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Abstract 
 
 
Long term, continuous field based studies on soil moisture in New Zealand are scarce, 

with those addressing the fine scale and providing continuous measurement even more 

so. The tussock grasslands of Otago have been the focus of significant previous 

research, which has highlighted the distinctive water use of these plants. Tussock 

grasses are particularly efficient in terms of water use, having low transpiration and 

water uptake rates, as well as providing good cover of the soil surface from solar 

radiation, reducing evaporation rates. These factors combined with the high annual 

rainfall which occurs in the high elevation regions of Otago lead to the importance of 

tussock vegetation on downstream hydrology. However, there is a distinct lack of 

understanding of the behaviour of soil water with depth within soil stratum vegetated by 

tussock grasses. The aim of this project is to directly measure the vertical movement of 

soil moisture. A field site within the Glendhu experimental catchments was selected as 

the location of a 12 month in situ measurement of climatic variables and soil water. An 

array of six time domain reflectometry probes and two capacitance probes, as well as an 

automatic weather station were installed at the field site, culminating in a 12 month, 

continuous record of soil moisture. Laboratory methods including bulk density and 

particle size analysis have been utilized to complement the field instrumentation. 

Overall, the annual dataset described a cool and wet year, with consistently wet soil 

conditions, particularly through the upper soil strata. There was a clear seasonality 

within the soil moisture, with elevated winter values indicating winter recharge of soil 

water reservoirs. Responses within the soil strata were typified as typical or atypical, 

with the atypical responses categorised by a lack of organisation within the response. 

Typical events were characterised as a pattern of general vertical increase, with typical 

lag times of six hours at 10 cm, seven at 20 cm, eight at 30 cm and 13.5 hours at 42 cm. 

Time domain reflectometry probes were found to be the most accurate in this type of 

research, and are the instrument of choice for future research. This project has 

comprehensive measurement of soil moisture attenuation with depth carried out in this 

project will allow for the development of a more comprehensive understanding of the 

soil moisture system at the site, as well as providing data to consider the adequacy of 

measuring soil moisture exclusively in the surface zone. 
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Chapter 1: Introduction 
 

The volume and availability of soil moisture is a key aspect of understanding the 

hydrological processes, as well as growth and prevalence of different plant species at 

any location (Brocca et al., 2013). The terms ‘soil moisture’ and ‘soil water’ delineate 

the portion of freshwater transported, stored and utilised within the soil sphere, 

contained between surface and groundwater flows. Soil moisture provides essential 

water for plant use, without which most plant life could not survive, and provides a 

pathway for streamflows and groundwater recharge. By providing alternate pathways to 

streamflow, soil moisture contributes to and changes streamflow generation processes, 

increasing the lag time between rainfall and streamflow increase (Hillel, 1998). The 

reservoir of soil water can reduce plant demand for water from groundwater or 

subsurface flows, as well as sustain the longevity of ephemeral stream flow. An 

understanding of soil moisture processes is vital to a full comprehension of streamflow 

processes. Soil water volume and distribution is a key determinant for vegetation type, 

morphology, abundance and vitality at a given location, and an understanding of the soil 

water system at a site can greatly inform understanding of the vegetation (Hillel, 1998). 

Soil moisture is difficult to measure, with significant modification to the soil structure 

required for most direct measurement methods, through processes of sampling or 

equipment installation into the substrate (Mosley, 1982). Thus, soil moisture represents 

an element of hydrology that is less well studied than other, more accessible 

components of the hydrosphere (Zappa and Gurzt, 2003; Yang et al., 2010).  

 

Soil moisture can be essentially considered as a two-phase system, with surface and 

sub-surface processes occurring with markedly different patterns. The surface zone is 

dominated by meteorological forces, with concomitant increase in surface soil water 

content with even small amounts of supplied precipitation, as well as decreases due to 

evaporative demand at the soil surface. As the depth from the surface increases, the soil 

water system becomes increasingly complicated, with additional complexities of soil 

horizon characteristics, increased lag time in response to meteorological inputs and 

outputs, as well as the confounding effects of uptake of soil water by plants. The 
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volume of soil water changes through a depth profile, controlled by a balance of 

conflicting factors: the supply (and supply pathways); demand; and storage capacity.  

 

Due to the difficulties in directly measuring soil moisture, preference has been shown 

for methods of remote sensing or modelling of this component of the hydrological 

cycle. During soil moisture modelling, the use of a ‘black box’ water balance model, 

which reduces the soil water component to 0 is prevalent, with the assumption that soil 

water has no impact on the overall water balance (Cresswell, 1990). Whilst there is 

nothing inherently inaccurate with making assumptions of this type, accurate 

measurement of any natural system through remote sensing or modelling requires a 

thorough understanding of the processes and changes within that system, at different 

temporal and spatial scales. Within the soil moisture theoretical context there is a wealth 

of research into elucidation of variations and field verification of remotely sensed and 

modelled soil moisture data (e.g. Montaldo et al., 2001; Lakshmi, 2013; Yang et al., 

2014), with the overall finding that remotely sensed soil moisture estimates fail below 

the soil surface zone, and are accurate only within the top 5 cm of soil substrate (Choi et 

al., 2007).  

