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Disclaimer

Information contained in this document results from research funded wholly or in part by the Potato Industry
Development Trust upon request of Potatoes South Africa acting in good faith. Opinions, attitudes and points of
view expressed herein do not necessarily reflect the official position or policies of the Potatoes South Africa.
Potatoes South Africa makes no claims, promises, or guarantees about the accuracy, completeness, or adequacy
of the contents of this document and expressly disclaims liability for errors and omissions regarding the content
thereof. No warranty of any kind, implied, expressed, or statutory, including but not limited to the warranties of non-
infringement of third party rights, title, merchantability, fitness for a particular purpose or freedom from computer
virus is given with respect to the contents of this document in hard copy, electronic format or electronic links thereto.
References made to any specific product, process, and service by trade name, trademark, manufacturer or another
commercial commodity or entity are for informational purposes only and do not constitute or imply approval,
endorsement or favouring by Potatoes South Africa.

Vrywaring

Die inligting vervat in hierdie dokument is die resultaat van navorsing wat ten volle of gedeeltelik befonds is deur
die Potato Industry Development Trust op versoek van Aartappels Suid-Afrika, handelend in goeder trou. Menings,
sienings en standpunte hierin vervat reflekteer nie noodwendig die amptelike standpunte of beleid van Aartappels
Suid-Afrika nie. Aartappels Suid-Afrika maak geen aansprake, beloftes of waarborge oor die korrektheid,
volledigheid of toereikendheid van die inhoud van hierdie dokument nie en ontken uitdruklik aanspreeklikheid vir
foute en weglatings oor die inhoud daarvan. Geen waarborg van enige aard, hetsy geimpliseerd, uitdruklik, of
statutér, insluitende maar nie beperk tot die waarborge van nie-skending van derdeparty-regte, titels,
verkoopbaarheid, geskiktheid vir 'n bepaalde doel of vry van rekenaarvirus word gegee te opsigte van die inhoud
van hierdie dokument in gedrukte formaat, elektroniese formaat of elektroniese koppeling daaraan. Verwysings na
enige spesifieke produk, proses en diens by wyse van handelsnaam, handelsmerk, vervaardiger of ander
kommersiéle kommoditeit of entiteit is slegs vir inligtingsdoeleindes en vorm of impliseer nie goedkeuring,
onderskrywing of begunstiging daarvan deur Aartappels Suid-Afrika nie.
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EXECUTIVE SUMMARY

South Africa is a water-scarce country and as a result, agriculture will be under more scrutiny to use water
more efficiently in future.

Potato is an important crop in South Africa and has been proven to be highly water efficient, compared to
other food products. However, the crop is highly dependent on the availability of sufficient irrigation water.

Irrigation water can be used more efficiently by producing high-value crops and limiting unproductive water
losses during crop production. The latter can only be achieved with the application of proper irrigation
scheduling techniques.

Many different irrigation scheduling tools are available to irrigators, but studies have shown that globally
less than 30 % of growers apply scientific irrigation scheduling tools to help them make irrigation
scheduling decisions.

Some of the most popular scheduling measurements, such as soil capacitance probes, make point
measurements, which are prone to error due to spatial variability in fields. Therefore, tools that can make
field-scale measurements may be useful to overcome this limitation.

The cosmic-ray probe (CRP) is a relatively new instrument that uses cosmic-ray neutrons to estimate
area-averaged soil water content (SWC) to a depth ranging from 0.1 m to 0.7 m. The CRP has the
capability to estimate SWC of an entire ~30 ha field but has not been tested extensively in irrigated
agriculture before.

This study was consequently conducted to investigate the accuracy and usefulness of the CRP as an
intermediate-scale SWC sensor and whether the information provided can be used for irrigation scheduling
of shallow-rooted crops such as potato on large fields.

The assessed aspects included calibration, accuracy, effect of vegetation on SWC estimates, and
usefulness of data for irrigation scheduling. Four field trials were conducted across the north-eastern part
of South Africa on three irrigated potato fields and one dryland potato field.

One CRP was rotated between the four study sites, and outputs were compared with established methods
of estimating SWC, namely gravimetric soil sampling, the neutron probe, DFM capacitance probes and
Echo capacitance probes.

Comparisons between SWC estimates by the CRP and other methods yielded variable results in terms of
CRP accuracy, but results generally suggested that CRP measurements do reflect changes in SWC trends
over the crop growing season.

Variability amongst CRP estimates of SWC, as brought about by the presence of water in vegetation, had
a limited impact on estimates of SWC at Lichtenburg, but there was a clearer effect at the Tom Burke
study site. Inclusion of biomass in calibration procedures improved the accuracy of SWC estimates at the
latter site, but only during the second half of the growing season.

The study results showed that in spite of manufacturer claims of deeper measurement depth, the effective
measurement depth under irrigated conditions is probably 0.2 m or less. Furthermore, ponding of water
on the soil surface was found to contribute to high levels of variability in CRP estimates of SWC due to the
neutron-moderating ability of the ponded water.
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13. A minimal calibration approach was devised to assess whether raw data obtained from the CRP and then
converted into relative measures of SWC could be used for irrigation scheduling applications. This gave
promising results in terms of irrigation scheduling decisions without site-specific calibration, but the
approach should be investigated further to confirm its potential for wider application.

14. Although the data presented in this study showed that there is potential for the CRP as tool to assess
SWC, various issues still need to be clarified. The limited measurement depth and uncertainties around
the effect of water contained in plant biomass on accuracy remain obstacles that currently prevent the
practical application of this instrument.

15. For practical irrigation scheduling, especially for crops with root depths greater than the CRP measurement
depth, this approach will most likely have to be combined with other methods to estimate the SWC of
deeper soil layers.

Keywords: water management, soil water content, cosmic rays, calibration, irrigation scheduling
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Chapter 1
INTRODUCTION

BACKGROUND

Potato (Solanum tuberosum L.) is the fourth most important food crop in the world after rice, wheat and maize
(Khan et al., 2012), and forecasts show that potato production is likely to continue increasing globally (Ahmadi et
al., 2010). In South Africa, potato is the most important vegetable crop and comprises about 4 % of the total
agricultural production, contributing about 43 % of the main vegetables and 15 % of horticultural products (DAFF,
2013). Local research furthermore suggests that the importance of the crop is likely to increase in future due to its
ability to adapt to climate change (Haverkort et al., 2013).

The potato is a highly water-efficient crop but is highly dependent on the availability of water. As a result, more than
80 % of the area planted to potatoes is now irrigated (PSA, 2020). Water is, however, one of the scarcest natural
resources in arid and semi-arid countries such as South Africa. This is especially true where most crops are
produced under marginal rainfall conditions. It is, therefore, no surprise that irrigation is the largest user of water in
South Africa, accounting for between 50 and 60 % of the total exploitable runoff (Conley, 1997; Enright, 2003; Stats
SA, 2010). In marginal rainfall areas such as the Eastern-Cape, Limpopo and Free State, agriculture is also by far
the largest user of groundwater (Stats SA, 2010). Producers in these areas, therefore typically irrigate high-value
crops, such as vegetables and fruit crops, in an attempt to minimise the risk linked to plant water stress.

According to Conley (1997) and Stats SA (2010), the contribution of agriculture to the gross national product (GDP)
is far less than that contributed by mining, manufacturing and power generation, which, when combined, use only
a quarter of the total amount of water used by agriculture. Even though agricultural water use is more sustainable
than water use by the mining and manufacturing sectors, the economic contribution of a sector often dictates its
importance in developing countries such as South Africa. Even though direct economic contribution dictates the
importance of a sector in a developing economy, it might become a costly mistake when adjudicating agricultural
importance. Not only does agriculture use water more sustainably, but it also creates many jobs for unschooled
workers, whilst equipping them with valuable skills (Bresciani & Valdés, 2007). The indirect contribution of
agriculture to the economy of especially developing countries is therefore often underestimated.

Although the contribution of agriculture to the economy is substantial, and it uses water more sustainably than many
other sectors, irrigation is often scrutinised in terms of sustainability (Wichelns & Oster, 2006). Sustainability
assessments — for example, water and carbon footprints — provide scientists and producers with valuable
information that can be used for process enhancement within the production system. For industries such as the
South African potato production industry, which relies heavily on the availability of water for irrigation, water footprint
assessments may aid in decreasing their dependence on the already limited freshwater resources. This will become
increasingly more important in future as the energy costs associated with the pumping of irrigation water will
continue to increase and the government will aim to redistribute freshwater from the agricultural sector to the
industrial and domestic sectors as demand increases.

In practice, farmers tend to slightly over-irrigate their crops, rather than under-irrigating them, which may increase
the risk of the crop experiencing water stress and result in yield losses (Al-lbrahim, 1991; Sezen, Yazar & Eken,
2006; Trout, 1990). However, farmers are encouraged to increase water use efficiency in an attempt to reduce
input costs, as profit margins are steadily decreasing, which is especially true for potato farmers, where input costs
are already high and product prices have stagnated over the past decade. An increase in water use efficiency can
help to enhance sustainability (Chapagain et al., 2006; Steyn et al., 2016; Viala, 2008) - that is, producing more
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crop with the same amount of water, or using less water to produce the same yield. Effective irrigation scheduling
is only possible with the use of scientific irrigation scheduling methods (Stevens, 2006).

Nowadays, many different irrigation scheduling tools and instruments are available to farmers and irrigation
managers (Annandale et al., 2011; Pereira, 1999; Stirzaker 2003). These methods are usually based on
measurements or estimations of one or more components of the soil-plant-atmosphere continuum. The most
common scheduling tools are based on soil and atmospheric measurements. Among the soil monitoring
instruments, capacitance probes have become more popular over recent years because they provide continuous
measurements per soil depth, usually, come with user-friendly software, and have become increasingly more
affordable (Bogena et al., 2007; Giraldi & lannelli, 2009). However, most soil measurement techniques have the
disadvantage that they are point measurements, which are subject to spatial variability, meaning that the
measurements may not always be representative of the entire field (Nielsen, Biggar & Erh, 1973). Optimal
measurement point selection and/or replication, therefore, becomes critical in heterogeneous fields. A way to
overcome some of the aforementioned limitations is to install a large number of point-scale soil water content
sensors (distributed sensor network) to provide a more representative estimate of soil water content over a larger
spatial scale. However, the cost and practicality of such an operation could outweigh the potential benefits.

Another option for measuring soil water content on a large scale is to make use of remote sensing techniques,
which can be done at far larger scales. These techniques also have inherent limitations, including shallow vertical
measurement depth, limited capability to penetrate vegetation, sensitivity to surface roughness and high cost of
satellite images, to name a few (Entekhabi et al., 2004).

A clear spatial gap, therefore, exists between our ability to make point and large-scale measurements. According
to Zreda et al. (2012), this gap can be filled by measuring soil water content with a single instrument with a large
measurement footprint. Such an instrument, which has the ability to measure soil water content at an intermediate
scale, was developed as part of the cosmic-ray soil moisture observing system (COSMOS) project (Zreda et al.,
2008). The cosmic-ray probe (CRP) (Figure 1.3) uses cosmic-ray neutrons to estimate soil water content non-
invasively and economically over an area of tens of hectares, and can therefore potentially be used to measure a
large irrigated field, such as a centre pivot. This method involves measuring low-energy cosmic-ray neutrons above
and below the soil surface, and the intensity of the neutrons is inversely correlated with soil water content as well
as the water present above ground such as in vegetation. The contributions from subsurface and surface waters
are theoretically distinguishable, and therefore this instrument can potentially be used for monitoring the soil water
content of fields with an area of up to 34 ha (diameter of 660 m, dependant on altitude) to depths varying between
0.1and 0.7 m.

Soil water content monitoring using the CRP, therefore, has excellent potential to be useful to irrigation farmers.
However, most research on CRPs has been done in the United States of America and parts of Europe in non-
agricultural applications, such as forests. The CRP is also a relatively new instrument that has only recently been
introduced to the field of soil water content monitoring, and scientists still have uncertainties regarding what exactly
this instrument is measuring, what is the exact measurement depth, how best to calibrate it, the size of the
measurement footprint, and how to optimise its application. This study was, therefore conducted to investigate the
potential of the cosmic-ray neutron probe as an instrument for soil water content measurement and irrigation
management.
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PROBLEM STATEMENT

Water is a finite and scarce resource in South Africa, while successful potato production is highly dependent on
sufficient water supply. More efficient use of water resources is needed to ensure sustainable future potato
production. For irrigated crops, this can only be achieved through effective irrigation management. Various tools
that can measure soil water content and be used for irrigation scheduling are available to irrigation farmers.
However, all of these tools have limitations that can potentially be addressed by use of the cosmic-ray neutron
probe (CRP) in large irrigation fields. The CRP can potentially provide accurate area-averaged estimates of soil
water content to guide irrigation scheduling decisions. The CRP has, however, not been tested extensively in
agriculture and has a relatively shallow measurement depth, which may be an obstacle to widespread
implementation of this tool for irrigation management. More research is therefore required to establish the accuracy
and usefulness of the CRP for soil water content monitoring and irrigation scheduling of specifically centre-pivot-
irrigated potato fields.

STUDY AIM AND OBJECTIVES

The aim of the study was to assess the accuracy and usefulness of the recently developed cosmic-ray probe (CRP)
as an intermediate scale soil water content sensor and whether the information provided could be used to assist
with the irrigation scheduling of shallow-rooted crops on relatively large fields.

The specific objectives of the study were:
e To evaluate the CRP in different potato cropping systems
e To compare CRP estimates of soil water content with other more established methods
e Toinvestigate the optimal calibration method of the CRP for irrigated annual crops
o Toinvestigate the possible application of the CRP to be used in the field of irrigation scheduling

PROJECT TEAM MEMBERS

o Prof. J.M. Steyn — Team leader
e MrT.C. Smit - MSc Agric student
e MrR. Kumasamba — MSc Agric student
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Chapter 2
LITERATURE REVIEW

INTRODUCTION

Farmers in the agricultural sector are faced with various challenges, including but not limited to, increased energy
and labour costs, increased disease pressure and challenges presented by a changing climate, to name a few
(Schmidhuber & Tubiello, 2007). Managing all these challenges can sometimes be quite complicated. A major
challenge faced by farmers is the decreasing availability of freshwater resources needed for irrigation. Overcoming
this obstacle will be critical for farmers producing high-value vegetable and horticultural crops under marginal rainfall
conditions, which most definitely applies to a large portion of farmers in semi-arid Southern Africa. However, the
diversity of agricultural production in South Africa makes it impossible to address each production sector in detail.
It is, however, noted that the magnitude of water-related challenges differs markedly, not only between production
sectors but also within a single production sector.

Farmers are often overwhelmed by the volume of information and technology currently available to them, which
may deter them from implementing these advances. This most definitely applies to the field of water management
and irrigation scheduling in which various technological advances have been made, but widespread implementation
is yet to commence (Stevens, 2006). Another factor contributing to the lack of large-scale implementation of these
advances is a dogma created by failure of first-generation methods and equipment. Fortunately, most of these
water management tools have since been refined and are starting to gain popularity amongst farmers — for example,
capacitance soil water sensors. The heightened demand for water management tools has subsequently led to
business opportunities within the agricultural sector. The downside to this is, however, that once again, farmers are
exposed to an excess of information and technology, which creates an infinite cycle hindering implementation.

