimations, using the logarithm values, where the RPD is between 1.39 and
1.62 when using spectra without pre-processing, and 1.36 and 1.55, when using the pre-
processed spectra.

For the clay and quartz predictions the values of the statistics are worse, the values for the
RMSE being the highest for quartz, since quartz content has the highest range (between
12.6% and 83%). The integrating sphere measurements give the highest RMSE values for
both minerals: 9.931% for clay and 20.163% for quartz. However, these are the values that
improve when using pre-processed spectra, the value for clay decreasing with 1.531% and the
value for quartz with almost 4%. There is no actual trend in the way the RMSE values
increase or decrease after spectra pre-processing, the value for the lamp measurements being
the only one that increases for all three soil characteristics. The R? and RPD values present a
similar behaviour, for some of the datasets the values improve, while for other datasets the
values worsen.

When looking at the plots of the observed values against the predicted values for the leave-
one-out cross validation (Figures 5, 6 and Appendix A), it can be observed that the regression
lines in all the plots present an offset, for some higher and for some lower. For each of the
three soil characteristics, the offset is in the same range of values for the spectra collected
with the five different accessories. For the clay content (Figure 4), the offset for using raw and
pre-processed data has values around 10, while the distribution of the values is scattered, with
values that go far away from the 1:1 line, and with values clustered mostly near the first half
of the line. However, the values are evenly distributed on both sides of the line.

For the organic matter content (Figure 6), the points are closer to the 1:1 line, which could
have been expected from the better statistics obtained in this case. The offset of the regression
line here is smaller than in the case of the clay content, with negative values between -0.5 and
0. In the quartz content plots (Appendix A), the values are farther away from the 1:1 line than
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in the previously mentioned cases, with more values above the line. The offsets of the
regression lines have the highest values from the three soil characteristics, the values being
around 20.

The use of pre-processed data does not change considerably the aspect of the plots. What can
be noticed for the clay content plots is that the farthest away values come closer to the 1:1
regression line, but the values that were already clustered close to the line get more dispersed,
so, although the most extreme values come closer to the line, the overall dispersion gets
higher. For the organic matter content, the clusters of points around the origin of the line get
more compact, while in the quartz content plots it can be seen that the points get farther away
from the 1:1 line, the dispersion being increased.
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Tables 9, 10 and 11 present the calculated statistics for validating the PLSR model calibrated
with the measurements obtained by using the contact probe with the other four datasets.

For all three cases, the RPD values when using pre-processed spectra decrease considerably to
values below 0.9 for the organic matter, below 0.4 for quartz content predictions and below
0.8 for clay content predictions.

Table 9. Statistics for contact probe model’s validation with the other datasets for clay content

Contact RMSE [%] R° RPD
probe to No pre- Pre-_ No pre- Pre-' No pre- Pre-.
processing | processing | processing | processing | processing | processing
Integrating | 7263 | 15711 0.429 0.010 1.23 0.61
sphere
Lamp 6.839 15.224 0.499 0.020 1.40 0.63
Muglight 18.054 13.070 0.275 0.069 0.53 0.73
Goniometer | 31.813 14.683 0.214 0.005 0.30 0.65

Table 10. Statistics for contact probe model’s validation with the other datasets for organic
matter content

RMSE [log%] R RPD
Contact
robe to No pre- Pre-_ No pre- Pre-_ No pre- Pre-_
P processing | processing | processing | processing | processing | processing
Integrating | 5og 0.392 0.588 0.159 1,52 0.88
sphere
Lamp 0.225 0.393 0.607 0.246 1.53 0.88
Muglight 0.639 0.405 0.292 0.327 0.54 0.85
Goniometer | 0.590 0.398 0.594 0.203 0.59 0.87

Table 11. Statistics for contact probe model’s validation with the other datasets for quartz
content

Contact RMSE [%] R° RPD
orobe to No pre- Pre-_ No pre- Pre-_ No pre- Pre-.
processing | processing | processing | processing | processing | processing
Integrating |14 704 | 48.953 0.385 0.061 1.23 0.37
sphere
Lamp 12.375 49.320 0.533 0.058 1.47 0.37
Muglight 16.208 51.343 0.367 0.190 1.12 0.35
Goniometer 13.969 49.949 0.572 0.037 1.30 0.36