 

The concern with the focussed attention on design and verification of modelled products 

that are accurate only on the very upper level of the soil sphere is the disregard for the 

complex sub-surface water processes (Lakshmi, 2013). The research generally focuses 

on spatial heterogeneity between geographical areas, with little focussed research into 

soil moisture changes with depth from the soil surface, a factor that is vital to 

understanding the soil moisture system and inherently different in behaviour to the 

surface soil water zone. The research focus on changes in soil moisture with topography 

is in part due to the difficulties in instrumentation to measure changes in soil moisture 

with depth, which are accentuated with increasing depth from the soil surface. The key 

difficulty with direct measurement of soil moisture is that the instrumentation 

necessitates significant modification of the substrate, either by sampling and removing 

soil for laboratory based analysis, or through installation of instrumentation in direct 

contact with the soil (Mosley, 1982). Additionally, the degree and pattern of spatial 

heterogeneity between geographical areas has yet to be fully resolved, with the scale of 

heterogeneity occurring at scales of <1 mm to >1 km (Graham et al., 2018). Within 

research into spatial variation between areas, there is a particular focus on developing 
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an understanding of these processes at a catchment scale, in order to upscale to larger 

geographic areas.  

 

Direct measurements of soil moisture with depth are of particular interest when building 

water cycle and water balance models, as accurate representation of this element is 

essential for simulation of real-world conditions (Zappa and Gurzt, 2003). Thus, the 

focus of this research is to create an annual dataset of soil moisture levels with depth, 

directly measured within a single field site, to create an overview of soil moisture 

changes down the soil profile. Detailed research of this type could be used to elucidate 

the residence time, preferred flow paths and seasonal fluctuations of soil moisture 

within a field site, with the potential to extrapolate to other sites, which would 

contribute to a better understanding of catchment hydrology, as well as assisting land 

managers, for whom an understanding of soil moisture and the utilisation of soil 

moisture stores by plants can have a direct impact on the productivity and irrigation 

requirements of a site. Additionally, long-term continuous measurements of soil 

moisture are rarely conducted, despite the necessity of this type of information on 

building an accurate understanding of seasonality within soil moisture budgets (Brocca 

et al., 2013; Feng et al., 2012). Direct measurements of soil moisture with depth are 

also of interest when building water cycle and water balance models, as accurate 

representation of this element is essential for accurate simulation (Zappa and Gurzt, 

2003). 

 

Previous studies on soil moisture have mostly been undertaken on a short term 

(sometimes only a single day) or stratified sampling basis, with repeated sampling once 

a week or month, at the same locations and depths (e.g. Mosley, 1982; Parfitt et al., 

1985; Miller, 1994; Wilson et al., 2003). The predominance of short-term and stratified 

research has resulted in a lack of focus on the possibility of capturing small scale 

changes within the soil moisture system, with the reliance on long-term average or 

single point values and potentially masking significant small-scale fluctuations. 

Additionally, technological advances in equipment and methods have increased the 

possibility of creating long term, continuous measurements of soil moisture changes 

across a depth profile.  
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The field site for this study is within a catchment vegetated in indigenous snow tussock 

grasses, situated in the ‘high country’ of Central Otago. The high country areas of the 

South Island have a distinctive vegetation pattern, dominated by tussock grasslands 

(Mark and Dickinson, 2003). These quintessential high country grasslands provide a 

significant portion of inputs to lowland hydrological catchments (Campbell and Murray, 

1990; Clearwater, 1999). The indigenous tussock grasses of New Zealand have low 

transpiration rates (and thus low requirements for water), and are efficient traps for 

precipitation in the form or rain, fog or snow (Mark, 1975; Campbell 1987; Campbell, 

1989; Mark and Dickinson, 2008). The volume of streamflow inputs from snow tussock 

grasslands might seem irrelevant to lowland catchment management, but the ability of 

tussock grasslands to thrive using limited amounts of water results in these upland areas 

having significantly higher water outputs at a catchment scale compared with 

catchments with other vegetation types, such as forest, pasture or even bare ground 

(Campbell, 1987; Campbell and Murray, 1990). Thus, the land use and vegetation type 

occurring in isolated, high country landscapes can have considerable consequences on 

the water yield in the catchment as a whole (Mark and Dickinson, 2008). Despite the 

prevalence of high country livestock grazing, the low plant productivity of these areas 

combined with their high water yield brings into question the soundness of transforming 

tussock grassland ecosystems into agricultural or pastoral land (Holdsworth and Mark, 

1990; Clearwater, 1999).  

 

The hydrological significance of upland tussock grasslands has been the subject of 

research, however the primary focus has usually been on plant morphology and 

hydrological demand, as well as water quality changes during vegetation change 

(particularly transition from indigenous vegetation to forestry plantations) (e.g. Smith, 

1987; Duncan, 1995; Fahey and Jackson, 1997; Fahey and Payne, 2017). Soil moisture 

changes with depth under tussock vegetation have not received much attention from 

researchers. The shallow, poorly drained soils often found in high country areas of New 

Zealand (such as the Glendhu field site, which has a perched-gley soil and shallow 

regolith layer) likely reduce the rooting depth of plants in these areas. The unique 

characteristics of New Zealand’s high country areas probably mean that the majority of 

values and calculations used as ‘standard’ for New Zealand soils (which are actually 

optimised for pastoral soils) are producing inaccurate results when applied to systems 

such as a tussock grassland (Woodward et al., 2001). These factors together form the 
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basis of the research presented in this thesis, to investigate soil moisture over a 12 

month seasonal cycle (with particular attention to variations with depth) in a field site 

vegetated with sub-alpine tussock grasses. The primary focus is on the response within 

the soil strata to precipitation inputs over the experimental duration of the field study, 

with consideration of the soil moisture response timing and amplitude at different 

depths within the soil stratum, from topsoil down to regolith. 