This literature review aims to provide the reader with some background to the research project. Furthermore, it
aims to provide the reader with a brief overview of water management tools currently available that can be used in
the agricultural sector to assist farmers in managing their scarce freshwater resources. Finally, this literature review
gives an overview of the recently developed cosmic-ray probe, a tool that could become a useful irrigation
management tool.

DEPENDENCE OF THE SOUTH AFRICAN POTATO INDUSTRY ON FRESHWATER

The potato industry is the largest vegetable production sector in South Africa. Approximately 50 000 hectares are
planted to potatoes annually, and in 2011 there were less than 700 potato growers in the country (Denner, Venter
& Niederwieser, 2012). On average, a single farmer, therefore, plants 70 hectares annually, whilst in the process,
creating a large number of job opportunities directly and indirectly. The potato industry, therefore, plays a significant
role in the South African economy.

One serious problem faced by the local potato industry is that the number of farmers is decreasing drastically over
time as a result of diminishing profit margins, linked to higher input costs. Consequently, potato farmers change
their production systems to less risky farming operations in order to remain profitable. The remaining potato farmers
then often increase their production area in order to supply a growing demand. Farmers that are able to increase
their production areas will subsequently dominate markets by out-competing smaller farmers who cannot expand
production.
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The success of the South African potato production sector is highly dependent on the availability of freshwater
resources for irrigation. This is evident when considering that the ratio of irrigated to dryland potato production has
changed from approximately 1:1 in 1987 to 6:1 in 2011 (Denner et al. 2012). Figure 2.1 illustrates this shift from
dryland to irrigated potato production. This reliance on irrigation continues to increase as the irrigated area
increased by approximately 10 000 hectares during the period of 2010-2014.

The shift towards irrigated potato production will likely cease in the near future as freshwater resources are
becoming increasingly scarcer. The demand for freshwater by sectors other than agriculture will also increase due
to population growth and expansion of industries. Authorities will then almost certainly expect irrigated agriculture,
as the biggest consumer of freshwater, to reduce its water usage.

SA potato industry - Dryland versus irrigation (Hectares planted)
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35000 -| I I I I
» 30000 —]
g 1
G 25000
i il
@ 20000
= il
15 000 - I I r I
10 000 I I I I
- Ll
0 mi
1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017
odryland mirrigation

Figure 2.1: Freshwater dependence of the South African potato production sector as seen in the shift from dryland
production to irrigated systems over the past 27 years

In conclusion, producers in the agricultural sector, and specifically the potato industry, will have to use freshwater
resources more efficiently to ensure long-term sustainability (Howell, 2001; Wallace, 2000). This can be done by
implementing practices to enhance the efficiency of water use and limiting unproductive water losses, such as
runoff, deep drainage and evaporation. Effective irrigation scheduling will not only improve water use efficiency, but
also enhance profitability through reduced nutrient leaching and energy use, and result in improved crop yield and
quality.
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IRRIGATION SCHEDULING PRINCIPLES AND COMMONLY USED METHODS

Irrigation scheduling is a component of irrigation water management and is defined as the conscious decision
regarding the timing and amount of irrigation to apply. Although it is only one component of irrigation water
management, scheduling is often the most important component in which significant water use savings can be
made, assuming that the other two components of irrigation water management, namely proper irrigation system
design and maintenance, have already been optimised. It is, therefore, no surprise that most of the research in the
field of irrigation water management has been directed towards irrigation scheduling.

Irrigation scheduling is normally based on measurements or estimations of one or more components in the soil-
plant-atmosphere continuum. Typical measurements needed for irrigation scheduling include soil water content
(SWC) measurements or estimates of crop water use, based on local weather data (Ritchie, 1981). The most
common method of irrigation scheduling is based on SWC measurements. SWC measurements can be obtained
with relative ease, depending on the approach followed. A grower can take soil samples across a cropped field,
whereafter soil water content can be determined gravimetrically by oven drying of the samples. This is, however,
labour intensive, making soil water content measuring equipment more attractive. Some of the most common
equipment used for determining soil water content includes neutron probes, various types of di-electric sensors and
soil water potential sensors (e.g. tensiometers) (Chanasyk & Naeth, 1996). Di-electric sensors consist of either
time-domain reflectometry sensors (TDR probes) or frequency-domain reflectometry sensors (FDR probes) (Topp
& Davis, 1985).

The neutron probe (NP) is one of the oldest and most well-known SWC measurement devices. Even though it is
now a less popular tool, it is still one of the most reliable measurements of SWC (Campbell & Campbell, 1982).
Measurements of SWC are obtained by lowering a radioactive source into a pre-installed access tube (Chanasyk
& Naeth, 1996). The NP has the ability to measure SWC at multiple depths, depending on the length of the access
tube. Soil water content is measured by lowering a radioactive source (located within the instrument) down the
access tube. Fast neutrons emitted by the source then collide with hydrogen ions in the soil, which slow them down.
A detector then counts the number of slowed (low-energy) neutrons, which is proportional to the SWC. Widespread
use of neutron probes is not common anymore because of health and safety concerns that need to be considered
when working with radioactive materials.

The most common di-electric sensors currently used by producers are FDR sensors, more commonly known as
capacitance probes. Capacitance probes determine SWC by measuring the di-electric constant of the soil, which
is determined by the travel time of a high-frequency electrical pulse between the electrodes of the sensor (Chanzy
et al., 1998). The SWC can then be inferred, as there is a direct relationship between the di-electric constant and
SWC. It should, however, be noted that the di-electric constant is affected not only by the presence of water but
also by the presence of dissolved salts within the vicinity of the sensor (Baumhardt, Lascano & Evette, 2000). Care
should, therefore, be taken when these sensors are used in soils with high salinity levels. Nevertheless, capacitance
probes are becoming quite a popular tool to schedule irrigation, which is in part due to the fact that these sensors
have become reasonably affordable, but also because they come with user-friendly software, which requires lower
levels of expertise.

When using SWC measurements, a grower's decision on when to irrigate is usually based on when a certain
depletion level has been reached. The predetermined depletion level, also known as the allowable depletion level
(ADL), is based on both crop and soil factors, as discussed by Lamm, Rogers & Manges (1994). The ADL for a
specific soil is usually only a fraction (often 50 %) of the total amount of plant-available water (PAW). A producer
will therefore aim to maintain SWC somewhere between ADL and field capacity.
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When determining the amount of irrigation a producer needs to apply, three options are available: A producer can
irrigate to field capacity, apply a leaching fraction to remove excess salts or apply a deficit irrigation strategy. When
irrigating to field capacity, irrigation is applied until the deficit is cleared. This method differs from the deficit irrigation
strategy, which aims to apply less irrigation than what can be effectively stored within the soil profile, in an attempt
to more effectively utilise rainfall, for economic reasons, or to improve crop yield and/or quality (Fereres & Soriano,
2007). However, when utilising the approach where a leaching fraction is applied, more water than can effectively
be stored in the soil profile is applied (Hoffman & Hall, 1990), usually with the aim to leach salts from the root zone.

A number of mechanistic crop models have also been developed over the years to assist with irrigation scheduling
decisions. The University of Pretoria’s Soil Water Balance (SWB) model is an irrigation scheduling model based on
the generic crop version of the New Soil Water Balance model proposed by Campbell and Diaz (1988). The SWB
model consists of three distinct units, namely the weather, soil and crop units. The model can simulate the soil
water balance components, which can be used to schedule irrigation. Due to its mechanistic nature, it can provide
the user with site-specific recommendations of when and how much irrigation to apply (Annandale et al., 1999).

Many models similar to SWB have been developed over the years, each with their own advantages and
disadvantages. Although these models have been tested and used quite extensively in research, they have not
been applied extensively in other fields. This is rather unfortunate, as these tools can aid producers in effectively
scheduling irrigation, without necessarily purchasing expensive equipment.

Growers today have a variety of tools available to aid them in their irrigation scheduling decisions. Although many
of these tools may be effective when used individually, a combination of different approaches may be even more
effective than only using a single approach. A grower’s decision on what approach to use should be based on a
variety of factors, including the type of irrigation system, level of expertise, financial situation and site-specific
factors.

COSMIC-RAY NEUTRON PROBE (CRP)

Significant advances in the field of soil water content measurements have been made over the past few decades,
including the development of tools that can estimate soil water content at large spatial scales by means of remote
sensing (Carlson, Gillies & Perry, 1994). Another exciting development in this field is the cosmic-ray neutron probe
(CRP), which can measure soil water content at a spatial scale of approximately 30 ha. The CRP has been
developed as part of the Cosmic-Ray Soil Moisture Observing System (COSMOS), which consists of a large
number of stationary and mobile CRP sensors (Zreda et al., 2012). These sensors are distributed across the USA,
and similar projects have been developed in countries such as Australia and England (Dutta et al., 2012). This
equipment has only recently been introduced to South Africa, with the consequence that there is little local expertise
on this instrument. The following discussion, therefore, aims to create a solid foundation of underlying concepts on
which soil water content measurements using CRP are made.

Cosmic-ray neutrons: Composition, production, and fate in the environment

Cosmic rays were discovered by Victor Hess, who later received the Nobel Prize in Physics for his discovery
(Carlson, 2012). The discovery of cosmic rays led to various discoveries in the field of particle and nuclear physics,
which are fundamental to modern principles in physics. Nevertheless, the charged particles that make up the bulk
of the incident ionising radiation are referred to as cosmic rays (Israel, 2012). According to Israel (2012), it is
somewhat counterintuitive to refer to “cosmic-rays” as rays, as they are particles consisting of a combination of
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nuclei. The nucleonic makeup of cosmic rays is approximately 90 % hydrogen (protons) and about 9 % helium
(alpha particles), while the remaining 1 % is made up of other elements (Gaisser, 1990). Even though evidence
suggests that cosmic rays are in fact particles and not rays, the term “cosmic rays” is widely used throughout the
literature.

Cosmic rays can be of either galactic or solar origin, with the former being more common, which is mainly due to
the fact that cosmic rays of galactic origin contain enough energy to create secondary particle cascades, which can
penetrate to ground level (Zreda et al., 2012). Even though cosmic rays of solar origin may be important for other
fields of study, they are of less importance to the field of soil water content measurements using the CRP and are
therefore not discussed in this review.

As mentioned earlier, primary cosmic rays consist of mostly protons, smaller fractions of helium and other elements,
which, upon colliding with atmospheric nuclei, create secondary cascades, also known as secondary cosmic-ray
neutrons. Secondary cosmic-ray neutrons can further be subdivided into high-energy cascade neutrons, fast
neutrons, and low-energy thermal and epithermal neutrons (Zreda et al., 2012). Subdivision into these categories
is based on decreasing neutron energies.

High-energy cascade neutrons have energies in the range of giga-electronvolts (GeV) and are generated by primary
protons and heavier atoms, which split atmospheric nuclei into particles, including neutrons. These high-energy
neutrons, in turn, generate fast neutrons (energy in the range of 1 Mega electron Volt (MeV)) by colliding with nuclei,
which leads to the evaporation of fast neutrons. According to Zreda et al. (2012), the evaporation of fast neutrons
is analogous to that of evaporation of water molecules from the surface of water. Fast neutrons further collide with
atmospheric nuclei, which leads to the moderation of fast neutrons and subsequently the formation of thermal and
epithermal neutrons. Thermal and epithermal neutrons typically have energies in the range of 0.025 eV t0 >0.5 €V,
respectively.

Since cosmic rays are protons, which are charged particles, they first have to penetrate the solar magnetic and
geomagnetic field before entering the earth’s atmosphere. These fields serve as the first barrier that protons have
to pass in order to enter the atmosphere. The barrier filters out protons that do not contain enough energy to
penetrate these magnetic fields. Upon entering the atmosphere, high-energy protons collide with atmospheric
nuclei to create energetic secondary particles and tertiary particles in the form of a chain reaction (Zreda et al.,
2012). The collisions in which high-energy protons are involved leads to the formation of neutrons known as cosmic-
ray neutrons. The fast neutrons are the most significant of these neutrons in terms of soil water content
measurement.

Fast neutrons can be produced in air, vegetation and soil, and typically penetrate a few tens of grams per square
centimetre (g cm2) of soil/medium other than air. Units of g cm2 are used by cosmic-ray physicists to describe the
mass shielding or the travel/penetration depth of the neutrons. Zreda et al. (2012) simplified this by referring to it
as the distance that a neutron travels, in a specific medium, before it is thermalised. A neutron is thermalised once
it has attained a state in which it is in thermal equilibrium with the surrounding environment (Beckurts & Wirtz,
1974). When considering a medium such as soil or water, this is typically equal to tens of centimetres in either
medium. This value changes quite significantly when the medium is air, in which case a value in the range of
hundreds of metres can be expected. This will later become important with regard to the placement of the CRP
upon installation.

Fast neutrons move between different media, of which movement between the air and the soil is of importance to
soil water content measurements using the CRP. The movement between the soil and the air creates an equilibrium
of neutrons in each of the two media. This equilibrium is established almost instantaneously (Zreda et al., 2012)
since fast neutrons travel at high velocities in the order of tens of thousands of kilometres per second (Glasstone
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& Edlund, 1952). According to Glasstone and Edlund (1952), depending on the energy of the fast neutrons, the
slowing-down time is in the order of 10s, which leads to the almost instantaneous establishment of an equilibrium.
As with any equilibrium, there has to be a balance between two opposing forces or factors that contribute to the
dynamics of the equilibrium. The two main contributing factors to the dynamics of the neutron equilibrium are the
production rate of the fast neutrons and the efficiency of moderation of fast neutrons (Zreda et al., 2012).

The production rate of fast neutrons depends on both the chemical composition of the medium through which it
travels and the intensity of incoming high-energy neutrons. According to Zreda et al. (2012), more fast neutrons are
produced per incident high-energy neutron from elements with a higher atomic mass than from elements with a
lower atomic mass. This observation is mostly due to the fact that there is an increased probability of producing
more than one fast neutron per collision. The increase in probability can be expressed as A23, where A is the atomic
mass number of the element in question (Geiger, 1956). The production rate of fast neutrons in soil will therefore
be very different from the production rate of fast neutrons in air, due to the differential chemical composition of the
media. Although these are two completely different entities, it should be noted that the fast neutron production rate
also varies between two similar types of media such as soil. Soils composed of iron (atomic mass of £55 g mol")
will have a higher fast neutron production rate than soils composed of silicon (atomic mass of £28 g mol).

The intensity of incident high-energy neutrons, which is the second factor influencing the production rate of fast
neutrons, is influenced by both spatial and temporal variations (Desilets, Zreda & Prabu, 2006; Desilets & Zreda,
2003;). Desilets et al. (2006) ascribe most of the spatial variation to the variable strength of the geomagnetic field
and variable atmospheric pressure. As mentioned previously, cosmic rays are charged particles, which explains
why the strength of the geomagnetic field influences the intensity of high-energy neutrons. The strength of the
geomagnetic field ranges from a minimum at the geomagnetic equator to a maximum at the poles where magnetic
fields are vertical. Spatial variations such as variable atmospheric pressure also influence the intensity of incident
high-energy neutrons. According to Zreda et al. (2012), high-energy neutron intensity decreases by an approximate
factor of two for every additional 100 hPa of pressure, because an increase in air pressure leads to increased air
density, which increases the probability of interactions between high-energy neutrons and atmospheric nuclei. The
increased probability of reactions leads to a decreased penetration depth in a similar way to mass shielding depth
in solids or liquids on earth (Zreda et al., 2012). An inverse relationship between atmospheric pressure and high-
energy neutron intensity can therefore be established, as this relates to the mass shielding concept discussed
earlier. Atmospheric pressure is also subjected to temporal variability linked to changing weather conditions.