As it can be seen at first, the best prediction statistics are calculated for the organic matter
content, which was also the case for the models validated with the leave-one-out cross
validation. When using data without pre-processing, the RMSE values for the organic matter
content estimation are between 0.225 log% for the validation with the lamp measurements
and 0.639 log% for the validation with the muglight measurements. The raw spectra obtained
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by using the integrating sphere and lamp perform the best in the case of the organic matter
content estimation. The same can be seen for the clay content, but for the quartz content the
situation changes, the best statistics being calculated for the lamp and goniometer
measurements. However, the RMSE has the highest values for the clay content estimation by
using the muglight and goniometer measurements (with the highest value for the goniometer
measurements — 31.813%) and for the estimation of the quartz content, with values between
12.375% (lamp measurements) and 16.208% (muglight measurements). The R? and RPD
values are overall very low. The highest value for R? is 0.572 and it corresponds to the use of
goniometer measurements for the quartz content predictions, explaining 57.2% of the data
variation. This is surprising, considering the high differences between the spectra obtained
with the contact probe and the ones obtained with the goniometer, which makes it actually a
coincidence. Although the RMSE values are high for the quartz content predictions, it appears
that the R? has on the average the best values, between 36.7% for the muglight measurements
and, as mentioned above, 57.2% for the goniometer measurements. Considering all four
validations, the lowest values are for the organic matter content predictions, with values
between 14.0% for the muglight measurements and 45.8% for the lamp measurements. The
RPD values are between 0.30 for the clay content estimation using the goniometer
measurements and 1.47 for the quartz content predictions using the lamp measurements. The
lowest RPD values are for the validations with the muglight and goniometer measurements in
the cases of the clay content and organic content predictions, and for the validations with the
integrating sphere and muglight measurements in the case of the quartz content estimation.
The values for the statistics become worse when validating the model with the pre-processed
data. The lowest RMSE values are still for the organic matter content (between 4.585% for
the integrating sphere measurements and 7.985% for the muglight measurements) and the
highest for the quartz content predictions (between 48.953% for the integrating sphere
measurements and 51.343% for the muglight measurements). A high jump in RMSE values
can be noticed for the quartz content, from an average of 14.314% (for all four validations of
the model) to an average of 49.851%. The values become almost four times higher. The same
thing can be noticed also for the organic matter content and clay content predictions, with two
exceptions: for the clay content predictions, when validating the model with the pre-processed
data obtained with the muglight and goniometer measurements the RMSE values decrease
from 18.054% to 13.070% and from 31.813% to 14.683% respectively. This are the only two
situations in which the quality of the model shows an improvement after pre-processing the
spectra. Also, these are the only two exceptions in which the model perform better on the
muglight and goniometer spectra.

Besides the already mentioned two exceptions and the case of validating the model for quartz
content estimation with the integrating sphere spectra without pre-processing, all the other
situations give the lowest RMSE values for the integrating sphere and lamp measurements.
The integrating sphere and lamp measurements also give the lowest SAM values when
compared to the contact probe spectra, although in the case of the RMSE for spectra
comparison, the integrating sphere measurements give the third lowest value, the goniometer
measurements having a lower RMSE.
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Taking into consideration the poor results obtained when using pre-processed data, it is
obvious that it should definitely not be used. Regarding the results using the spectra without
pre-processing: for the clay content estimations, the best results are given by the integrating
sphere and lamp measurements and the worst by the goniometer measurements, for organic
matter the best are given again by the integrating sphere and lamp measurements while the
worst is given by the muglight measurements. For the quartz content estimations, the best
results are given by the lamp measurements and goniometer measurements, and the worst by
the muglight measurements.

Figures 7, 8 and Appendix B present the graphs obtained by plotting the observed values
against the predicted values for contact probe model’s validation with the other datasets for
clay, organic matter and quartz content respectively. Looking at all three figures, it can be
noticed at once that using pre-processed data leads to very poor estimation results. The
predicted values are very low, always below the 1:1 line, while the regression line fit through
the points is almost horizontal, with a slope close to zero. This shows even better the bad
results, confirming the fact that using pre-processed data does not lead to correct estimations.