 

A range of methodologies are employed in this research, with a primary focus on 

measuring soil moisture and local climate for 12 months. A field site within the 

Glendhu experimental catchments was used for the study, with an automatic weather 

station and two soil moisture arrays (utilising both time domain reflectometry and 

capacitance type probes) installed at the site for the duration of the study. The data show 

the response, in both timing and magnitude within the soil strata to climatic fluctuations 

and provide a means for comparing the two probe types. The findings from the Glendhu 

field site are then considered in the wider theoretical context of soil moisture patterns 

and response. 

 

The structure of the thesis is as follows. Chapter Two considers soil moisture as a 

conceptual system and situates the current study within a wider theoretical context. 

Chapter Three presents the methods used in the research, with the subsequent Chapter 

Four presenting the results of the field study, data analysis and statistical methods. A 

discussion chapter follows, situating the results within a wider context, followed by a 

concluding chapter and appendices of supplementary material. 
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Chapter 2. Soil Moisture under tussock 

grasslands: a theoretical review 
 

In this chapter, an overview of factors that influence the supply, storage and usage of 

water within the soil system are presented, followed by an overview of soil moisture 

within the wider hydrosphere. The processes and concepts governing soil moisture are 

the primary focus of Section 2.1, with emphasis on the soil and meteorological 

conditions that govern soil moisture flux. Consideration is given to the role of plants 

within the soil moisture system (Section 2.1.3), as well as to spatial and temporal 

variations in soil moisture (Sections 2.2 and 2.3). Soil moisture within the particular 

context of hillslopes and tussock grasslands is also reviewed (Section 2.4). Following 

consideration of these factors, a theoretical system of soil moisture is developed 

(Section 2.5), to describe the interaction between the landscape, climatic conditions, 

plants and hydrosphere. Finally, research design and questions are stated in Section 2.6. 

 

2.1 An overview of soil moisture processes and concepts 
Evaporation and the intensity and amount of supplied precipitation are the most striking 

factors governing soil moisture content, describing in turn inputs and outputs into the 

soil system (Srinivasan et al., 2016). When inputs and outputs into the soil are in 

balance, soil storage change is zero; whilst when inputs exceed outputs, soil water 

storage increases until saturation. Inversely, when outputs exceed inputs, the volume of 

water held in soil storage decreases and vegetation begins to be affected by water stress. 

In addition to the inputs and outputs, the antecedent soil and atmospheric conditions, as 

well as the temperature and duration of any precipitation are also important controls on 

soil moisture (Hillel, 1998; Tyagi and Stayanarayana, 2010). Antecedent soil conditions 

can control soil moisture by impeding surface permeability (in particularly dry 

conditions) or hastening the downwards percolation of water (in particularly wet 

conditions), with a spectrum of responses between these two extremes. The temperature 

of precipitation can alter the soil thermal regime, thereby altering the chemical 

conditions that promote or impede storage of soil water. The duration and intensity of 

precipitation can affect the depth to which wetting occurs, with longer duration, higher 
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intensity precipitation events more likely to create complete wetting within a soil 

profile, as the increased abundance and energy of the supplied water percolates through 

the soil strata (Hillel, 1998). 

 

Depending on the physical characteristics of the soil and the climatic characteristics of 

an area, soil moisture may have either a short or long duration residence time. Short 

residence times are defined as those where moisture is present in the soil only for the 

time taken for the water to filter through the soil and into higher order hydrological 

pathways, such as groundwater or subsurface flows. Long residence times are those 

where the moisture is stored in pore spaces of the soil or adhered to soil particles, to be 

gradually replenished by infiltration and reduced by the uptake of water and 

transpiration by plants (Hillel, 1998).  

 

Natural pore spaces between soil particles, cracks, spaces from the movement of 

subterranean fauna, and root spaces formed by plants, are all potential reservoirs for 

water within a soil, with macropores playing a particular role (Mosely, 1982). 

Macropores are categorised as larger than 75 µm and are often created by biological 

activity within the soil. Macropores increase the hydraulic conductivity of a soil and 

thus allow water to flow more quickly through the soil, often via lateral flow. Soil 

horizons can have an impact on water movement, with the proportion of sand or clay 

within a horizon strongly influencing the permeability of the layer and thus downwards 

water movement (Mosely, 1982; Western et al., 2002). These factors are represented by 

Figure 2.1, which is a simplified schematic of soil water, highlighting inputs and 

outputs to the system. The diagram denotes a possible infinite number of soil horizons, 

as the number, arrangement, thickness and characteristics of soil horizons are highly site 

specific, based on slope and aspect, pedogenic processes, soil age and parent material. 
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 Figure 2.1 Simplified schematic diagram of the soil water system. 
 

There are reciprocal effects between soil characteristics and soil moisture; that is, the 

proportion of water within a soil profile can have a deterministic effect on soil 

properties. A range of soil properties can be affected by changes in soil moisture 

content, and these impacts can be delineated into two categories, physical/mechanical 

and chemical, each of which will be considered in turn below (Dobriyal et al., 2012). 