Temporal variations, which influence the intensity of incident high-energy neutrons, are due to two main factors,
namely changes in solar activity and barometric pressure. According to Zreda et al. (2012), a greater amount of
incident high-energy neutrons is deflected during high solar output, thereby reducing the intensity of these neutrons.
The opposite is also true, as a decrease in solar activity leads to an increased intensity of high-energy neutrons.
Solar activity is directly linked to the strength of the solar magnetic field, which influences charged particles such
as cosmic rays. Therefore, there is an inverse relationship between solar activity and the intensity of incident high-
energy neutrons. As a result of the temporal variation linked to solar activity, the intensity of incident high-energy
neutrons also varies accordingly. High-energy neutron intensity can therefore be high or low, depending on where
we are in an 11-year solar cycle. Zreda et al. (2012) also pointed out that shorter-term fluctuations will have a similar
effect on the neutron intensity, even though variations are smaller in amplitude. The geomagnetic field also changes
with time; however, these changes are of secondary importance to the variations in high-energy neutron intensity
as they only occur on time scales of years to decades (Zreda et al., 2012).

From previous discussions, it was noted that two factors determine the fast neutron intensity at equilibrium, namely
the production rate of fast neutrons and the efficiency of moderation of fast neutrons. Factors that influence the
production rate of fast neutrons were discussed in the previous paragraphs. The second factor that is related to the
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moderation of fast neutrons will be addressed in the following discussions, as it forms part of the fundamentals
used to determine soil water content using the cosmic-ray probe. Nevertheless, it becomes clear that various factors
in the environment have a distinct influence on the rate of fast neutron production. When studying these factors, it
can be concluded that most of the factors are influenced by natural forces that vary in space and time or are nearly
constant.

Moderation of fast neutrons: the basis of soil water content measurements with cosmic-ray probes

Fast neutrons originate from high-energy neutrons that interact with atmospheric nuclei to generate neutrons with
lower energy levels. Fast neutrons, which are produced in air, vegetation, soil or water, further interact with nuclei
until they are moderated. Moderation of fast neutrons is the act in which neutrons with high energy levels are
involved in elastic collisions with nuclei, lose energy, and are eventually involved and absorbed in inelastic collisions
with nuclei (Zreda et al., 2012). Moderation is sometimes also referred to as the neutron stopping power, a
characteristic that is specific to the material with which it collides. The moderating ability of a material is determined
by three factors, namely: (a) the probability of scattering by different elements, which in turn is a function of their
elemental microscopic and macroscopic cross-sections, (b) the energy loss per collision, and (c) the elemental
concentrations of different elements (Zreda et al., 2012). Each factor will now be discussed separately, even though
a combination of all these factors determines the moderating ability of a material.

The elemental scattering cross-section is a term that refers to the elemental microscopic and macroscopic cross-
sections. This characteristic of a material is often linked to the probability thereof to scatter neutrons. Materials
containing elements with a large elemental scattering cross-section have an increased probability of scattering
neutrons, compared to a material composed of elements with a smaller scattering cross-section. A direct
relationship, therefore, exists between the magnitude of the elemental scattering cross-section and the probability
of neutron scattering. According to Zreda et al. (2012), the elemental scattering cross-section varies with no
regularity between elements, with elements such as sulphur having a scattering cross-section of 1 barn (10-% cm?)
and hydrogen (H) 22 barns. The 10 most common elements found in soil and their characteristics related to the
current discussion are displayed in Table 2.1. The elemental scattering cross-section, denoted as 0s, tends to be
the highest for H, with iron and carbon being the second and third highest. Hydrogen (H) therefore has the highest
probability to scatter fast neutrons, which in turn contributes to the high moderating ability of H as an element.
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Table 2.1: Nuclear properties of ten elements contributing most to macroscopic scattering cross-section in terrestrial
rocks

Element A Osc NC 3 SP C
H 1.0079 22.02 18 1.00 22.016 -
0 15.9994 4.232 149 0.120 0.508 487 875
C 12.011 5.551 113 0.158 0.875 87 638
Si 28.0855 2.167 257 0.070 0.151 281 367
Na 22.9898 3.228 211 0.085 0.277 23 206
Ca 40.078 2.83 364 0.049 0.139 70 963
Al 26.9815 1.503 247 0.072 0.109 58 015
Fe 55.847 11.62 505 0.035 0.411 28 980
Mg 24.305 3.71 223 0.080 0.297 13436
K 39.0983 1.96 355 0.050 0.099 19137

Key: A - atomic mass (g mole~"); o — elastic scattering cross-section (barns; 1 barn = 10-2# cm?); NC — number of collisions
to thermalise a fast neutron; & — average log decrement of energy per neutron collision (or lethargy); SP — elemental
stopping power (computed as & - 0sc) in cm~1; C — concentration, in ppm, of elements in dry “average rock” (Zreda et al.,
2012)

The second factor influencing the fast neutron intensity at equilibrium forms the foundation of how neutron-sensing
equipment can be used to link neutron counts to soil water content. The energy loss per collision or lethargy
characterises the efficiency of an element to moderate fast neutrons (Glasstone & Edlund, 1952; Zreda et al., 2012).
To further simplify this matter, lethargy can be explained as the number of collisions between neutrons and certain
nuclei needed to moderate fast neutrons. The number of collisions usually increases as the atomic mass of the
element increases. Therefore, when considering an element such as Fe with 26 protons and 30 neutrons (atomic
mass 56), more collisions are needed to effectively moderate fast neutrons. However, when a neutron hits an
element such as hydrogen, which has one proton and no neutrons, less collisions are needed to moderate fast
neutrons. Of all the most common elements in soil, hydrogen is by far the most efficient element in moderating fast
neutrons, as can be seen from Table 2.1. By multiplying the scattering cross-section and lethargy (¢ x 0sc) of an
element, it is possible to define the stopping power or moderating ability of an element (Zreda et al., 2012).

The third and final factor contributing to the moderating ability of a material is linked to the number of elements per
unit mass of material, also referred to as the elemental concentration (Zreda et al., 2012). Elements such as
hydrogen (H) with a lower atomic mass are typically more abundant than elements such as molybdenum with a
higher atomic mass. By considering this in combination with the two previously discussed factors, a parameter that
indicates the stopping power / moderating ability of a specific material or element can be obtained. From Table 2.1,
it can be seen that hydrogen has the highest moderating ability of all the most common elements found in soil. This
characteristic of H allows us to use fast neutron measurements at equilibrium to infer soil water content.

A simple experiment conducted by Zreda et al. (2012) proved that H is the dominant moderating element in soil.
The study used four hypothetical minerals (granite, basalt, limestone and quartzite), which were created by using
the chemical composition of each group. The fractional stopping power of all the elements was then measured
under conditions of varying water content. The results displayed in Figure 2.2 indicate that under dry conditions
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(water content of 0 kg kg'') most of the fast neutrons are moderated by oxygen; however, as the water content
increases, most of the moderation is ascribed to the presence of H. Even at water contents of 0.01 kg kg-' most of
the fast neutron moderation is due to the characteristics of H atoms.

According to Glasstone and Edlund (1952), the equilibrium concentration of fast neutrons can be expressed using
Equation 2.1. The equation captures the essence of previous discussions, which state that the fast neutron intensity
at equilibrium (@) is determined by the fast neutron production rate (Q) and the elemental stopping power of a
material (SP). Equation 2.1 can be expanded to separate components that contribute to the stopping power of the
medium. The expanded version of this equation, displayed as Equation 2.2, divides the SP component into
contributions made by hydrogen and other elements within the medium.

9 =2 (0.1)

T EXSP

0= ¢ (0.2)

" (Np opép+ X, Ny 01°)

where N is the number of atoms of an element, ¢ is the elemental scattering cross-section of the element, and ¢ is
the lethargy or elemental logarithmic energy decrement. Subscripts h are indicative of components contributed by
H, whilst subscripts i are indicative of components contributed by all other elements found in soil. This separation
is necessary as it allows for the isolation of H components, which will be used to infer soil water content. Equation
2.2 is, however, only valid when other sources of H, such as H contained in vegetation, are constant or negligible,
otherwise Equation 2.2 should be modified to contain more H source terms (Zreda et al., 2012). Other sources of
H that may contribute to the moderation of fast neutrons are discussed later.
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Figure 2.2: Fast neutron moderating ability of the most common rock-forming elements at variable water contents
(Zreda et al., 2012).

In order to obtain area-averaged soil water content, all unknowns in Equation 2.2 should be known to calculate Nj.
Components of the equation, such as ¢ and € can be obtained from the literature, as displayed in Table 2.1. The
neutron source intensity (Q) can be obtained from site-specific calibration or theoretical computation, leaving @
which is measured by the CRP. However, @ is also influenced by sources of H other than that present in soil.
Equation 2.2 could therefore be expanded even further to include sources of H that originate from components
within the environment. The influence of these components can be quite significant, and it is, therefore, important
to take note of these factors before utilising the CRP directly for soil water content measurements.

Sources of hydrogen influencing the fast neutron intensity at equilibrium

Water consists of hydrogen and oxygen and is present in almost every component of the environment. Water
present in a component of nature other than soil water, therefore, has the potential to moderate fast neutrons,
thereby having an impact on the observed neutron intensity at equilibrium. When neutron intensities at equilibrium
are then inferred to obtain the area-averaged soil water content, a reading that is higher than the actual soil water
content will arise. It is therefore important to account for other sources of water that may moderate fast neutrons.
As mentioned earlier, Equation 2.2 is only valid under conditions where other sources of H, such as H contained in
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vegetation, is constant or negligible (Zreda et al., 2012). However, most of these conditions are not common in the
field of agriculture, and Equation 2.2 should therefore be modified to account for all the different sources of H.

The most common of these sources are lattice water, atmospheric water vapour, snow cover, and water within
vegetation. The different pools of H can also be described as being in three forms, namely static, quasi-static or
transient (Franz et al., 2013a). Hydrogen pools belonging to these groups include lattice water (water imbedded
within the crystal structure of soil minerals), water within vegetation or organic matter, and water vapour
respectively. Franz et al. (2013a) classified water contained in vegetation as quasi-static, thereby implying that
water content may change with time; however, in an agricultural context, this readily changes with time and can
therefore also be included in the transient H pool.

Lattice water, which is water imbedded in the crystal structure of soil minerals, especially clay minerals, has the
ability to moderate fast neutrons. Even though soil consists of minerals, the water contained within these minerals
is not considered to form part of the soil water content or plant-available water. The amount of water contained
within these minerals should therefore be accounted for when soil water content readings are obtained. According
to Zreda et al. (2012), lattice water could easily be measured by using soil chemistry and site location.

Another source of water arises from H contained in organic matter. This may strongly influence the obtained soil
water content readings, as the amount of H,O equivalent contained in soil organic matter is roughly equal to the
mass percentage of carbon. The H in organic matter significantly influences soil water content readings when
organic carbon exceeds approximately 1 % by mass (Zreda et al., 2012). Therefore, tropical soils, which generally
contain higher concentrations of organic carbon, give higher soil water content readings than soils with lower
organic carbon concentrations. As with lattice water, soil organic carbon can be obtained by examining the soil
chemical composition.

Water contained in the atmosphere and vegetation has a similar effect on fast neutron intensities at equilibrium as
lattice water. According to the literature, these different forms of water can be accounted for by pooling the different
sources into one equivalent reservoir of water content and then partitioning the computed total water content into
the different components (Franz et al., 2013a), and can also be accounted for by correcting the measured neutron
intensities and doing calculations on the corrected values (Zreda et al., 2012).

All of the abovementioned sources of water may have an influence of the measured fast neutron intensity at
equilibrium. Other sources of water such as snow may have a similar effect on measured fast neutron intensities,
but these are not covered in this literature review, as snow is not common during the potato-growing season under
South African conditions. Nevertheless, these sources of water should be accounted for when measurements are
taken to ensure that reliable data is obtained from the CRP. It can be concluded that it is important to calibrate the
CRP using site-specific information that takes into account the other sources of water.

Calibrating the cosmic-ray probe

After discussing the various components that contribute to and influence the intensity of fast neutrons at equilibrium,
it seems logical to investigate how these factors are accounted for when measurements are made. In order to
obtain accurate measurements of soil water content using the CRP, it is recommended that the probe be calibrated
at each site of installation. Various calibration approaches exist, each with their own advantages and limitations;
however, only the most common calibration approach will be discussed and this is also the approach that was used
to calibrate the CRP in the current study.
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The most common approach followed was proposed by Desilets, Zreda and Ferré (2010) and is presented in
Equation 2.3. In order to calibrate the CRP, a single component of Equation 2.3, known as Ny, needs to be
determined. The calibration function of Desilets et al. (2010) is, therefore based on the principle that a single
independent measure of soil water content can be used to calibrate the CRP.

The calibration equation proposed by Desilets et al. (2010) (Equation 2.3) consists of three constants (ao, a1, ay),
namely the volumetric pore water content (6), the neutron count rate normalised to a reference atmospheric
pressure and solar activity (N), and No, which is the neutron count rate under the same reference conditions over
dry soil (Franz et al., 2013a). Constants ao, a1 and a2 were obtained using the neutron transport MCNPX (Monte
Carlo NParticle eXtended) code (Pelowitz, 2005). The values reported by Desilets et al. (2010) for these three
constants are 0.0808, 0.372 and 0.115, respectively.

9 = N/NC:O— —- @ (2.3)

Theoretically, No should remain constant for a specific site if all hydrogen (H) pools remain constant within time and
space. Under varying environmental conditions, this concept is clearly flawed as H pools, with the exception of
static pools, tend to vary quite significantly. The same conclusion was reached by Franz et al. (2013) upon
investigation of 35 sites at which CRPs were installed. It was found that Ny varied significantly between and within
sites over time. The function, therefore, does not account for all sources of H.

To account for the issues on this concept, various other calibration approaches have also been proposed, with the
universal calibration function being the most promising of them all. The universal calibration function proposed by
Franz et al. (2013a) aims to eliminate the uncertainty in measurements by accounting for varying H pools within
the support volume of the CRP. However, after some discussion, it was established that this approach was
somewhat unpractical and following this approach did not necessarily provide the user with more reliable
measurements. The simple approach proposed by Desilets et al. (2010) has since been altered to a somewhat
more complete approach in which varying H pools are accounted for by gathering site-specific data to calculate
correction factors specific to the measurement volume of the CRP (defined below).

The measurement volume of the CRP in air is a hemisphere with an approximate radius of 335 m. The horizontal
support volume of the cosmic-ray probe is defined as the area around the probe from which approximately 86 % of
the counted neutrons arise and is independent of soil water content. This is similar for the support volume of the
subsurface in which the radius stays the same, but the shape changes to a cylinder. The vertical support volume
ranges from 12-70 cm, depending on the water content of the soil (Zreda et al., 2008). Unlike the horizontal support
volume, the vertical support volume varies with varying soil water content and can be calculated from Equation 2.4,
as proposed by Franz et al. (2012b). Under conditions where soil properties, including soil carbon content and bulk
densities, are uniform, the effective measuring depth/vertical support volume can be calculated once additional
information is obtained.