The plots for the clay content estimation using data without pre-processing (Figure 7) show a
slight grouping of most of the points around the origin of the regression line for the lamp and
integrating sphere measurements, with more points above or respectively below the 1:1 line.
For the goniometer and muglight measurements the points are very dispersed, with almost all
points above the 1:1 line for the muglight measurements and all points at a considerable
distance above the 1:1 line for the goniometer measurements. However, the majority of the
values are dispersed away from the line, the goniometer and muglight measurements
presenting the highest dispersion. The regression lines also present offsets with values around
5 for the integrating sphere and lamp measurements, around 20 for the muglight
measurements, and around 40 for the goniometer measurements. When using pre-processed
data, the slopes of the regression lines get close to zero (the lines appear almost horizontal),
while the points get farther away from the lines.

For the organic matter content predictions (Figure 8), the plots present a similar clustering of
the points around the regression lines, with the difference that the clusters are more compact
and the clustering point is around the middle of the line. However, the points are closer to the
1:1 line for the lamp and integrating sphere measurements, while for the muglight
measurements they are almost completely above and for the goniometer completely below.
Here the offset values are smaller than the previous case, with negative values. When using
pre-processed spectra the plots change their aspect considerably, as in the other two cases.

In the case of the quartz content predictions (Appendix B), the points are dispersed along the
1:1 regression lines, the majority being away from the lines, the highest dispersion can be
seen for the integrating sphere measurements and for the muglight measurements. The points
are mostly above the 1:1 line for the muglight and lamp measurements, and mostly below for
the goniometer and integrating sphere measurements. The offset values are around 20 for the
integrating sphere, lamp and muglight measurements, and around 10 for the goniometer
measurements.
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4. Discussion

The results of the spectra comparison show considerable differences in the spectral
measurements taken with the different accessories. However, there is no clear trend in how
the spectra differ, since the intensity values change for the different accessories used. Besides
the muglight, where the measured samples were powdered, there is no other accessory that
constantly gives the highest or the lowest values for the spectra. The fact that the integrating
sphere measurements give most often the lowest values can be attributed to the variation in
the very short distance between the sample and the light source. Because of the very short
distance, the small variations could have considerable influence. As mentioned in the results,
the spectral values given by the integrating sphere are not always the lowest, but sometimes
they are in between the lamp, goniometer and contact probe measurements, or even higher.
This could come from the differences in the soil texture (Chang et al., 2001). Although the
samples were prepared in the same way, and all of them had particle dimensions smaller than
2 mm, it could be observed during the measurements that some samples contained more sand
and had a finer texture than other samples that were very coarse. This could have caused
different shading on the samples, thus different reflectance intensities. Unfortunately, besides
the few observations done during the measurements, there was no information about the
texture of the samples for confirming the theory. That could be a subject for further research.

As expected, the measurements taken with the muglight gave the highest RMSE values
compared to the measurements taken with the contact probe. This is the consequence of the
fact that the muglight spectra had constantly much higher values than all the other spectra.
The muglight is also a contact accessory, so one would expect that the measurements taken
with the contact probe and muglight would give similar spectra in shape and reflectance, but
as it can be seen from the RMSE and SAM values, the spectra resulted from the two contact
accessories are the most different. This is mainly the result of the different texture of the
measured samples.

Although the goniometer spectra show high similarity to the contact probe spectra in terms of
intensity, the differences in shape seem to be more considerable. The SAM values show that
the goniometer and muglight give the spectra with highest differences in shape when
compared with the contact probe spectra. This result was expected for the goniometer
measurements, since the goniometer obtained spectra show much deeper absorption features,
but it seems like the muglight spectra also have considerable differences in shape, although
not very noticeable on the visual assessment. This differences are probably the result in the
different texture of the samples. The deeper absorption features in the goniometer spectra
could also come from the fact that the sensor was farther away from the sample then in the
other measuring experiments.

The external lamp and integrating sphere measurements gave the spectra with the smallest
differences compared to the contact probe spectra. In intensity the external lamp gave the
closest results, while in shape the closest spectra to the contact probe spectra came from the
integrating sphere measurements. However, considering the results found from the second
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research question, all spectra should be very similar in values and shape, since accordingly to
the articles, they all measure the same quantity, namely “diffuse reflectance”.