Alterations in soil properties due to moisture content occur predominantly through 

drying, weathering and leaching processes, with soil chemistry and consistency 

particularly susceptible to changes of this sort (Schneider et al., 2011).  

 

Changes to the structure of soil horizons can occur in situations such as gleying, 

whereby a soil horizon becomes waterlogged due to a high water table or impeded 

drainage within a profile, thereby creating anaerobic, reducing conditions and changing 

the chemistry of a soil layer (McLaren and Cameron, 1996). Changes to soil 

consistency refer to alterations to mechanical soil conditions, with a spectrum between 

dry and ‘friable’, to wet and ‘plastic’, which are associated with conditions varying 

from brittle and likely to break apart due to lack of moisture, to soil conditions of a 

degree of wetness that they will deform in shape rather than break apart (McLaren and 

Cameron, 1996).  
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Changes to the physical character of a soil can have lasting impacts; for example, some 

soils will compact as they lose soil water, with resultant compaction decreasing 

infiltrability when water does become available at the soil surface (Horton, 1941; Hillel, 

1998). One component of soil infiltrability is hydrophobicity, which is derived from the 

contact angle at which a water droplet reaches a soil surface; obtuse contact angles 

greatly reduce the infiltration of water into the soil, creating water repellent or 

‘hydrophobic’ conditions. Whilst some soils are inherently hydrophobic and thus have 

low infiltration rates, others become hydrophobic as organic materials that compose the 

soil surface dehydrate, again, reducing their erstwhile infiltrability (Hillel, 1998). 

Carrick (2009) indicated that infiltration during the initiation of precipitation within a 

Gorge silt loam soil (from a field site located near Methven, within the Canterbury 

region) was determined by the dynamic factors of hydrophobicity, pore space 

availability and sorptivity. A range of other investigations have also indicated the 

widespread influence of hydrophobic soil behaviours on infiltration into the soil sphere, 

with a particularly strong influence on undisturbed soil profiles (e.g. Wallis, 1991; 

Hallet et al., 2001; Dekker et al., 2001, 2005).  

 

2.1.1 Supply of soil moisture 

Precipitation timing and intensity form the supply component of the soil moisture 

system. A typical response to precipitation within the soil strata is a linear response, 

from upper layers downwards, as the precipitation reaches the soil surface, infiltrates 

the upper soil strata and then percolates through the remaining horizons via pore spaces 

and preferential flow paths within the soil (Mosley, 1982; McDonnell, 1990).  The 

timing and intensity of precipitation are of note here as soil properties can change with 

soil water content; for example, a very dry surface soil can impede infiltration, thereby 

reducing the amount of precipitation that becomes soil water and increasing surface 

flows (McLaren and Cameron, 1996; Srinivasan et al., 2016). Precipitation that arrives 

on an already saturated or very wet soil can also have difficulty infiltrating the soil, as 

the available soil water storage and pore spaces are already filled with water, again 

resulting in surface flows (in this case Hortonian flow) (Hendriks, 2010).  

 

Apart from these more extreme antecedent soil conditions, the response to precipitation 

inputs to the soil system is generally consistent and highly reproducible, the actual 

response being dependent on soil type and site specific factors such as evaporation rates 
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(Pearce et al., 1986; Sun et al., 2015). An investigation by Brocca et al. (2009) utilised 

time domain reflectometry (TDR) instrumentation to assess spatial and temporal 

fluctuations in soil moisture in Central Italy, with the finding that soil moisture 

responses to precipitation between their study sites could be directly related to differing 

soil and precipitation characteristics between the sites. Hosty and Mulqueen (1996) 

investigated soil moisture under grassland type vegetation in Ireland, with variations in 

soil moisture content the result of the balance between rainfall and evapotranspiration at 

any given location. Wang et al. (2013) found that precipitation inputs had a 

homogenizing effect on soil moisture over their study catchment, bringing soil moisture 

values closer into alignment, but that precipitation did not ultimately change the 

vegetation based soil moisture fluctuations they observed.  

 

Antecedent soil conditions are also of note when considering soil response to 

precipitation, with He et al. (2012) finding that the response of soil moisture to 

precipitation was influenced by the duration without prior precipitation and particularly 

the intensity of the precipitation event. He et al. (2012) also found a threshold of 

precipitation required to instigate an increase in soil moisture, with only those events 

which had an event total sum exceeding 20 mm shown to cause a response below 20 cm 

depth.  

 

2.1.2 Storage and mobility of soil moisture 

In addition to water supply from precipitation, the other control on soil water content is 

the soil itself and the mobility and storage of supplied water within the soil. Soil water 

storage is controlled by physical and chemical characteristics, which are location 

specific and do not generally change within a specific site, soil type or soil horizon. 

Alongside factors such as organic content; soil texture and porosity govern the 

abundance, connectivity and distribution of pore spaces, which transport water between 

horizons, laterally across horizons and into the groundwater system (Harrison-Kirk et 

al., 2014; Wang et al., 2016). Soil organic matter content influences soil moisture in 

two ways. Firstly, increased organic matter increases pore space number and size, by 

creating favourable conditions for organisms (such as worms) which can create 

macropore spaces within the soil structure (McDonnell, 1990).  Organic matter also acts 

to develop and maintain structure within a soil and can influence the storage of soil 

water, with studies indicating that for each 1% increase in soil organic matter, the water 
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holding (or storage) capacity of that soil increased by 3.7%, although it is worth noting 

that this increased storage capacity from organic matter includes water that is tightly 

bound to molecules and thus relatively immobile and unavailable for plant use (Hudson, 

1994).  