5.8
3= 2.4
‘:f;d(r+soc)+ 6+0.829 (24)
w

The components of Equation 2.4 include z*, the effective measurement depth, soil dry bulk density p; 4, the density
of water p,, assumed to be 1 g cm3, the weight fraction of lattice water t, soil organic carbon (SOC) content and
6 is the volumetric soil water content. All these components are easily obtainable from soil samples taken from the
measured field (support volume). Lattice water can be obtained by drying soil samples at 105 °C, after which the
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sample is weighed, exposed to 1000 °C and weighed again and expressed as weight of water per weight of dry
minerals (g g'). Franz et al. (2013a) added the SOC term to Equation 2.4 due to the fact that large amounts of H
are contained within organic molecules. The complexity and wide variety of organic molecules make it difficult to
account for all the H contained within these molecules. The effect of SOC on the effective measurement depth will
therefore be similar to that of lattice water. It should, however, be noted that the effect of these two factors on the
effective measurement depth is the greatest under conditions where soil water content is low. After clearly defining
the support volume of the CRP, the corrections that need to be made within the support volume can now be
discussed.

The first correction to be made is to account for the variations in atmospheric water vapour. As previously discussed,
water vapour may have a profound impact on the intensity of fast neutrons at equilibrium and should therefore be
accounted for. Rosolem et al. (2012) and Franz et al. (2012a) proposed the use of Equation 2.5, which corrects the
neutron signal for variations in atmospheric moisture. In equation 2.5, CVW is a scaling factor for temporal changes
in cosmic-ray intensity as a function of varying atmospheric water vapour (Franz et al., 2013a). The influence of
varying atmospheric water vapour on the neutron counting rate/flux (N) is, therefore, accounted for by multiplying
the scaling factor with the observed count (N x CVW). Only two components are required to calculate CVW, namely
the absolute humidity at the surface (p9 g m3) and the absolute humidity at the surface at a reference condition

(dry air) (p,fef , @ m3). For water vapour correction purposes, it is assumed that the reference air temperature is

25 °C and reference relative humidity is 0 %. As a result, the term p,fef will become zero, and Equation 2.5

(Rosolem et al.. 2012 and Franz et al., 2012a) only becomes a function of p2.

CVW =1+ 0.0054(p%-p,¢") (2.5)

To account for the variation in air pressure, a second correction is needed. The pressure correction factor proposed
by Zreda et al. (2012) is presented in Equation 2.6. This correction is needed in order to account for temporal and
spatial variations in air pressure. The components of Equation 2.6 include Py, the arbitrary reference pressure,
while P is the site-specific air pressure and L is the mass attenuation length for high-energy neutrons. Component
L can typically vary from 128 g m2 at higher latitudes to 142 g m2 closer to the equator (Desilets & Zreda, 2003).

CP = exp (POL‘P) (2.6)

Correction factors accounting for variations in high-energy neutron intensity (Cl) and geomagnetic latitude (CS) are
also important when following the proposed calibration approach of Desilets et al. (2010). The high-energy neutron
intensity correction factor Cl, as proposed by Zreda et al. (2012) and presented in Equation 2.7, is simply the ratio
of the current high-energy neutron intensity Ny (t) to the reference-level high-energy neutron intensity N 21 The
reference-level high-energy neutron intensity is obtained from a neutron monitor at Jungfraujoch, Switzerland. The
reference intensity measured on 1 May 2011 at Jungfraujoch is used as the standard for the COSMOS project.
According to Zreda et al. (2012), the corrected value is what the CRP would measure if it were counting neutrons
at Jungfraujoch on 1 May 2011, with everything else kept unchanged. The current reference intensity can also be
obtained from local cosmic-ray monitoring stations if available. Where such facilities are not available, for example,
in South Africa, the same reference intensity used by the COSMOS project can be utilised. This has been confirmed
by studies done in Australia (Hawdon, McJannet & Wallace, 2014).
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N (1)
N,

CI

2.7)

The scaling factor for CS is a function of both time and location. Although this calculation can be done manually,
an online interface has been set up to calculate CS by entering latitude (x), longitude (y) and elevation (z) into the
required fields. This online calculator is available on the COSMOS website (http://cosmos.hwr.arizona.edu/Util/
calculator.php). The manual method will not be discussed here, as the abovementioned approach was used for
calibration of the CRP in this study.

These correction factors aim to account for the factors that influence the two main components determining fast
neutron intensity at equilibrium. As a result, the fast neutron intensity (N) measured by the CRP is refined to exclude
variations of water vapour and air pressure, to name a few. To obtain the corrected N-count, all the correction
factors are combined in a similar fashion to what was proposed by Hawdon et al. (2014). Equation 2.8 combines
all the calculated correction factors to obtain a corrected N-count (Ncorrected) at equilibrium. All the components of
Equation 2.8 can be calculated with the previous equations, with the exception of Nraw, which is obtained from CRP
measurements.

N = NrawsCPscvw
cor — CI*CS

(2.8)

Once a corrected N-count has been obtained, a calibration function that was modified to correct for lattice water
and water in soil organic matter can be used. The function illustrated in Equation 2.9 accounts for other sources of
water, as explained in previous discussions. The components of this equation can easily be obtained from site-
specific data. Components Wp, Wiw and Wseceq are gravimetric (g g-') measurements of soil pore water content,
soil lattice water content and soil organic carbon water equivalent, respectively. To determine the SOC water
equivalent, Equation 2.10 can be used. This equation is based on the assumption that organic carbon consists
mainly of cellulose (CsH100s). Therefore, by means of stoichiometry, 12/44 is the stoichiometric ratio of carbon to
CO,, and 0.5556 is the stoichiometric ratio of H,O to organic carbon. The SOC water equivalent can, therefore, be
determined once a measurement of total carbon (TC) has been obtained.

Soil pore water content is determined by means of soil sampling regimes, as discussed by Zreda et al. (2012).
However, fewer samples can be taken in order to calibrate the CRP using the modified approach proposed by
Desilets et al. (2010). Equation 2.9 only requires a single independent measure of soil water content, but this will
not take spatial heterogeneity into account. Zreda et al. (2012), therefore advised the use of more soil samples to
reduce error as a result of spatial variability.

0.0808
(Wp + Ww + Wsoceq) ppa = W —~—0.115 (2.9)
No
6soc,, = (TC —12€0,) 0.5556 (2.10)

After all, the components of Equation 2.9 have been determined, the equation can be rearranged to determine No,
and Ny can then be substituted back into Equation 2.9, which can then be used to calculate soil water content.
Equation 2.9 was modified by Dong et al. (2014) and Hawdon et al. (2014) in order to express soil water content
as a volumetric measurement, which is often more useful than gravimetric soil water content measurements.
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Equation 2.11, as proposed by Hawdon et al. (2014), forms the basis on which volumetric soil water content was
determined in this study.

_ 0.0808 _ _ _
0 = <(Ni0)_m 0.115 WLW WSOCeq>pbd (211)

After raw intensity counts have been corrected and Ny has been calculated, the corrected fast neutron intensity at
equilibrium can be used to infer volumetric soil water content using Equation 2.11. Theoretically, No should remain
fairly constant if all the sources of H have been accounted for, but it is important to notice that no correction has
been made for the influence of vegetation on the fast neutron intensity at equilibrium. By not accounting for changes
in vegetation, a large amount of variation has been observed in No, within and between sites (Franz et al., 2013a).

The influence of vegetation on the fast neutron intensity at equilibrium has been studied by both Franz et al. (2013b)
and Hawdon et al. (2014). Hawdon et al. (2014) found that approximately 80 % of the observed variation in N can
be ascribed to changes in biomass, as can be seen from Figure 2.3. Establishing a similar graph to that of Figure
2.3 by using site-specific estimations of vegetation, a correction in No can be made to account for the variation
brought about by changes in biomass. Failing to account for changing vegetation can be detrimental to the accuracy
of soil water content measurements, especially under conditions where soil water content is extremely low.

The No-calibration procedure described by Franz et al. (2012b) and Zreda et al. (2012) can be slightly modified to
account for the water contained in biomass. In this modified approach, in addition to lattice water and soil organic
carbon water equivalent, biomass water is also taken into account, as indicated in the equation:

0.0808

e— (N
rih
No 0.372

—0.115 — W* X ppq — BW) (2.12)

Where 8 is the soil volumetric water content in m3/m? and BW is the biomass water and W* the sum of lattice water
and soil organic carbon water content. BW comprises two components — the aboveground biomass water (BWag)
and belowground biomass water (BWhyg).
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Figure 2.3: Relationship between biomass and No as obtained from eight different sites which form part of the
Australian CosmOz network. (Hawdon et al., 2014)

The proposed calibration approaches by Baatz et al. (2014), Dutta and D’'Este (2013) and Rivera Villarreyes, Baroni
and Oswald (2013) may all be just as effective, as they all address key factors that may increase the accuracy of
CRP measurements. However, the lack of a standardised calibration approach can be quite detrimental to the field
of CRP research. Future research should, therefore aim to establish a standard set of calibration guidelines in order
to streamline the calibration procedure (Hawdon et al., 2014). It should, however, be noted that the field of soil
water content measurements using the CRP is relatively new, and enhancements are still underway.

Cosmic-ray neutron probe design and data acquisition

Most of the CRP research is currently focused on developing robust calibration methods whilst also testing the CRP
under various environmental conditions. Bogena et al. (2013) tested the accuracy of CRP measurements in humid
forest ecosystems as a worst-case scenario. Results from this study highlighted some of the shortfalls of the CRP,
but as with many other studies, these shortfalls were linked to decreased measurement accuracy brought about by
environmental factors and not by flaws in the equipment itself. This was confirmed by Zreda et al. (2012), who
described the equipment as being very rugged.
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Figure 2.4: Components of a cosmic-ray neutron probe including (1) Electronic pulse modules, (2) Datalogger and
Iridium modem, (3) Shielded neutron detector, (4) Unshielded neutron detector, and (5) External power source
(battery/solar panel) (Zreda et al., 2012)

The cosmic-ray neutron probes currently available are manufactured by Hydroinnova (Albuquerque, New Mexico,
USA). The production line consists of various CRP models, each with its own distinct set of capabilities. Although
these sensors may differ in terms of design, all measurements are based on the same fundamental principle as
reviewed in this chapter. The components of a CRP system are illustrated by the simplistic diagram in Figure 2.4.
Components include (1) electronic pulse modules connected to a (3) shielded and (4) unshielded neutron detector.
The electronic pulse modules are also connected to a (2) data logger fitted with an satellite modem, as well as
temperature, air pressure and relative humidity sensors. The entire system is powered by an external power source
which can consist of a battery or a combination of a solar panel connected to a rechargeable battery.

Each CRP probe is fitted with two different neutron detectors. The neutron detectors consist of a metal tube filled
with a gas that reacts to thermal neutrons that can penetrate through the tube wall. Depending on the probe model,
the gas within the neutron detectors can be either 3He or '°B (Zreda et al., 2012). One of the detectors is a
polyethylene-shielded detector that responds to epithermal-fast neutrons, whilst the unshielded neutron detector
responds to thermal neutrons. A typical response consists of a thermal neutron colliding with a 3He or "B atom,
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which in turn leads to the emission of charged particles, which cause ionisation in the tube. The ionisation results
in the formation of an electronic pulse, which can be read by charge-sensitive electronics (Zreda et al., 2012). A
single response will then be recorded as a single count, which will be sent to the data logger at a predetermined
time interval specified by the user. More information on how the CRP system works can be found in Zreda et al.
(2012) or on the Hydroinnova website (http://www.hydroinnova.com).
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Chapter 3
METHODOLOGY

GENERAL MATERIALS AND METHODS

The study was conducted four times at three different experimental sites across north-eastern South Africa, as
illustrated in Figure 3.1. A single cosmic-ray neutron probe (CRP) (CRS-1000B, Hydroinnova LLC, Albuguerque,
NM, USA) was rotated between the three study sites from early 2014 to late 2015. Site selection was based on
synchronising CRP measurements to complete potato-growing seasons. The CRP system was therefore installed
just after planting and removed at or before harvest. The removal and installation dates, as well as topographical
data and size of the three different study fields, are presented in Table 3.1. The average duration of data collection
was approximately 120 days, which corresponds with the average length of a potato-growing season.

Table 3.1: Details pertaining to each study site used during the duration of the project (03/02/2014 — 10/02/2015)

Site Latitude/ Elevation Installaton ~ Removal D;:t):rgz(ljlgc(t)ifon Field Size Irrigated

Longitude (m) Date Date (Days) (ha) /Dryland
- 26.02516°S -
Lichtenburg 1527 2014102003 2014/06/12 130 34 Imgated
(NW) 26.57041°E (Pivot)

23.10961°S :
Tom Burke 848 2014I0619 201411021 125 g0 Imigated
(LIM) 28.06363°E (Pivot)
Petrus 27.90544°S
Steyn og1gipiop 1653 2014110123  2015/0211 112 30 Dryland
(FS)

23.10961°S :
Tom Burke 848 201410625 201411030 127 g0 Imigated
(LIM) 28.06363°E (Pivot)

Field shapes differed between irrigated and dryland production systems, with the pivot-irrigated fields being circular,
whilst the dryland field had a square/rectangular shape, which is rather important when considering that the
horizontal CRP footprintis represented by a sphere with a diameter of approximately 660 m. The CRP was therefore
placed as close as possible to the centre of the field to ensure maximum overlap between the field and the CRP
measurement footprint.

The CRP was mounted on a galvanised tripod at a height of approximately 1.2 m above the soil surface. The
system consisted of both a polyethylene-shielded and an un-shielded neutron detector filled with Boron Triflouride
(BF3) gas, as well as a neutron pulse detector module and associated datalogger (Q-NPM and Q-DL-2100, Quaesta
Instruments LLC, Tucson, AZ, USA) (Figure 3.2). The entire CRP system was powered by a rechargeable 12-volt
deep-cycle battery connected to a 20-watt solar panel mounted on the tripod. The same equipment was used
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throughout the duration of the study to minimise any potential variation that may have been brought about by power
output fluctuations.

omiBu ilrck’\

AT
7 g
KLes cl‘r:/o/
\J'

¥SouthPAfrica

Figure 3.2: Cosmic-ray neutron probe (CRS-1000B, Hydroinnova LLC, Albuquerque, NM, USA) installed at the Petrus
Steyn study site

Soil samples were collected during multiple sampling campaigns undertaken at each study site. Soil samples were
used to determine gravimetric soil water content by drying samples at 105°C for 24-hours, as proposed by Klute
(1986). Volumetric soil water content was calculated as the product of gravimetric soil water content and soil bulk

,/:}) ) Final report: Potential of Cosmic-Ray Probe in Irrigation Scheduling Page 28

potatoes
aartappelsSA



density, which was also measured using a soil core sampler with a 0.09 m core length and 0.05 m core diameter.
The soil samples used to determine soil water content were also used to determine lattice water content by Actlabs
(Ontario, Canada) (Table 3.2). No analyses were done to measure soil organic matter at each site and it was
assumed that soils have soil organic matter contents of less or equal to 0.5%. This assumption is verified by results
obtained from Barnard (2000).