The applied PLSR to the obtained datasets to predict organic matter and quartz content
performed better to predict organic matter content than to predict quartz content. The second
best values are given for estimating the clay content, while the worst are for the quartz content
predictions. A cause for the poor results might be the very wide variety in the soil mineralogy
of the samples combined with the small number of samples used for modelling. For good
results considering the high variety in mineralogy, the model should be applied on a much
higher number of samples, although this contradicts the idea that using a small amount of
samples could lead to over-predictions (Reeves lii et al., 2012). Another explanation for the
high RMSE values in the case of quartz content estimations could be the fact that this mineral
has very few absorption features in the studied spectral region and its presence cannot be very
easily noticeable (Mulder et al., 2013). However, the R? and RPD values are very low for all
the cases, which shows the need for more samples: the model explains very little of the data
variability.

The results do not improve very much after spectral processing, or they even get worse, which
shows that in the case of the leave-one-out cross validation, the noise removal and calculating
the derivatives do not influence the final outcome. The plots of the predicted and observed
values also show an increase in the data dispersion, which confirms that pre-processing does
not help improving the model.

The model calibrated with the contact probe measurements showed the same trend when
validated with the other measurements as when validated with the leave-one-out cross
validation: the statistics calculated for organic matter content predictions gave better values
then for the clay and quartz content estimations. It should be taken into consideration that the
samples used for the muglight measurements had a different texture than for the other
measuring experiments, but the samples still had the same clay, organic matter and quartz
content, which should be shown in the predictions (the prediction results should be similar).
As expected after the spectra comparison, the validation done with the muglight and
goniometer measurements give the highest values for the RMSE, which shows that the high
differences in intensity and shape between the contact probe spectra and the other two sets of
spectra have a high influence on the predictions. The results are poor also for the other two
validations, although they gave overall the smallest RMSE values and the highest R and RPD
values. The fact that the mug light and the goniometer measurements give the poorest results
from the four validating datasets could also be caused by the fact that they were performed
with different spectrometers in different environments and the settings had a high influence
on the outcome (Ge et al., 2011). The poor results using the spectra measured with the
goniometer and the muglight were expected, considering the results of the spectra
comparison, which showed that the muglight measurements had the highest difference in
overall reflectance and also highest difference in shape, and that the goniometer
measurements had a high difference in shape, with a SAM value close to the highest (the
SAM value for the muglight measurements).
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The pre-processed data makes the validation results worse, as in the case of the leave-one-out
cross validation performed for the modelling of the individual datasets. The RMSE increases
with high quantities, while the R? and RPD decrease to very low values (as showed in results).
This shows that trying to correct the spectra for the differences in shape and intensity does not
have the expected result of improving the model, but it actually makes the differences have
higher influence on the prediction and it enhances their importance. The plots obtained when
using processed data show extreme changes in predictions, the slope of the regression line
being close to zero and the points being completely under the 1:1 line. This shows how
important the shape of the spectra is when using first derivatives.

The plots of the observed and predicted values show that the points get more scattered when
using data without pre-processing, which confirms the fact that pre-processing the data
increases the influence of the differences between the spectra on the predicted soil
characteristics.

The model performs differently for the not processed goniometer and muglight measurements
when estimating the three contents. For the muglight measurements the explanation might be
the highest difference in reflectance intensity when compared to the contact probe spectra,
and apparently the intensity is an important parameter in the model, and it seems that the soil
texture influences considerably the prediction outcome. The soil samples had the same
characteristics excepting the texture, but apparently that cannot be seen when predicting them.
In the case of the goniometer measurements, the reason could also the wavelengths that have
the highest weights in the model (the variable importance for projection — VIP). As it can be
seen in Figure 11, for clay and organic matter content estimations the wavelengths close to
and including the absorption peaks seen in the spectra get much more weight in the model
than in the case of the quartz content estimations. This leads to the model performing
differently in the three different cases: it seems like the performance is much worse for clay,
where the important wavelengths are around 1500 nm and also 1700 nm, than in the case of
the organic matter content where after 1500 nm (where a peak can be seen) the wavelengths
get low weights, or in the case of the quartz content estimations, where the weights are low
overall. When estimating organic matter content and quartz content the reflectance intensity
differences appear to be more important than the shape differences between the contact probe
spectra and the other spectra, since the muglight measurements give lower results than the
goniometer measurements.
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Figure 9. VIPs for the models used to estimate clay, organic matter and quartz content with
spectra without pre-processing.
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Although the statistics obtained for the leave-one-out cross validation of each model obtained
based on each separate dataset are similar to the statistics obtained for validating the model
constructed with the contact probe measurements with the other datasets, one cannot say that
the prediction results are similar. The predicted values obtained using the other datasets on the
contact probe model are very different than the predicted values with the leave-one-out cross
validation, fact that can be seen in the plots (Figures 5-10). This confirms that spectra
obtained with different accessories cannot be combined.