 

Soil texture is determined by the particle size distribution of a soil, that is the percentage 

of particles in the sand, silt or clay, size fractions, with sand the largest in diameter 

(0.02–2 mm), followed by silt (0.002–0.02 mm) and clay (<0.002 mm) (Milne et al., 

1995). Soil texture affects the hydraulic conductivity (that is, the drainage capacity of 

the soil), and thus the likelihood or ponding or drainage through a profile. Generally 

speaking, soil water moves more freely though a sandy soil than a soil dominated by 

clay particles. The texture and composition of a soil govern the size, abundance, 

orientation and distribution of pore spaces, with changes to the structure of a soil 

resulting in changes to the pores, and therefore in the hydraulic conductivity and 

drainage capacity of a soil (McLaren and Cameron, 1996). When considering the 

storage of water rather than the movement of water through a profile, clay soils (that is, 

fine textured soils) have a greater water holding capacity than coarse textured soils 

(Hillel, 1998). 

 

Both of the aforementioned factors (that is, soil organic matter content and soil texture) 

lead to changes in porosity, with pore spaces acting to convey water both downwards 

and laterally through soil profiles. The size of pore spaces affects hydraulic 

conductivity, with a macropore of 1 mm radius having a flow rate 10 000 times faster 

than a micropore of 0.1 mm radius (Hillel, 1998). There are four categories of pore 

morphology, delineating those created by burrowing animals; plant roots; cracks and 

fissures and; natural soil erosive processes. However, the orientation of pores is key 

here, as they are usually not arranged in a linear fashion, and may take circuitous paths 

between soil horizons, particularly those formed by biological activity, which show the 

path taken by organisms to find food sources or water reservoirs within the soil (Hillel, 

1998). 

 

The time lag between precipitation initiation and streamflow increase is variable and 

site specific, with both soil and precipitation characteristics involved. High intensity, 

large depth precipitation can force water through the soil system faster than may 
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otherwise occur, with aquifer recharge observed to occur with more rapidity after 

significant precipitation events (Rosen et al., 1999). The capacity of large depth, high 

intensity precipitation to influence recharge is predicated on the infiltration rates and 

structure of the soil to provide avenues for fast flow through the soil (Rosen et al., 

1999). The lag between precipitation and streamflow increase is due to the complex 

pathways of soil water, excluding conditions in which forcing occurs as a consequence 

of high intensity precipitation events (Hawke et al., 2001). Water within a soil can be 

described as generally taking the path of least resistance, obeying the forces of gravity, 

flowing through the available pore spaces until they are filled, then percolating down 

through the soil horizons (Hillel, 1998). Additionally, layers with low permeability can 

affect the soil water content of the horizon above, as a result of perching of water 

(Hillel, 1998). Thus, the characteristics and arrangement of soil horizons influences the 

mobility of water, with each horizon type and texture having a governing influence on 

the transport of water through the layer.  

 

Wang et al. (2013) calculated wetting fronts during rainfall events within a hilly semi-

arid field site in China, with a ‘heavy’ rainfall event found to have a lag of 20 minutes 

after the start of precipitation to a depth of 10 cm, with a further lag of 120 minutes for 

the wetting front to reach 20 cm and 420 minutes to 40 cm. A subsequent event was 

found to have a lag of 6 days before a response occurred at 60 cm depth, with a finding 

that infiltration into the top 10 cm occurred quickly due to low surface vegetation 

coverage and that clay layering within the soil strata impeded the flow of moisture 

downwards through the profile.  

 

2.1.3 Plants and soil moisture 

Plants interact with soil moisture both above and below the soil surface, with 

aboveground factors including the partitioning of precipitation, as well as shading and 

reduction in solar radiation (Wang et al., 2013). Above the soil surface, plants change 

soil moisture supply processes. Partitioning of rainfall refers to the processes of 

throughfall, stemflow and interception, which alter the timing and amount of the rainfall 

that reaches the soil surface (Crockford and Richardson, 2010). Interception, by which 

plants physically restrict the amount of precipitation reaching the soil surface, is thought 

to be a significant contributor to changes in the water yield from different vegetation 

types and thus the most influential form of rainfall partitioning (Asdack et al., 1998). 
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Studies have shown that as much as 15–40% of precipitation that falls over coniferous 

forests is intercepted and then evaporated from leaves before it can reach the soil 

system, with interception causing twice the volume of water lost compared with 

transpiration in some conditions (Rutter, 1975; Pearce and Rowe, 1979).  

 

Stemflow is the portion of water which reaches the soil surface via tree trunks or 

vegetative stems, whilst throughfall is rainfall which falls through the vegetation canopy 

and may have contact with the components of the vegetation on the way through 

(Crockford and Richardson, 2010). Interception values have been calculated for tussock 

grasslands in a series of investigations, initiated by the work of Rowley (1970), who 

constructed a net water balance for snow tussock vegetation, but was unable to fully 

resolve the role of snow tussock interception. Pearce et al. (1984) calculated a mean 

interception loss of 20% for this vegetation type, Fahey (1964) calculated a 31% loss, 

and Campbell and Murray (1990) indicated than interception from tussock was 21.3% 

of precipitation (and 36% of overall evaporation from the vegetation), resulting in an 

interception range of 20–31% for snow tussock vegetation.  