Table 3.2: Soil sampling data used to obtain the cosmic-ray neutron probe calibration parameter (No)

Site Dqte of First . Average Soill Watler Content Average Soil Bulk  Soil Lattice Water
Sampling Campaign ~ Used For Calibration (m3m-=)  Density (Mg m-3) Content (g g)
am S 20140328 0.28° 169 0.135
(Tm)B“rke 2014/06/19 0.05° 145 0.133
gte;;‘:f(FS) 201411117 0472 155 0.030°
(TLOI%B“rke 2015/06/15 0.112 155 0433

a Gravimetric soil water content determined from soil samples obtained from the first sampling campaign of the season. ®©
Assumed value based on measurements obtained from Zreda et al. (2012)

CRP measurements were logged at one-hour intervals, whereafter they were sent to the COSMOS server where
measurements were processed in real time and then placed in the public domain. Measurements obtained from
the CRP system included thermal neutron count rate, fast neutron count rate, barometric pressure, relative humidity
and temperature. These measurements were used to calculate the corrected neutron count, using the methods
described in Chapter 2. It should be noted that the respective neutron count rates are measurements accumulated
over an hourly period; hence units are in counts per hour, whilst other measurements (i.e. temperature) are only
made at the end of each hour. Data specific to each site was downloaded from the COSMOS server
(http://cosmos.hwr.arizona.edu/Probes/StationDat/091/index.php) and processed accordingly. Temperature and
relative humidity measurements used in the calibration of the CRP were obtained from an automated weather
station installed at each site.

The average CRP measurement depth (as calculated with Equation 2.4) for each study site, as well as the
correction factors, are displayed in Table 3.3. Corrected counts were subsequently used to determine No, known
as the calibration parameter. In order to obtain No, a single independent measure of soil water content is needed.
These measurements were obtained from soil sampling campaigns every two to four weeks for every study site.
The CRP was calibrated using a single measure of area-averaged soil water content, obtained by averaging soil
samples from the first soil sampling campaigns at each site.

Calculated SWC estimates as inferred from corrected neutron counts were averaged over a 24-hour period for
each study site. The SWCs were averaged over longer periods to minimise the fluctuations observed in neutron
count measurements. Averaged estimates of SWC obtained from the CRP were compared with independent
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measurements of corrected SWC, for which the method differed between sites as described below. These
measurements of SWC were also averaged over a period of 24 hours at study sites where hourly measurements
were logged. Site-specific details are discussed below.

Table 3.3: Correction factors and calculated cosmic-ray probe calibration parameter No for each study site

Attribute Llcrg;t\lecvt;urg Tor(r|1_ IIi/lu)rke StZ;:]n(JES)
Reference pressure (mb) 842 915 829
Pressure correction range 1.01-1.16 0.96-1.18 0.96-1.14
Water vapour correction range 1.00-1.08 1.01-1.09 1.01-1.09
Intensity correction range 0.94-1.00 0.92-1.01 0.91-99

Average corrected counts

(counts.hour-") 884 187 1065
Scaling factor 2.84 1.55 3.26
Average measurement depth (m) 0.1 0.16 0.20
No (counts.hour) 1497 1877 1505

For the 2015 study at Tom Burke, the modified N, calibration method (Equation 3.12) of the cosmic-ray neutron
probe to account for the total hydrogen pool, including the water in the potato biomass (foliage and tubers), was
also tested and evaluated.

Lichtenburg study site

The Lichtenburg study site was situated in the North West Province of South Africa, approximately 40 km northeast
of Lichtenburg. The study site consisted of a 34-ha irrigated potato field that was leased by McCain Foods (South
Africa) (Pty) Ltd. An automated weather station was installed directly next to the potato field (26°1'39.90"S,
26°34'10.00"E) and weather data was collected during fortnightly site visits. The soil type of the study site was a
sandy clay loam, and soils were generally uniform, except for small areas that were very shallow and rocky. These
areas were not planted to potatoes, and natural vegetation was allowed to establish.

For the Lichtenburg study site, an ordinary neutron probe (Hydroprobe® 503DR, CPN Instruments, USA) was used
to take independent soil water content measurements for comparison purposes. Measurements were made in a
similar approach to that followed by Chanasyk and Naeth (1996). Measurements were taken at 0.2-m intervals for
each of the installed access tubes up to a depth of 0.8 m at 2-3-week intervals. Neutron count ratios were converted
to SWC, by calibrating the NP with soil samples obtained from the same sampling campaigns used to calibrate the
CRP. A calibration function was obtained by establishing a relationship between neutron counts and observed soil
water content (Merriam & Knoerr, 1961).

The CRP system, as well as six aluminium neutron probe (NP) access tubes with a length of 1.2 m and diameter
of 0.05 m each, were installed in the potato field at the start of the potato-growing season. NP access tubes were
installed halfway between the ridge and furrow created by the potato planter, as can be seen in Figure 3.3. A soil
auger with a diameter of approximately 0.05 m was used to create a guidance hole in which the NP access tubes
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were placed. NP access tubes were installed at predetermined locations in the approximated shape of a cross at
distances ranging from 2 — 320 m from the CRP, as indicated in Figure 3.4.

Five NP measurement campaigns were undertaken during the duration of the study. Measurements of SWC at 0.0
- 0.2 m depth were averaged for all the NP access tubes and compared to CRP estimates of volumetric soil water
content.

Figure 3.3: Placement of neutron probe access tube halfway between the top of the ridge and furrow (sketch T.G.
Smit)

Figure 3.4: Cosmic-ray probe (CRP) and neutron probe (NP) access tube locations at the Lichtenburg study site. .
Numbers 1-6 represent the location of NP access tubes. The CRP and NP access tube 1 were located in close
proximity to each other at the centre of the field (represented by the same placement marker).
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Tom Burke study site 2014

The Tom Burke study site was located in the Limpopo Province of South Africa, approximately 7 km east of the
town of Tom Burke. Rainfall during the season was negligible due to the fact that the potatoes were planted in the
winter months at a site that receives summer rainfall. The study site consisted of a 20-ha irrigated potato field
(sandy loam soil), consisting of a ridge and furrow planting system. The diameter of the field was 500 m, which was
smaller than the approximate horizontal measurement footprint of the CRP, as can be seen from Figure 3.5. Due
to the spherical shape of the CRP measurement footprint (Zreda et al., 2012), it was assumed that the outer CRP
footprint falling outside the field area would have less of an effect on soil water content readings. A long-term
automated weather station located in close proximity to the study site (23° 06'31.32"S, 28° 4'37.98"E) was used to
collect weather data.

The CRP system and four capacitance probes (DFM Software Solutions CC, Stellenbosch, Western Cape, South
Africa) measuring at 10-cm increments down to 0.6 m soil depth were installed on 19 June 2014. Capacitance
probes were installed in a similar position to that of NP access tubes at the Lichtenburg study site at approximate
distances of 150 m and 240 m from the CRP. The four capacitance probes were placed as equidistant pairs at the
respective distances. The probes were installed using a soil auger (0.05 m diameter) to drill a guidance hole, and
the same soil that was removed from the hole was used to make a slurry, which was added to the hole after insertion
of a probe to ensure proper soil contact. A tipping bucket rain gauge was also installed in close proximity to each
capacitance probe and used to measure irrigation amount and intensity.

Figure 3.5: Approximate CRP measurement footprint overlap with a 20-ha field at the Tom Burke study site in 2014

,/”}), Final report: Potential of Cosmic-Ray Probe in Irrigation Scheduling Page 32

potatoes
aartappelsSA



Data from the capacitance probes was downloaded using a hand-held data logger at 2-4-week intervals.
Measurements were taken on an hourly basis and converted to volumetric soil water content using a calibration
function that was obtained by plotting probe readings against measured soil water content (from soil samples). The
approach was similar to that followed by Chanzy et al. (1998) and Morgan et al. (1999). A linear relationship was
established for every measurement increment up to 0.3 m depth. Soil water content measurements used for
calibration were obtained from the same soil sampling campaigns used in the calibration of the CRP.

Petrus Steyn study site

The Petrus Steyn study site is located in the Free State Province of South Africa, approximately 30 km south of the
town of Petrus Steyn. The study site consisted of a 30-ha potato field planted under dryland conditions. Rainfall
and weather data was collected using a newly installed automated weather station (27°54'24.70"S, 28°11'0.98"E)
and in-field tipping bucket rain gauges. The study site was dominated by a loamy, sandy soil with a similar ridge
and furrow planting system as used at the other two sites.

The CRP system, as well as 10 individual soil water content measurement stations, were installed. Eight of the
measurement stations each consisted of four Echo 10HS sensors to measure volumetric water content and a single
Echo 5TM sensor (Decagon Devices, Pullman, WA, USA) also capable of measuring soil temperature. A CR200X
data logger (Campbell Scientific, Logan, UT, USA) mounted in a waterproof case was used to collect readings from
the sensors at each of the eight monitoring stations. The Echo 5TM was installed at a depth of 0.05—-0 .1 m and
followed by the Echo 10HS sensors at 0.1-m intervals to a depth of 0.5 m. The two remaining stations consisted of
three Echo 10HS sensors installed at depths of 0.1 -0.2m, 0.2—0.3 m and 0.3 — 0.4 m respectively and connected
to EM50 data loggers (Decagon Devices, Pullman, WA, USA).

Sensors at each station were installed between plants in the middle of the ridge. A soil auger (0.05-m diameter)
was used to drill guidance holes up to the specified depth after which each sensor was inserted vertically into
undisturbed soil. Sensors were covered with the excavated soil after installation. The field positions of the
measurement stations are displayed in Figure 3.6. Measurement station positions were chosen in such a way that
each station would represent an entire concentric ring at a specified distance. Distances ranged from 25 m to 350
m from the CRP. The general layout of the measurement stations was similar to that of the Lichtenburg and Tom
Burke study sites, represented by an approximate cross.

Data was logged at hourly intervals and manually downloaded at 2-4-week intervals. It should be noted that only
the two measurement stations positioned 75 m away from the CRP system was used during the period from 23
October to 17 November 2014, whereafter the remaining probes were installed.
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Figure 3.6: Approximate positions of measurement stations at the Petrus Steyn study site

.Stations represented by 75’ represent the two stations that only have three Echo 10HS sensors installed at the station. Both
sensors were placed approximately 75 m from the CRP. These stations were the only functional stations from 23 October 2014
until 17 November 2014, after which the other eight stations were installed.

Tom Burke study site 2015

The study was repeated at the Tom Burke site in the Limpopo Province during the winter season of 2015. The
study site was again conducted on a 20-ha centre-pivot-irrigated potato field in close proximity to the 2014 trial
location (23° 06'31.32"S, 28° 4'37.98"E).

The CRP system was installed at the centre of the field, and volumetric soil water content was monitored
continuously using eight Echo capacitance probes stations, similar to the procedures followed at the Petrus Steyn
locality. The capacitance probe stations were positioned at different distances from the pivot centre across the field.
The random positions of the measurement stations were chosen in order to more accurately cover any spatial
variation that may have existed in the field and are displayed in Figure 3.7.

The study lasted from 25 June to 26 October 2015, with most of this period falling within the winter and spring
seasons. As a result, no major rainfall events were observed during that time, with the exception of three isolated
minor rainfall events in September and October. The same standard CRP calibration procedures as for the previous
studies were followed. In addition, calibrations were done to include the water contained in the potato biomass.
Biomass sampling was done twice during the season, on 12 August and 25 October 2015.
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Modelling soil water dynamics using the SWB model

The SWB model (Annandale et al., 1999) was used to estimate soil water content for the Lichtenburg study site for
comparison with measurements. The SWB model is an irrigation scheduling model based on the generic crop
version of the New Soil Water Balance model proposed by Campbell and Diaz (1988). The SWB model consists
of three distinct units, namely a weather unit, a soil unit and a crop unit. Components of each unit are stored within
a database and are then used to calculate the components of the soil water balance. Data collected from soil
sampling campaigns and a weather station installed at the Lichtenburg site was used to parameterise and initialise
the model and combined with data in the existing model databases.

SWB uses one of two models to estimate crop evapotranspiration. The first is an FAO-based model, while the
second is a generic crop growth model. The FAO-based model makes use of FAO crop factors, while the crop
growth model makes use of crop-specific parameters determined through growth analysis studies. The crop growth
model was utilised in this study due to the fact that crop growth parameters for potatoes were already available.
The simulated soil water content data was subsequently compared with data obtained from CRP measurements.

Statistical analysis

The accuracy of the CRP was assessed by direct comparisons between soil water content estimates obtained from
the CRP and soil water content readings obtained from other established measurement tools. Statistical parameters
used to determine the accuracy of measurements between two measurements tools were the coefficient of
determination (r2), Wilmott's index (D), mean absolute error (MAE) and root mean square error (RMSE) (Willmott,
1982). These parameters have been used quite extensively in model testing in the past (De Jager, 1994).

The coefficient of determination (r2), has a lower level of 0.0 and an upper level of 1.0, depending on the proportion
of the variance in the dependent variable that is predictable from the independent variable (Nagelkerke, 1991). The
higher the r2 the less variability is observed between two measurements. Wilmot's D-Index value ranges from a
value of 0.0 to 1.0 (Willmott, 1982; Willmott et al., 1985). The D-index is also known as the index of agreement and
has often been used to make comparisons between observed and predicted values. The same principles of model
testing applied when the accuracy of CRP estimates was compared with other, better-established measurement
methods. Both the MAE and RMSE represent the average measurement error between two data points. MAE is
believed to be a better measurement of error as compared to RMSE (Willmott & Matsuura, 2005). RMSE can,
however, be a very informative measure when reported in the same units as the measurements, which justifies the
use of both these measures.
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Chapter 4
RESULTS AND DISCUSSION

LICHTENBURG STUDY SITE

Site-specific calibration of the neutron probe and cosmic-ray probe

Soil samples obtained throughout the duration of the trial (2 February — 12 June 2014) were used to measure site-
specific soil properties (Table 4.1). Parameters in Table 4.1 were used in combination with data in Tables 3.1-3.3
to calibrate both the cosmic-ray probe (CRP) and neutron probe (NP). The NP calibration curve yielded a linear
relationship (R? = 0.80) between volumetric soil water content and neutron probe count ratios. The straight-line
equation obtained from the calibration was subsequently used to calculate volumetric soil water content from NP
readings taken during the crop growing season.

Table 4.1: Site-specific soil characteristics obtained from the Lichtenburg study site

Soil Characteristic Value
Sand (%) 59
Silt (%) 24
Clay (%) 17
Bulk Density (Mg m-3) 1.69
Pore saturation (m3 m3) 0.36
Lattice water content (g g") 0.14

Calibration of the CRP involved the calculation of a single calibration parameter (No) from Equation 4.1, as proposed
by Hawdon et al. (2014). Specific input data used for calibration of the CRP for each study site is given in Table
3.3. Once the Ny calibration parameter was known, it was substituted back into Equation 4.1 to convert hourly
neutron counts obtained from the CRP throughout the cropping season with volumetric soil water content. The
calibration function established for the Lichtenburg study site is given in Equation 4.2. Daily volumetric soil water
content for the Lichtenburg study site was determined by substituting the corresponding CRP neutron counts,
averaged over a user-defined time period (24 hours), into Equation 4.2.