Another interesting observation is the fact that having the same soil sample with two different
textures gives different results for predicting the characteristics, although in this research a
clear differentiation cannot be made in order to see if the different results come from using
different accessories for measuring (in this case contact probe and muglight) or from the
different textures. Testing how measuring with the same accessory spectra for the same soil
sample but with different textures would help make the differentiation, and could be a subject
for further research.

Considering the results of the second research question, in which all the measuring
accessories from this research were used for determining the “pseudo-diffuse” reflectance,
validating the model constructed with the contact probe measurements with the other datasets
should give satisfactory outcomes, since the measured quantities would define basically the
same notion: diffuse reflectance. There was no article in which the measurements for
“diffuse” reflectance were performed with a spectrometer mounted on a goniometer, but
averaging the measurements taken from all the different angles would resemble averaging
spectra taken when rotating the sample, where actually only the azimuth angle is varied (Ge et
al., 2011; Nocita et al., 2014). As it can be seen, the spectra obtained with the different
accessories give different results for the predictions.

These results have great implication when considering the idea of building a large soil
spectral database, suggested in previous researches (Brown et al., 2006; Ge et al., 2011). The
spectral database would consist of measurements performed with different instruments and
accessories and as it can be seen from the results in this research, using spectral datasets from
multiple sources does not give a good result when estimating soil characteristics. It has been
previously shown that data obtained with different spectrometers should not be combined
without carefully designed algorithms for the transfer of the calibration models (Ge et al.,
2011), so a subject for future research could be designing an algorithm for combining datasets
resulted from measuring with different accessories.
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5. Conclusions

There is a multitude of instruments and accessories used in soil spectroscopy, and also a
multitude of different settings for the measuring experiments. The measuring settings are
often not very well described, the description being resumed to mentioning the type of
instrument and accessories used, the number of collected spectra and the sample preparation.
However, all of these techniques have been used to measure spectra for estimating the same
soil characteristics. Also, the same techniques have been used to measure both bi-conical
reflectance and what is called in the articles “diffuse” reflectance without making any
difference between the two notions. The different researches use for example a contact probe
to measure “diffuse” reflectance, which by definition should then be equal to measuring
diffuse reflectance with a diffuse reflectance measuring accessory (e.g. integrating sphere),
therefore the two quantities should be equal and should give the same performance when
modelling using them. It is clear that the term “diffuse reflectance” is used without any
consideration for its actual definition and accessories that are needed to measure it.

Considering the results obtained by analysing the spectral data, it can be said that the
quantities that are measured in the multitude of articles as “diffuse” reflectance are not
actually diffuse reflectance by definition. If diffuse reflectance could have been measured
with all the presented accessories, then the spectra obtained in this research should have been
similar and the results of modelling it for clay, organic matter and quartz content would have
been comparable.

Performing the spectra comparison by visual assessment, calculating the RMSE for the
differences in reflectance intensity and determining the differences in shape by calculating the
SAM values, showed considerable differences between the results of the five different
measuring experiments.

Also, building multivariate models with the five different datasets in order to estimate the
clay, organic matter and quartz content of the samples gave different results. This confirms
that reflectance measured with an accessory specially designed for measuring diffuse
reflectance is different than reflectance measured with an accessory that is not made for
measuring diffuse reflectance (e.g. contact probe).

There are two main conclusions resulting from this research: 1) only the reflectance measured
with diffuse reflectance measuring accessories is diffuse reflectance and only then the term
“diffuse reflectance” should be used and 2) spectral data originated from different measuring
setups should not be combined for estimating soil characteristics.
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Appendix A. Observed vs. predicted values plots for the LOO cross-validation for quartz
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