 

The influence of interception on a site is described as the canopy water storage capacity, 

which is calculated using a leaf area index, indicating the area of ground which is 

shaded by leaves (Dickinson, 1984; Hillel, 1998). A proportion of water intercepted by 

leaves does eventually reach the soil, in the form of ‘drip’ from leaves and also as 

stemflow, the flow of intercepted water down the trunk or stem of plants, each of which 

has a differing contribution depending on the morphology of the vegetation in question.  

 

Above the soil surface, plants also affect soil moisture by reducing the solar radiation 

reaching vegetated soils, via shading from leaves and coverage of otherwise bare soil 

with fallen vegetation. Evaporation of water from the soil is reduced as plants 

effectively shade the soil surface and thus decrease potential evaporative outputs from 

the soil water system (Hillel, 1998). Alvala et al. (2002) can be used to illustrate this 

point, with their study noting lowered soil moisture drying gradients under forest 

vegetation compared with pasture, generated by the greater shading to the soil surface 

(and thus lessened evaporative potential) provided by the forest species. 
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Within the soil, the use of soil water by plants and the capacity of plants to transport 

water within a soil add complexity to what would otherwise be a relatively simply 

physical system. Once water has reached the soil surface following precipitation, water 

stored in the soil pore spaces either continues to flow through the soil or is gradually 

taken up by plants (with a preference for uptake from wetter soil zones), reducing the 

supplies of stored water and drying the soil (Pollock and Mead, 2008). Eventually, the 

remaining water will be stored beyond the reach of plants, either tightly held in small 

pore spaces or deeper than roots can reach. 

 

 
Figure 2.2 Root zone water balance (from Hillel, 1998). 

 

To counter the effects of reduced local availability of water, some plant species have 

adapted to leverage moisture from deeper in the soil (‘hydraulic lift’), rather than 

relying on localised, temporary stores from precipitation events (Figure 2.2; Richards 

and Caldwell, 1987; Dawson, 1993). 

 

 Hydraulic lift is the movement of water through few deep plant roots from deep to 

shallow soil, where there are more abundant roots and the water is thus more useable 

(Richards and Caldwell, 1987). The exact mechanics of hydraulic lift remain uncertain, 

with debate as to whether it is a passive process resulting from pressure gradient 

differentials and capillary forces between the soil and plant roots or an active process 

whereby the roots use suction to lift the moisture into the upper soil strata (Richards and 
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Caldwell, 1987; Liste and White, 2008; Evaristo et al., 2015). The majority of moisture 

moved by the forces of hydraulic lift is utilised by plants (Figure 2.2), however, a small 

amount may be released by roots in the shallow, near-surface regions of the soil, 

temporarily increasing moisture content in the upper soil strata independent of 

precipitation inputs (Emerman and Dawson, 1996). The texture of a soil can influence 

the amount of moisture released into the soil during hydraulic lift, with compact, fine-

textured soils found to have higher levels of moisture from hydraulic lift compared with 

coarse-textured soils with larger pore spaces (Liste and White, 2008).  

 

Vegetation type strongly influences water yield from the soil system, with plant types 

that require less water (e.g. tussock grasses) leaving more water available to move into 

stream or groundwater flows (Holdsworth and Mark, 1990). One way the differentials 

in water yield between vegetation types can be elucidated is through the use of paired 

catchment studies, an example of which is the Glendhu experimental catchments. The 

Glendhu catchments are New Zealand’s longest running paired catchment study, with a 

34 year record of hydrology through vegetative changes (Fahey and Payne, 2017). The 

Glendhu experimental catchments were established in 1979, with a baseline catchment 

maintained in indigenous vegetation (primarily Chionochloa rigida, narrow leafed snow 

tussock), while a second catchment was cleared and planted in Pinus radiata, a species 

grown for forestry. The study found a 33% reduction in streamflow from the P. radiata, 

which has been related to the increased water requirements of the trees during their 

establishment, with some suggestion that the streamflow differential between the 

vegetation types is reducing as the pine trees reach maturity (Bright and Mager, 2016; 

Fahey and Payne, 2017).  

 

A similar paired catchment study compared streamflow between P. radiata and pasture 

vegetation in the Berwick Forest, 30 km east of the Glendhu field site, with the finding 

that the forested catchment had a reduced streamflow of 43% when compared to the 

pasture catchment (Smith, 1987). A further example is the paired catchment study by 

Duncan (1995), who compared small catchments (0.07 km2) in the Nelson area, 

vegetated in P. radiata and pasture; this showed an 80% reduction in water yield from 

the forested catchment after canopy closure. These studies highlight the decreased water 

yield of introduced forest vegetation, compared with tussock and pasture grasses. 
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As an additional complexity, the soil moisture content of an area can strongly influence 

the establishment and succession of plant communities, which in turn can feed back into 

the soil moisture use and storage (Porporato et al., 2004; Wang et al., 2008; Wang et 

al., 2013). Kammer et al. (2013) found that water stress conditions (that in, conditions 

where there is insufficient soil water storage or supply for biological requirements) can 

lead to changes in the distribution of species. This case study in alpine landscapes in the 