0.0808
o= (oo
0
6 = (f"& ~0.115— 0.135 — o.oo3> 1.69 (4.2)
(E)—0.372
®
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Comparison between direct measurements and CRP estimates of soil water content

Gravimetric measurements of soil water content, made throughout the duration of the study period, were compared
with SWC estimates obtained from the CRP. The comparison between measured and estimated SWC is presented
in Figure 4.1, from which it can be seen that only SWC estimates on 26 March 2014 and 10 April 2014 were similar
to the direct measurements of SWC. It should, however, be noted that the same SWC samples obtained on 26
March 2014 were used to calibrate the CRP, as this was the first soil sampling campaign of the trial. The comparison
between the estimated and measured SWC for this sampling date should, therefore, be discarded from further
analysis. Numerical comparisons of the data in Figure 4.1 are presented in Table 4.2.
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Figure 4.1: Estimates of volumetric soil water content obtained from soil sampling campaigns and cosmic-ray probe
(CRP) estimates collected throughout the duration of the Lichtenburg trial (2 February - 12 June 2014)

Due to the limited size of the dataset, statistical analysis yielded no meaningful outputs. However, what is clear
from the results in Table 4.2 is that the standard deviation of CRP estimates tended to decrease as the season
progressed. The variability, as expressed by the standard deviation, amongst CRP estimates of volumetric water
content was, however, still high. This is not surprising when examining the daily minimum and maximum CRP
estimates of SWC (Figure 4.2). CRP estimates of SWC of 85 % directly correspond with two consecutive days (3
and 4 March 2014) when high rainfall or irrigation occurred. These estimates of SWC are incorrect, as pore
saturation of this specific soil is approximately 36 %. Volumetric soil water content estimates of higher than 36 %
are therefore impossible, and these incorrect values most likely contributed to higher standard deviation.
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Table 4.2: Measured volumetric soil water contents (from soil samples) and cosmic-ray probe (CRP) estimates of
volumetric soil water content

Average  "Standard  c°Standard

Sample Numbgr of "CRP Average CRP deviation  dev. CRP
Date soil measurement  sampled : .
depth (cm) o estimated sample estimated
samples depth (cm)  VWC (%) VWC (%) VWC (%)  VWC (%)
26/03/2014 0.00-10.00 1 9 28 27 5 5
10/04/2014  0.00-10.00 6 10 29 25 4 3
16/05/2014  0.00-20.00 12 14 21 10 2 1
12/06/2014  0.00-20.00 48 17 21 4 4 2

©

CRP measurement depth calculated from Equation 2.4
Standard deviation calculated based on sampled volumetric water content for each depth as specified
Standard deviation calculated based on daily data collected at each sampling date.
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Figure 4.1: Daily minimum, maximum and average volumetric soil water content estimates obtained from cosmic-ray
probe (CRP) readings at the Lichtenburg study site

One factor contributing to the large variation observed between estimates of SWC obtained from the CRP is variable
patterns of irrigation or rainfall (Figure 4.3). The Lichtenburg study site received approximately 300 mm of rain and
irrigation from 3 February 2014 to 12 June 2014. The highest standard deviation and highest estimates of SWC
roughly corresponded with larger rainfall and irrigation events (Figures 4.2 and 4.3).
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Figure 4.2 Standard deviation of cosmic-ray probe (CRP) estimates of soil water content in relation to major rainfall
and irrigation events for the Lichtenburg study site

As observed in Figure 4.3, the highest variability in SWC estimates coincided with high volumes of rainfall/irrigation.
Variability was likely brought about by the ponding of water on the soil surface after major rainfall/irrigation events,
as was observed upon inspection of the study site (Figure 4.4). Even though Figure 4.4 only captures ponded water
outside the potato field, ponding of water in the furrows was also observed on the same day (12 March 2014).
During periods of water ponding, the CRP measurement depth decreases substantially due to the presence of large
pools of hydrogen (H) close to and on the soil surface. As a result, incoming fast-neutrons are moderated before
penetrating deeper soil depths (>0.10 m). Estimates of SWC obtained from the CRP after large rainfall/irrigation
events might therefore be inaccurate and can be seen as non-representative, and should probably be discarded
from the dataset.

Another factor that can contribute to the large variability observed in CRP estimates of SWC is the presence of H
captured in biomass. The water content of a potato crop increases from a minimum value at planting to a maximum
just before above-ground vegetation is killed off in preparation for harvesting. During the period when above-ground
biomass is present, the H in above-ground vegetation might contribute to the moderation of fast-neutrons, thereby
also contributing to variation in observed estimates of soil water content.

To illustrate the aforementioned statement, soil and plant sample data on a specific date was examined. The
sampled SWC on 26 March 2014 at the Lichtenburg study site was 0.28 m3 m- (28 kg m-2, when considering only
the first 0.1 m of soil), with above-ground vegetation containing approximately 1 kg (data obtained from Allan
Machakaire, McCain Foods) of water per plant, which translates into 4.5 kg m-2, assuming a plant population of 45
000 plants per hectare (data from Allan Machakaire). Assuming all the tubers are in the top 0.1 m of the soil
(extreme-case scenario, as most tubers are usually borne in the top 0-30 cm layer), tubers contribute 2.4 kg m-2 of
water at this stage during the season. Water stored in crop biomass, therefore, represents 6.9 kg m2, with soil
water content representing 28 kg m-2 of the total water/H pool. The soil H pool, therefore, represents £80 % of the
total H pool in the environment.
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Figure 4.3: Ponding of water on the soil surface as observed at the Lichtenburg study site on 13 March 2014, one
day after a rainfall event of approximately 21 mm

Once the potatoes are ready to harvest, the scenario changes from what was stated above, and the majority of
vegetation is being represented by tubers (Figure 4.5). When using the sampled SWC (19 May 2014) of 0.21 m?
m3 (21 kg m2in the first 0.1 m of soil), and a tuber yield of 50 000 kg ha-' or 5 kg m-2(water), the vegetation H pool
will remain at £20 % of the total H pool. Hydrogen within vegetation was therefore quite constant throughout the
duration of this study, and its effect should theoretically be accounted for once the CRP has been calibrated. The
fact that the total vegetation H pool has not changed substantially suggests that this pool can be treated as a static
H pool, which is accounted for by the calibration function (Franz et al., 2013a; Zreda et al., 2012). Seeing that the
CRP was calibrated using soil water content obtained during the third week of March 2014, the calibration would
have accounted for the vegetation H pool already. It was, therefore, argued that the vegetation had a limited impact
on estimated SWC under conditions where the CRP is placed in an irrigated field containing shallow-rooted crops,
with substantial below-ground biomass like potatoes. No correction for biomass was therefore made for data
collected at the Lichtenburg study site.
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Figure 4.4: Percentage contribution to the total hydrogen pool by above-ground vegetation, tubers and soil water
content (SWC) at the Lichtenburg study site

The effect of water ponding on the soil surface, therefore potentially contributed to most of the variation observed
in SWC estimates obtained from the CRP at this site. This statement is supported by Zreda et al. (2012), who
advised against estimating and calibrating SWC during periods when surface water is evident, as a surface water
layer of 0.06 m can almost completely mask the SWC signal. The moderating ability of ponded water, therefore,
makes it impossible to estimate SWC using the CRP.

All estimates of SWC above pore saturation (0.36 m3 m3) were consequently removed from further analysis. An
algorithm to exclude all estimates below air-dry water content was also included. Air-dry water content was
determined by multiplying the soil water content at permanent wilting point with a factor of 0.3, as proposed by
Campbell and Stockle (1993). Air-dry water content was calculated to be approximately 0.06 m3 m-3.

Comparison between neutron and cosmic-ray probe soil water content estimates

Soil water content measurements obtained from both the CRP and NP are presented in Figure 4.6. Comparisons
between CRP and NP were only made for the period in which the farmer actively irrigated (3 February - 30 April
2014), in order to assess the application of the CRP as an irrigation scheduling tool. The comparison yielded a
sound relationship between CRP and NP estimates of SWC. The comparison also yielded a high D-value and
coefficient of determination, as presented in Table 4.3.

The statistical parameters suggest that measurements obtained from the CRP were as accurate as those obtained
from the NP. It should, however, be noted that the sample size of NP measurements was relatively small and results
may therefore be biased. Nonetheless, comparison yielded a high D-value of 0.96, which suggests that there was
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a 96 % agreement between measured and estimated SWC. The high r2value further supports the statement that
CRP estimates of SWC can be as accurate as NP measurements of SWC.

The small NP dataset is, however, a limitation linked to the non-continuous reading capabilities of the NP system.
Even though it is possible to collect data on a more regular basis, that is far too labour intensive and time consuming
with an NP, especially for distant research locations. This also highlights one of the drawbacks of NPs that may be
circumvented by making use of the CRP. The NP has been extensively tested and used in the field of soil water
content monitoring (Evett et al., 2009; Chanasyk & Naeth, 1996), and this provides us with confidence to state that
the CRP yielded an accurate estimate of area average soil water content at the Lichtenburg study site.
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Figure 40.5: Daily volumetric soil water content (%) values obtained from the CRP compared to NP measurements
taken five times during the season

Table 0.3: Statistical results, including the coefficient of determination (r2), index of agreement (D), root mean square
error (RMSE) and mean absolute error (MAE) determined for comparisons between volumetric soil water content
estimates obtained from neutron probes and the cosmic-ray probe

Study site r2 D RMSE @ MAE 2

Lichtenburg 0.96 0.96 1.97 6.63

a RMSE and MAE are expressed as percentages (%) of volumetric soil water content.
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Accuracy of cosmic-ray probe estimates in comparison with the Soil Water Balance (SWB) model

Estimates of SWC obtained from the CRP were compared with simulated SWC values obtained from the SWB
model. To assess the reliability of the SWB simulations, SWC values obtained from the model were compared to
the five NP measurements at a depth of 0.2 m. This comparison yielded an r2 and D value of 0.44 and 0.70,
respectively (Table 4.4). The relatively high index of agreement enables the use of the model as an assessment of
accuracy and usefulness of the CRP using simulated SWC on a daily time-step.

Itis suspected that the electronic in-field rain gauge did not collect all the irrigation events during the growing period,
which probably affected the accuracy of SWB simulation results. As a result, comparisons between the CRP and
SWB were only made during an approximate two-month period (3 February 2014 — 24 March 2014) when reliable
rainfall data from the automated weather station next to the field was collected. The model was used to simulate
irrigation events, seeing that the available irrigation data was unreliable. Irrigation was assumed to have been
applied once a 50 % depletion of soil water content was reached and the model was set to irrigate until SWC
reached field capacity.

Simulated SWC was fairly similar to estimates of SWC obtained from the CRP during the period investigated,
yielding a D-value of 0.60 (Table 4.4). The coefficient of determination was, however, quite low (r2 = 0.24). Statistical
parameters obtained from the comparison of estimated and simulated SWC were very similar to those obtained
from the comparison between measured SWC obtained from the NP and simulated SWC. The similarities between
measured, simulated and estimated SWC are presented in Figure 40.5. Itis evident from Figure 40.5 that simulated
and estimated SWC values were not identical, hence the low r2, but, they followed very similar trends brought about
by fluxes of water into or out of the soil, hence the relatively high D-value. The same observation can be made for
the comparisons between NP measurements and simulated SWC.

Table 4.4: Statistical results, including the coefficient of determination (r2), index of agreement (D), root mean square
error (RMSE) and mean absolute error (MAE) obtained from the comparison between simulated, measured and
estimated soil water content at the Lichtenburg study site. Comparisons between SWB and CRP were only made from
3 February 2014 to 24 March 2014.

Measurement r2 D RMSE> MAE®
NP 0.44 0.70 3.00 8.10
CRP 0.24 0.60 4.62 14.57

aRMSE and ®MAE are expressed as percentages (%) of volumetric soil water content.

The lack of agreement between the SWC obtained from the CRP and SWB, as observed in Figure 40.5, is most
likely due to the simulation of irrigation events by SWB. Personal discussions with the farm manager revealed that
irrigation was mostly applied based on intuition and not necessarily when a 50 % depletion level had been reached.
Nonetheless, the comparison between SWC obtained from the CRP and SWB showed similar water in- and out-
flux trends and could potentially improve by including accurate irrigation data, which was lacking in this study.
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Figure 4.6: Daily measured, simulated and estimated volumetric soil water content obtained from the Lichtenburg
study site for the period 3 February - 24 March 2014

TOM BURKE STUDY SITE (2014)

Site-specific calibration of the cosmic-ray probe and DFM capacitance probes

Both the CRP and DFM probes were calibrated using SWC values obtained from soil sampling campaigns collected
throughout the duration of the trial (19 June 2014 — 21 October 2014). DFM probes were successfully calibrated
up to a depth of 0.30 m, with calibration curves reaching regression coefficients (R?) of 0.80 or more. The CRP was
calibrated using a similar method to that of the Lichtenburg trial. The cosmic-ray probe calibration function for the
Tom Burke study site is presented in Error! Reference source not found..

0=—2% __0.115—0.132 — 0.003 | 1.45 (4.3)
( 72

18?)—0.

For the Tom Burke trial, two parameters were introduced in an attempt to filter out data considered as noise, in a
similar fashion as all SWC estimates above 0.36 m3m- and below 0.06 m3m?3 for the Lichtenburg study site. For
this soil, all SWC estimates of above 0.20 m3 m=and lower than 0.04 m3 m=3 were discarded from the dataset.
These parameters were chosen, based on soil water contents at field capacity and air-dry water content, as
determined for the site.

Comparison between gravimetric soil samples and CRP estimates of soil water content

For the 2014 Tom Burke trial, similar comparisons between CRP estimates of SWC and SWC measured from soil
samples were made (Table 4.5). The comparisons yielded an rZ of 0.84, D-value of 0.91 and RMSE of 0.015 m3
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m-3. Based on this analysis, the CRP estimates of SWC tended to be very accurate, although the dataset was once
again rather small. The similarity between measurements is quite remarkable when considering that a small number
of samples collected across a 20-hectare field was 90 % in agreement with SWC estimated over an entire 22-
hectare field (Figure 4.7).

Table 4.5: Volumetric soil water content (VWC) obtained from five soil sampling campaigns (0.0 — 0.2 m) at the Tom
Burke study site compared to cosmic-ray probe (CRP) estimates of volumetric water content

Average Average CRP Standard deviation ~ Standard deviation CRP
Date sample VWC estimates of VWC sample VWC estimates of VWC

(m3 m-3) (m3 m-3) (m3 m-3) (m3 m-3)
19-Jun-2014 0.05 0.07 0.01 0.03
24-Jul-2014 0.10 0.09 0.01 0.03
13-Aug-2014 0.12 0.14 0.02 0.04
4-Sep-2014 0.10 0.11 0.02 0.03
24-Sep-2014 0.07 0.08 0.02 0.03

= = CRPVal %  ==#=-=50il sample Average Vol %

16

14

12 — — {

/‘-l"" -"""-.‘.- “~ \
10 =" S-a ~
- 7 1l ~_

Volumetric soil water content %
co

0 T T T T T
18-Jun-14 08-Jul-14 28-Jul-14 17-Aug-14 06-Sep-14 26-Sep-14

Date

Figure 4.7: Comparison of volumetric water content obtained from five soil sampling campaigns (0.0-0.2 m), with
volumetric water content estimates obtained from the cosmic-ray probe (CRP)
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Accuracy of cosmic-ray probe estimates compared with DFM capacitance probe measurements

Soil water content measurements obtained from both the CRP and DFM capacitance probes are presented in
Figure 4.8. A comparison between data was again made only during the period from planting until approximately
three weeks before harvesting (30 September 2014). During this period, most of the irrigation for a potato crop was
applied and it was, therefore, the best period to test the accuracy and application value of the CRP for irrigation
decisions. Estimates of SWC determined by the CRP at approximately one month after the start of the trial followed
a similar trend to that of SWC values obtained from the DFM capacitance probes. During the first month of the trial,
SWC values obtained from the DFM probes were higher than those obtained from the CRP.

The reason for higher soil water content measurements of DFM probes can probably be attributed to a drawback
linked to the installation procedure of these probes. DFM probes were installed using a soil auger (0.05 m diameter)
to drill a hole in which the capacitance probes were placed. The same soil that was removed from the hole was
used to make a slurry, which was added to the hole to ensure proper contact between the capacitance probe and
surrounding soil. This procedure disturbs a relatively large soil volume around the capacitance probe. From
previous experience using these probes, it was observed that it takes up to one month for the sail to settle and
probe readings to stabilise. DFM data collected during this period was therefore discarded from further statistical
analysis in order to obtain a more accurate comparison between the two SWC sensors (Figure 4.9).
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Figure 4.8: Daily volumetric soil water content measurements averaged between four DFM capacitance probes (0.0
m - 0.2 m) installed at the Tom Burke study site in combination with cosmic-ray probe (CRP) estimates of soil water
content
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Although this is an unfortunate loss of data during the first month of the trial, it also highlights one of the drawbacks
of point measurements, which can be avoided by using an instrument such as the CRP. Compared to the DFM
capacitance probes, installation of the CRP does not disturb any soil, thereby minimising errors linked to the
installation of equipment. The aforementioned problem could also be dealt with quite easily by installing capacitance
probes well in advance of the growing season to avoid any data loss during the first stages of the growing season.
It may, however, complicate the soil preparation procedures preceding the planting of potatoes. Alternatively, other
installation methods, such as the use of an installation peg that disturbs less soil, could be considered for the
capacitance probes. Nonetheless, comparisons between SWC obtained from the DFM capacitance probes and the
CRP were only made from 30 July to 30 September 2014.
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Figure 4.9: Comparison between volumetric water content obtained from four DFM capacitance probes (0.0 - 0.2 m)
and a single cosmic-ray probe (CRP) from 30 July to 30 September 2014, at the Tom Burke study site

Soil water content estimates obtained from the CRP tended to vary more during the season than SWC
measurements obtained from DFM probes (Figure 4.9). The lack of fluctuations from the DFM capacitance probes
is linked to the resolution of the data itself. DFM readings, which are converted to SWC using a calibration function,
tended to show smaller fluctuations in the order of two decimal places. Results presented in Figure 4.10 show that
once the resolution of the y-axis was increased, DFM measurements did indeed fluctuate somewhat. The increased
fluctuations from DFM capacitance probes confirm that these probes responded to changes in soil water content.
It is, however, difficult to isolate such small fluctuations from a large dataset. In order to minimise this effect, both
CRP estimates and DFM measurements of SWC were averaged over a three-day period. The averaging of CRP
estimates over longer periods resulted in fewer fluctuations (Figure 4.11), which allowed for a better visual
comparison between the two datasets.

)

potatoes Final report. Cosmic Ray Probe Page 47
aartappels SA



= DFM Probe Average (0.0 - 0.2 m) Vol %
11

N\ A .
AR A VYNV v/

Volumetric soil water content %

S

6

25-Jul-14 09-Aug-14 24-Aug-14 08-Sep-14

Date

23-Sep-14

Figure 4.10: Volumetric soil water content (0.0 — 0.2 m) obtained from four DFM capacitance probes installed at the

Tom Burke study site
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Figure 4.11: Three-day running average volumetric soil water content obtained from four DFM capacitance probes
(0.0 - 0.2 m) and a single cosmic-ray probe (CRP) at the Tom Burke study site
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The comparison presented in Figure 4.11 yielded a relatively low r2 (0.40) and moderate index of agreement (D =
0.57). These results were higher than the statistical results obtained from a daily comparison (Table 4.6). Larger
fluctuations in daily SWC estimates obtained from the CRP also resulted in larger RMSE and MAE values as
compared to the three-day average of SWC. These results tend to suggest that CRP estimates of SWC are only
moderately accurate once averaged over a period longer than a day.

The comparison of CRP data with DFM measurements may, however, not be the most appropriate to assess the
accuracy of the CRP. These capacitance probes are sold at a fraction of the cost of a CRP and are used to provide
farmers with relative values/trends of SWC changes over time, and not necessarily quantitative values. The
comparison between relative SWC values and actual SWC may, therefore explain the lower r2 and D-values
obtained here. Nonetheless, during the period of assessment, CRP estimates of SWC followed a similar trend to
that of DFM capacitance probes, which proved its potential as a tool to measure SWC changes.

Table 4.6: Comparison between soil water content obtained from four DFM capacitance probes (0.0 m -0.20 m) with
soil water content estimates obtained from the cosmic-ray probe. Statistical results included the coefficient of
determination (r2), index of agreement (D), root mean square error (RMSE) and mean absolute error (MAE).

Comparison period r2 D RMSE 2 MAE =
Daily Average 0.32 0.32 2.79 28.34
Three-day Average 0.42 0.57 1.90 16.92

a RMSE and MAE are expressed as percentages (%) of volumetric soil water content.

Results from the Tom Burke study site also highlighted another drawback of point scale measurements, being that
measurements in one part of a field may not be representative of the entire field. Data presented in Figure 40.12
clearly illustrates the difference between point scale measurements, theoretically measuring the same variable at
the Tom Burke study site. A possible explanation for these differences could be the variations in soil characteristics,
such as bulk density and texture. Soils at the study site were, however, quite uniform and should therefore have
less of an impact on SWC measurements. It was therefore assumed that differences were brought about by
variations between individual probes.

Individual DFM capacitance probe measurements also fluctuated more throughout the season in comparison with
the averaged SWC obtained from all four probes. The averaging of data amongst all four the DFM capacitance
sensors therefore also contributed to the lack in daily fluctuations, compared to the CRP. A single DFM capacitance
probe, namely the ‘north’ probe, was therefore compared with the CRP estimates of SWC in order to establish if
the averaging of four individual probes led to a decrease in fluctuations/response. Statistical analysis showed that
only a slight increase in r? (0.33) and D (0.59) was evident when a single DFM capacitance probe was compared
with SWC estimates obtained from the CRP. Results from this comparison suggest that the averaging of four
individual probes led to a decrease in r2 and D. It should, however, be noted that the comparison between an
individual DFM capacitance probe and the CRP is a comparison between a point-scale measurement and a field-
scale measurement. The same comparison between the DFM ‘south’ probe and CRP yielded an r2 and D-value of
0.09 and 0.30, respectively, proving that measurements in one part of a field with a specific probe may not be
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representative of the entire field. Comparing CRP estimates of SWC to point measurement is therefore highly
dependent on the uniformity of measurements from each probe.
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Figure 40.12: Volumetric soil water content obtained from four individual DFM capacitance probes (0. 0 m — 0.2 m).
Probes were placed in approximate north (N), south (S), west (W) and east (E) orientations. The DFM probe placed in
the east location had an unforeseen loss of data at the beginning of the season.

PETRUS STEYN STUDY SITE

Site-specific calibration of the cosmic-ray probe and Echo capacitance probes

The CRP was calibrated in a similar way as the procedures for the Lichtenburg and Tom Burke study sites, by
using soil samples obtained from the first sampling campaign of the trial (23 October 2014 - 10 February 2015).
The calibration function used at the Petrus Steyn study site is presented by Error! Reference source not found.. |
t should be noted that the lattice water content (W, ,,) was assumed to be 0.03 g g'. This value was chosen based
on studies by Zreda et al. (2012) for a wide variety of soil types.

0= —=2% __0.115-0.03 —0.003 ) 1.55 (4.4)
(s365)-0372

1505

Lattice water content is, however, a site-specific parameter and assuming this value based on studies elsewhere
may lead to a decrease in accuracy of SWC estimates obtained from the CRP. The impact of lattice water on
estimates of SWC was therefore assessed using a sensitivity analysis (Figure 4.13: ). The sensitivity analyses
revealed that SWC is not significantly influenced by the magnitude of the lattice water content. Volumetric soil water
content decreased by approximately 0.002 m3 m3, for every 0.03 g g increase in lattice water content. It was
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therefore decided that the assumed value of 0.03 g g" would not have a significant impact on the results of this
study.

Similar to the Lichtenburg and Tom Burke study sites, two algorithms were introduced to eliminate noise from the
data, and again chosen based on the soil water content at field capacity and air-dry soil water content.
Subsequently, all estimates of soil water content above 0.27 m3 m- and below 0.05 m3 m was deemed to be as
noise.
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Figure 4.13: Sensitivity analysis for different lattice water contents (g g!) for the Petrus Steyn study site

Echo capacitance probes were not calibrated specifically for the site, as the factory calibration was considered
sufficiently accurate. Soil water content measurements obtained from Echo capacitance probes at various depths
were compared with volumetric soil samples collected during the soil sampling campaigns. These soil samples
were collected in close vicinity of the Echo capacitance probes to evaluate the accuracy of the factory-installed
calibration. Comparisons yielded regression coefficients (R2) of >0.85 for depths ranging from 0.10 m to 0.30 m,
with a slight decrease (R2= 0.76) observed for probes at 0.40 m depth. Results obtained from this comparison
supports the statement that no additional calibration of Echo capacitance probe was needed at the Petrus Steyn
study site.

Comparison between soil sample and CRP estimates of soil water content

Estimates of SWC obtained from the CRP were compared with gravimetric measurements of SWC as obtained
from soil sampling campaigns taken throughout the duration of the trial (23 October 2014 — 10 January 2015). Only
three soil sampling campaigns were undertaken at the Petrus Steyn study site, which once again makes statistical
analysis of this comparison less meaningful. Nonetheless, two out of the three data points were nearly similar, with
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the first point being identical due to the fact that soil samples from this sampling campaign were used for calibration
(Figure 4.14). The final sampled SWC measurement of the season was, however, significantly lower than the
estimate by the CRP. This measurement appeared to be completely erroneous, as the Echo capacitance probes
measured a similar SWC to that of the CRP.
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Figure 4.14: Comparison of volumetric soil water content obtained from three soil sampling campaigns, Echo
capacitance probes (0.0 - 0.3 m), and volumetric soil water content estimates obtained from the cosmic-ray probe
(CRP) at the Petrus Steyn study site

Accuracy of cosmic-ray probe measurements in comparison with Echo capacitance probes

A similar comparison to the Lichtenburg and Tom Burke study sites was made between estimates of SWC and
more widely used SWC measurement tools for the Petrus Steyn study site. Comparisons for the Petrus Steyn study
site were made from 17 November 2014 to 10 February 2015. No comparisons were made preceding 17 November
2014 due to the presence of only two out of the 10 measurement stations, which were only installed on 23 October
2014. Cosmic-ray probe estimates of SWC were compared with measured SWC obtained from Echo capacitance
probes and averaged over several depths (0.0 - 0.3 m) and measurement stations (10 stations) (Figure 4.15).

The trend of measured SWC and estimated SWC was almost identical throughout the duration of the study, with
the exception of a single period ranging from 23 December 2014 to 4 January 2015. During this period, Echo probes
were somewhat less responsive than the CRP. This was an unexpected result, seeing that the peak in SWC
measured by the CRP coincided with a six-day period (23 December — 28 December 2014) when a cumulative
rainfall of approximately 20 mm was recorded. A similar scenario was observed during a seven-day period (9
January - 16 January 2015), when the CRP responded to recorded rainfall, whereas the Echo capacitance probes
did not. Echo probes did, however, respond to larger rainfall events during the duration of the trial. The minuscule
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response from these sensors could be due to the limited measurement volume of the Echo sensors, which is
approximately 0.013 m?3 for the Echo 10HS sensors and 0.75 x 10-3 m3for the Echo 5TM sensors, as obtained from
the manufacturer's website (http://www.decagon.com/, following the method proposed by Sakaki et al. (2008) to
determine measurement volume). During the mid-summer period, SWC may have been so low that small rainfall
events did not sufficiently wet the measurement volume of the Echo probes, and therefore only a very small
response was observed for these probes.

Statistical analyses for comparisons between methods to estimate SWC are presented in

Table 0.7. A high D-value (0.91) confirmed that there was good agreement between Echo sensor and CRP
estimated SWCs. The r2 of 0.72, in combination with the higher MAE, was somewhat expected when considering
that Echo probes were less sensitive to changes in SWC than the CRP. Nonetheless, the high D-value tends to
suggest that CRP estimates of SWC were 90 % in agreement with SWC measurements obtained from Echo
capacitance probes. Results obtained at the Petrus Steyn study site proved that the CRP was as capable as a
distributed sensor network of estimating area-averaged soil water content. These results also proved that under
dryland conditions the CRP could accurately estimate SWC to a depth of 0.3 m, as opposed to an irrigated system
in which the CRP can only estimate SWC at shallower depths of up to 0.2 m, depending on the soil texture. The
increased measurement depth under dryland conditions is, however, of little use in terms of irrigation scheduling.
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Figure 4.15: Daily soil water content estimates obtained from Echo capacitance probes and cosmic-ray probe (CRP).
Soil water content measurements obtained from Echo capacitance probes were averaged over several depths (0.05,
0.10, 0.20 and 0.30 m) and amongst 10 individual in-field measurement locations. Rainfall, as collected from the
automated weather station installed at the Petrus Steyn study site, is also shown.
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Table 0.7: Statistical analyses of comparisons between estimated soil water content obtained from Echo capacitance
probes (0.0 — 0.3 m) and the cosmic-ray probe at the Petrus Steyn study site. Statistical results included the coefficient
of determination (r2), index of agreement (D), root mean square error (RMSE) and mean absolute error (MAE).

Study site r2 D RMSE @ MAE 2

Petrus Steyn 0.72 0.91 2.78 16.19

a RMSE and MAE are expressed as percentages (%) of volumetric soil water content.

TOM BURKE STUDY SITE (2015)

Site-specific calibration of the cosmic-ray probe and DFM capacitance probes

The CRP probe was calibrated using SWC values obtained from soil sampling campaigns collected during the trial
(25 June 2014 — 25 October 2015), following a similar approach to that used in the 2014 Tom Burke trial.

Furthermore, attempts were made to account for all hydrogen pools, taking into account the water in the potato
vegetation as well. Destructive plant samples were therefore taken at two-time points to quantify this. The first
sampling date represented the early bulking period, while the second date was just before harvesting. Based on
observations during biomass sampling, it was estimated that 65 % of the potato tubers were located within the top
20 cm soil layer of the field. The total biomass water content of the leaves and stems, as well as 65 % of potato
tubers, was computed for the two samplings, and the average value of the total biomass water content was then
used to calibrate the CRP. The measured biomass water content levels presented in Table 4.8 suggest that the
total water mass remained fairly constant throughout the sampling period, and therefore the averages were used
for the calibration procedures.