Swiss Alps indicates that the water storage capacity of a soil can explain species 

variability and diversity in these landscapes, with soils with an elevated water storage 

capacity allowing for the colonisation of more diverse species. Another example is that 

of Ulrich et al. (2014) who found that within-year variability of climate (and therefore 

inputs and outputs to the soil system) is crucial for species change within an area. Webb 

et al. (1999) considered a further stage of soil moisture/plant interaction, with the 

hypothesis that the establishment of tussock grassland as a succession to forest-type 

vegetation (which was destroyed by fires) within the Glendhu region lead to reduction 

in drainage and permeability within the soils (due to the lessened influence of deep tree 

roots and a higher prevalence of shallow, grassland roots). As these studies establish, 

plants add complexities to the soil moisture system, and can influence both the supply 

and storage of water within the soil strata, and are thus an important consideration when 

developing an understanding of soil moisture. 

 

2.2 Spatial variation in soil moisture 
Soil moisture varies with depth from the surface, through different horizons and 

substrates, in relation to soil properties and moisture inputs and outputs, as well as 

spatially across areas, in relation to changes in topography, climate, vegetation and soil 

characteristics (Blume et al., 2009). Topographic spatial variations are pertinent to 

understanding large-scale changes in soil moisture and attempts have been made to 

identify patterns in soil moisture associated with other, more easily measured 

characteristics, such as precipitation or vegetation type (Tayfur et al., 2014). 

Additionally, techniques to measure soil moisture at the most representative point in a 

surface and then extrapolate the data over a wider area have received a great deal of 

attention, with attempts made to compare areas with similar climates and precipitation 

patterns (De Lannoy et al., 2007). Some studies have had success identifying sampling 

locations that are capable of representing soil moisture of an entire watershed at a single 
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site, however, most field based studies have found a wide range of soil moisture across 

different sampling locations (Choi and Jacobs, 2011). As an added complication to 

indirect estimations of soil moisture, the spatial variation in precipitation adds to spatial 

variations in soil moisture (Yang et al., 2010). Even over small topographic areas, such 

as a single small catchment, variations in catchment hydrology and soil characteristics 

provide an obvious source of differences between sites separated by moderate to large 

distances.  

 

The cause of spatial variations in soil moisture at the very fine scale, such as single 

hillslopes or plots is much less obvious, with the majority of field studies finding little 

spatial correlation between sites (e.g. Mosley, 1982; McAneney and Judd, 1983; Chang 

et al., 2002). The majority the variation in soil moisture between sites has been related 

to small changes in water availability and timing, as well as very localised changes in 

soil composition, which have a strong influence on the soil moisture content at any one 

location (e.g. Scotter et al., 1979; Parfitt et al., 1985). Resolving soil moisture variation 

at the catchment scale has been the focus of some recent research, with soil moisture 

variations at the catchment scale seen as the first stepping-stone to developing a more 

complete model of topographic spatial soil moisture variations. Sun et al. (2014) 

considered soil moisture at the catchment scale in a hilly loess soil in China; they found 

there was no link between soil moisture and seasons, and that the predominant 

influences on soil moisture variation were a result of perturbations in vegetation and 

topography. Alexandridis et al. (2016) utilised remote sensing of soil moisture to 

consider spatial and temporal variations at the catchment scale using three study sites 

across Europe. They found that in situ verification of accuracy varied between sites, 

with land cover type, soil texture classification, and whether rainfall occurred during the 

time the satellite imagery was generated.  

 

In addition to spatial variation across a topographic area, soil moisture also varies 

spatially with depth from the soil surface. Soil moisture variations with depth have 

received less attention than topographic variations during previous investigations, with 

the limited spatial scope of studies of soil moisture with depth continuing to be 

unresolved (Dobriyal et al., 2012). To this end, a range of studies have been conducted 

to ascertain a single optimal depth at which to measure soil moisture, and in doing so 

have identified the different response rates through soil horizons, often related to 
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precipitation supply or intensity. For example, Hawke and McConchie (2011) 

discovered a peak rainfall rate of 10 mm day-1 was sufficient to cause rapid response at 

250 mm depth in their soil profile, whilst 40 mm day-1 was required before a response 

could be identified at 500 mm depth. Interestingly, Hawke and McConchie identified no 

response to rainfall whatsoever at 1000 mm depth, the deepest level of their 

instrumentation. Sun et al. (2015) also found that the response of soil moisture to 

precipitation changed with increasing depth from the surface, with the rate of change 

governed by the vegetation at their field sites. There was a general pattern of rapid 

response in the upper soil strata, with a delayed response at depth, the speed of which 

varied based on antecedent soil moisture and vegetation cover at the site. He et al. 

(2012) found that precipitation amount was the governing factor to soil moisture 

response at depth, with a threshold of 15 mm for a response between 20 and 40 cm 

depths and 30 mm below 60 cm. These findings highlight the highly site specific nature 

of soil moisture patterns with depth within a soil system, as well as the continued 

limitations of the current methodologies to increasing the special area considered when 

measuring soil moisture changes with depth.  