Table 4.8: Leaf, stem and tuber biomass water content for the two sampling dates, plus total biomass water content,
with 2 representing total biomass water content with 100 % potato tuber biomass water content included, and ®
representing total biomass for 65 % of the potato tuber biomass included

Leaf Biomass .Stem Tuber Sl.‘bmtal: 65 % Potato .Total
Biomass Biomass Biomass . Biomass
Water Tuber Biomass
Date Water Water Water Water
Content C C c .  WaterContent . b
(kg/m?) ontent ontent ontent (kg/m?) ontent
(kg/m?) (kg/m?) (kg/m?) (kg/m?)
12 Aug 0.8450 0.4025 1.9725 3.2200 1.2821 2.5296
25 Oct 0.4748 0.5823 2.7281 3.7845 1.7732 2.8296
Average 3.5022 2.6796
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Chapter 5

POTENTIAL FOR USING COSMIC-RAY PROBES AS AN IRRIGATION SCHEDULING
TOOL

INTRODUCTION

The cosmic-ray probe (CRP) has been extensively used in fields other than agriculture, with most research being
conducted in the field of terrestrial hydrology (Baatz et al., 2012; Bogena et al., 2013). Very little work has, therefore,
been done in the field of agriculture and the potential applications of the CRP in this field. One of the major
applications in this field is the potential for using the CRP as an irrigation scheduling tool, but due to limited research
in this field, there was uncertainty on how to use this data. It was therefore assumed that data obtained from the
CRP should be processed in a similar way to terrestrial hydrology studies. These studies included calculating
corrected neutron counts and using site-specific parameters to establish a calibration function used to convert these
counts into SWC estimates. Site-specific parameters include soil organic matter content, lattice water content and
an independent measure of soil water content (SWC). However, hydrological studies often require highly accurate
estimates of SWC, which might not be necessary for irrigation scheduling. Calibrating the CRP in a similar fashion
to that used in hydrological studies might therefore be less important to the field of irrigation scheduling.

Calibration is, however, seen as essential by the supplier, in order to obtain accurate measurements of SWC at a
specific site. However, in some cases, such as for practical applications in irrigation scheduling, these inputs might
not be known or might be too time consuming to determine. Calculating certain inputs, such as corrected neutron
counts and inclusion of biomass water, also requires a fair amount of expertise, which is not always available.
Calibrating the CRP can therefore become a daunting task, which might limit its usefulness as an irrigation
scheduling tool. However, various other irrigation scheduling tools, such as DFM capacitance probes, are not
calibrated at each installation site, which is mainly due to the fact that exact SWC measurements are not always
needed to schedule irrigation. On-farm scheduling tools such as DFM capacitance probes rather make use of trends
in SWC to schedule irrigation, which are then combined with a ‘full point’ (green line) and ‘allowable depletion’ level
(orange line), which is set by using a time series of measurements on which a farmer can base irrigation decisions
(Figure 5.1).
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Figure 5.1: Example of a capacitance probe graph used to assist with irrigation scheduling decisions. The green and
red line represent field capacity and allowable depletion level, respectively.

USE OF RAW COSMIC-RAY PROBE DATA

In order for the CRP to be used as an irrigation scheduling tool, a grower should preferably be able to utilise raw
data (with minimal calculations involved) in a similar fashion to that of DFM capacitance probes. There is, however,
some major uncertainty on how to make use of raw CRP data, if not corrected and calibrated, as such an approach
has never been attempted before. In summary, the raw data includes only moderated (fast-neutron) and
unmoderated (thermal-neutron) neutron counts, which can perhaps be used to monitor SWC. Plotting moderated
and unmoderated counts alongside calibrated data provides limited insight into the use of raw CRP data (Figure
5.2).
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Figure 5.2: Calibrated soil water content alongside raw cosmic-ray probe (CRP) data collected at the Petrus Steyn
study site. Daily moderated (Mod) and un-moderated (Unmod) counts were obtained from raw cosmic-ray probe
data.

In an attempt to circumvent the calibration requirement of the CRP, a basic equation was constructed to make use
of raw CRP data without needing a single local environmental parameter (Error! Reference source not found.). T
he equation uses the inverse of the difference between daily average moderated and unmoderated neutrons counts
to obtain a relative measure of SWC (). The equation was established based on the fact that the inverse of
moderated (fast-neutron) counts is visually similar to the calibrated SWC. The unmoderated (thermal-neutron)
counts were then added to the equation due to the improvement in the coefficient of determination (r?), as opposed
to using the inverse of moderated neutron counts alone. A factor (10 000) was used to increase the magnitude of
data, in order to present it on a simple y-axis.

Promisingly, data obtained from this equation is fairly similar to the data obtained with site-specific calibrations
(Figures 5.3, 5.4 and 5.5). This is especially true for the Lichtenburg and Petrus Steyn study sites, in which a high
coefficient of determination (r2 >0.85) was obtained. The Lichtenburg study site yielded an r2 of 0.93, which is
exceptionally high when considering that no local parameters were used to obtain the relative measure of SWC. A
rather poor r2 (0.50) was, however, obtained for the Tom Burke study site, but data obtained from Equation 5.1
followed a similar trend to that of the calibrated data. A visual comparison across all the study sites, as presented
in Figures 5.3 10 5.5, tends to support the use of Equation 5.1 to obtain relative measurements of SWC.

9 = 1

- (Moderated counts—Unmoderated counts)

x 10000 (5.1)
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Figure 5.5: Cosmic-ray probe-calibrated volumetric soil water content and zero-calibration relative soil water
content obtained from data collected at the Petrus Steyn study site

EXPLORING POSSIBILITIES OF USING THE COSMIC-RAY PROBE TO SCHEDULE IRRIGATION

Once it had been established that relative SWC could easily be obtained by Equation 5.1, the use of this data for
scheduling irrigation had to be evaluated. To test the use of this data for scheduling irrigation, a one-month period
at the Tom Burke study site was chosen to assess the irrigation scheduling potential of the CRP. The Tom Burke
study site (2014 season) was chosen due to the fact that it was the only site that did not receive any precipitation
during the season, and the field was therefore regularly irrigated. Personal discussions with the farmer also provided
useful insight into the irrigation scheduling approach practised for this field. The farmer had also used DFM
capacitance probes in the past, which gave him a better understanding of when and how much irrigation should be
applied.

The period in which the usefulness of the CRP as an irrigation scheduling tool was assessed ranged from 14 July
to 14 August 2014. For this assessment, an arbitrary full point (green line) and allowable depletion level (ADL) (red
line) were set (Figure 5.6). The hypothetical irrigation scheduling scenario revealed that the farmer typically applied
irrigation at a three-day interval. The reasoning behind the three-day interval choice is most likely due to the sandy
texture of the soil present at the Tom Burke study site. Due to the sandy soil, water drains away quickly, and the
surface dries out very quickly; this is especially true for a ridge-furrow planting system. The ridges in which the
potatoes were planted consisted of very loose and uncompacted soil, which provides a good growing environment
for potatoes, but usually does not hold much water.

An approximate two-to-three-day schedule was kept throughout the duration of this assessment, with the exception
of the irrigation interval from 31 days to 36 days after the start of the trial in which five days passed before the next
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irrigation was applied, mainly due to practical management considerations. This irrigation does, however, show that
SWC in the hypothetical 0.2 m layer takes approximately three days to move from the full line to the ADL, which
once again supports the farmer’s decision to apply irrigation at a three-day interval. A similar scenario was observed
during the period of 41 to 45 days after the start of the trial, where it took approximately four days for the SWC to

reach the ADL.

The hypothetical scenario, presented in Figure 5.6, illustrates the ability of the CRP to potentially be used as an
irrigation scheduling tool. Although purely hypothetical, the CRP responds to irrigation events (Figure 5.7), which
provides the farmer with the ability to know when to apply irrigation. The CRP also has the potential to provide an
irrigation farmer with enough data on how much and how long to irrigate a specific field. Although the CRP does
not provide an irrigator with the exact volume of water needed to refill the soil profile to the “full line”, it can be used
in a similar fashion to capacitance probes. Irrigation farmers who have used capacitance probes and software for
quite some time, and have a reasonable idea of the output of their irrigation system, have successfully developed
a recipe to know approximately how much water to apply to refill the profile. This recipe is mostly based on the
intuition of how trends in soil water content have reacted to certain irrigation events in the past. As an example, an
irrigator knows that once the SWC trend line reaches the ADL (red) line, an approximate application of 10 mm is
needed to move the SWC trend line back to the full (green) line again. In a similar fashion, irrigation of only 5 mm
will move the SWC trend line to halfway between the full line and ADL. The CRP, therefore, shows some potential

to be used in a similar way to capacitance probes.

Combining the ability to obtain the relative trends in SWC using Equation 5.1 with the practical advantages linked
to the installation of the CRP potentially makes this a promising tool for irrigation scheduling. The CRP also has the
potential to be used as a mobile sensor (CRP-Rover) (Chrisman & Zreda, 2013). Using Equation 5.1 in conjunction
with data collected using the CRP-Rover, therefore, creates an opportunity to schedule irrigation on various farms
in a single day, without needing any site-specific parameters. This can help to reduce the cost of the CRP can also
be divided amongst a group of farmers, making the use of the CRP a financially viable option.
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Figure 5.6: Hypothetical scenario assessing the ability of the cosmic-ray probe to be used as an irrigation
scheduling tool at a depth of 0.2 m, at the Tom Burke study site. Green arrows represent irrigation events.
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12.5

Relative water content

The data presented in this study showed that there is some potential for using the CRP for irrigation scheduling.
However, the limited measurement depth and uncertainties around the effect of water contained in the plant
biomass on its accuracy remains an obstacle to the practical application value of this instrument. For practical
irrigation scheduling, especially for crops with root systems deeper than the CRP measurement depth, it will most
likely have to be combined with a soil water balance crop model or other measurements of soil water content to
estimate SWC at deeper depths. Future research in the field of irrigation scheduling should, therefore focus on the
possibility of the CRP being combined with other methods in order to schedule irrigation. These methods should
preferably have to be low-cost and user-friendly methods in order to compliment the CRP, which is a high-cost

system.
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Chapter 6
CONCLUSIONS AND RECOMMENDATIONS

Data obtained from four field trials conducted in this study were used to investigate the accuracy and usefulness of
the cosmic-ray probe (CRP) soil water content (SWC) estimates. Comparisons between CRP estimates and SWC
measured from soil sampling campaigns at the Lichtenburg and Petrus Steyn study sites yielded poor correlations.
The number of measurement points at both study sites was relatively low; however, with four to six data points
being compared. Results obtained from the Tom Burke studies yielded high agreement, which suggests that CRP
estimates of SWC can be as accurate as destructively measured SWC.

Comparisons between CRP estimates of SWC and SWC measurements obtained with commonly used soil water
sensors also yielded varying results. Although a poor correlation was found between sampled SWC and CRP
estimates of SWC for the Lichtenburg study site, comparisons with neutron probe (NP) SWC estimates yielded
better correlations. Both the Lichtenburg and Petrus Steyn study sites yielded D-values of greater than 0.90. CRP
estimates of SWC were therefore 90 % in agreement with SWC measured with either NP or Echo capacitance
probes. Results obtained from the comparison between CRP and DFM capacitance probes at the Tom Burke study
site (2014 study) yielded much lower r2 and D-value than the other two study sites. This poor relationship between
the CRP and DFM capacitance probes may be due to various reasons, including the limited number of DFM probes
installed at the site and the resolution of DFM probe data. During the second study at Tom Burke, there was better
agreement between CRP measurements and both soil samples, as well as Echo capacitance sensor data.
However, the goodness of fit between the data depended on the measurement depth considered and whether or
not water in the plant biomass was included in the CRP calibration. Nonetheless, three of the four conducted trials
yielded results, suggesting that CRP estimates of SWC were in reasonable agreement with measurements of other
more established methods used to measure SWC, which is in agreement with the findings of Bogena et al. (2013).

Cosmic-ray probe estimates of SWC were also compared to simulated SWC obtained from the Soil Water Balance
(SWB) model for the Lichtenburg study site. This comparison yielded relatively good results, which could potentially
have been improved even further if more site-specific soil and irrigation data had been used in the model. These
findings are encouraging and may suggest that the CRP may be investigated as a ground-truthing tool that can be
used to parameterise the model. Combining such a model with CRP estimates of SWC also has the potential to
more accurately estimate SWC at depths deeper than the CRP measurement depth. The measurement depth of
the CRP, however, varies based on the SWC, being shallow where the soil is wet, and deeper once the soil dries
out. Further research should aim to assess if estimated SWC obtained from the CRP can be used in conjunction
with crop models, such as SWB, to improve the accuracy of model simulations.

The study also found that the ponding of water on the soil surface leads to large variations in observed estimates
of SWC obtained from the CRP. This was most evident at the Lichtenburg study site where a great deal of variability
existed after high rainfall or irrigation events. This is somewhat of a drawback of the CRP, where it is impossible to
obtain reliable estimates of SWC due to the moderating ability of surface waters. This is worsened by low soil
drainage and infiltration rate and is therefore affected by soil texture at a specific site. Soils with a higher clay
content will generally be more prone to ponding than sandy textured soils, such as that of the Tom Burke and
Petrus Steyn study sites.
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Results obtained from the Lichtenburg study site suggested that no correction for hydrogen contained in above-
and below-ground vegetation is needed when a shallow-rooted crop, such as potatoes, is grown and the CRP was
calibrated after the emergence of the crop. Calculations made using sampled SWC and vegetation revealed that
although vegetation might contribute to 20 % of the total below-ground hydrogen pool, the size of this pool did not
increase or decrease substantially during the season and would therefore have limited the impact on estimated
SWC. However, these findings were contradicted by the 2015 Tom Burke study, which showed that SWC estimates
by the CRP could improve substantially if biomass water is taken into account during the second half of the potato-
growing season.

The study was also used to assess the potential of the CRP as an irrigation scheduling tool, based on the ability to
use raw data to obtain relative trends in SWC. A basic formula was constructed to convert raw data obtained from
the CRP to relative estimates of SWC. These values were similar to those of estimated SWC obtained through site-
specific calibration of the CRP, which proves that representative trends in SWC can be obtained, without needing
site-specific parameters used in the calibration of the CRP to obtain more quantitative values. The ability to use
only raw data to obtain relative trends in SWC highlighted the potential of the CRP to be used as an irrigation
scheduling tool.

Raw data converted using the proposed equation was also used in a hypothetical irrigation scheduling scenario for
the Tom Burke study site. Observations from the use of relative SWC in this scenario showed that data could
potentially be used to schedule irrigation by informing the grower when a certain depletion level has been reached.
These findings also further proved that the CRP actively responds to changes in SWC.

In conclusion, the results from this study revealed that the estimates of SWC obtained from the CRP are fairly
accurate when compared to more established measurements/estimates of SWC. The results also showed that raw
data obtained from the CRP could be used, without site-specific calibration, to estimate trends in SWC which can
be used to schedule irrigation in scenarios similar to those investigated in this study. However, this study also
revealed that various questions surrounding the CRP still need to be answered before the CRP can be considered
as a practical scheduling tool in irrigated agriculture. Suggested future research should therefore focus on the
following outstanding issues:

e How do soil infiltration and drainage rates affect SWC estimates by the CRP?

e How to address the impact of vegetation on SWC estimates and how to practically incorporate that into the
calibration procedure.

e Can CRP estimates be combined with an integrated crop model to more accurately simulate SWC at depths
deeper than the CRP measurement depth?

o  Will combining CRP estimates of SWC with an integrated crop model increase the accuracy of simulations (i.e.
yield and crop water use)?

e Canoutputs be obtained from the equation developed in this study (Equation 5.1) be used to schedule irrigation

in a user-friendly manner?
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