 

Once precipitation has ceased and water has infiltrated into the soil, the processes of 

redistribution and internal drainage commence, with these processes describing the 

increasing wetness of successively deeper layers, as the layers above gradually dry 

(Hillel, 1998). Wang et al. (2013) noted a response at 80 cm 24 hours after precipitation 

ceased and an ultimate precipitation response to a depth of 100 cm within the soil 

profile, with a wetting front moving down the soil profile, creating the increased soil 

water content, followed by a drying front down the profile, as drainage processes 

occurred.  Soil water drainage processes may become imperceptible at a scale of hours 

to days or multiple days to weeks, depending on the characteristics of the soils, with a 

drying front of gradually decreasing soil water content, to a point of stability or near-

complete drainage.  

 

Excluding the influence of groundwater tables, drainage processes should be 

determined by soil hydraulic conductivity, and therefore diminish with time as the 

hydraulic conductivity reduces, in line with reducing water content, as modelled by the 

one-dimensional form of Darcy’s equation (Hillel, 1998). Therefore, the rate that soil 

moisture moves downwards through a soil profile is a direct reflection of the soil texture 
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(and thus hydraulic conductivity) and the force of gravity at that location. Site specific 

variations in soil texture and layering result in different patterns of drainage, with soil 

water moving fastest through sand-based layers and slowest through clay based layers 

(Hillel, 1998). Not all water delivered into the soil system via infiltration drains through 

the entire soil profile and into groundwater flows, as portions of the water are used by 

plants or stored within the soil at different depths, as governed by the soil moisture 

storage properties discussed in Section 2.1.2 (Hillel, 1998). 

 

Within a theoretical soil system, water moves exclusively in a downwards fashion. 

Within a real-world soil system, whilst soil water predominantly drains downwards, a 

portion of the water is also transmitted by lateral flows. Lateral flows are particularly 

prolific within hillslope systems, where they have been the focus of a series of 

investigations (e.g. Mosley, 1979; Knight, 1992; McDonnell, 2003). Within hillslope 

systems, surface topography allows for the routing of soil moisture laterally downslope, 

following soil pathways on the way to becoming streamflow (Weiler and McDonnell, 

2007). Lateral flows can also occur within horizontally level systems, propagated by 

lateral macropores or impermeable soil horizons. Lateral flows redistribute soil water in 

ways that contravene the simple drainage described in the preceding paragraph, and are 

often elucidated via isotope or dye tracing (Field et al., 1995). Lateral flows can also be 

facilitated by root growth, with Jost et al. (2012) finding that lateral macropore flow 

was an important factor in the movement of soil moisture at their field site, with the 

portion of soil water moved by lateral flow dependent on the vegetation type and thus 

vegetative rooting structure, and amplified by differences in fauna (and subsequent 

macropore formation) associated with vegetation types. 

 

2.3 Temporal variations in soil moisture 
Soil moisture field studies generally focus on one of two aspects: either a long term 

study (weeks to months) at a very small scale (using a single field site and a small range 

of direct measurement techniques, such as a TDR probe array) or a short term study 

(single to multiple days) over several field sites, often utilising portable TDR or remote 

sensing techniques (Brocca et al., 2012). The benefit of a long-term study (aiming to 

capture an annual or multi-annual cycle) is that it helps build an understanding of the 

cyclical nature of soil moisture (Hu et al., 2010). Feng et al. (2015) created a stochastic 
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soil moisture model, using a series of seasonal climatic forcings at a daily timescale 

(avoiding the use of averaged forcings that are prevalent in soil moisture models, which 

tend to obscure fine scale soil moisture dynamics), highlighting the variations in soil 

moisture that occur at an annual scale (Figure 2.3).   

 
Figure 2.3 Modelled soil moisture over an annual period, with the thick black line 
denoting average soil moisture, the thin grey lined denoting single-day soil moisture 
probability distribution function (From Feng et al., 2015). 
 

Pollock and Mead (2008) investigated soil moisture using direct methods in a field site 

in the Lincoln silvopasture in the Canterbury region, utilising stratified sampling over a 

period of six years, with a sampling period of 4–16 times per annum. They found 

temporal variations at an annual and seasonal scale, which they related to seasonality in 

the rainfall and evapotranspiration at the site, with the finding that transpiration via root 

uptake was the most important factor in the reduction of soil moisture at depth. Root 

uptake was also found to occur preferentially from wetter zones of the soil, not evenly 

through the profile (Pollock and Mead, 2008). Likewise, the study by Chang et al. 

(2002) was located in the Lincoln field site, with a stratified sampling scheme using an 

array of TDR type probes over the course of one year. They sampled at more frequent 

intervals than Pollock and Mead (2008), and discerned significant variation in soil 

moisture between both sampling day and with depth, with a clear seasonal signal of 

summer low and winter high soil moisture values.  

 

Quesada et al. (2004) compared the soil water regimes between two vegetation types 

over a two-year period (using neutron probes), and discovered clear seasonal patterns 

within their study sites, with an 146 day record of drying (i.e. 146 days without any 

precipitation inputs) within their dataset, indicating a high degree of seasonality in 
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precipitation supply. They also found slow drainage processes at their site, with 

‘complete’ drainage seen to occur 88 days into the dry season, after which time no 

further drying occurred despite an additional 58 days without inputs into the soil 

moisture system (Quesada et al., 2004). These studies highlight that, as within any 

natural system, soil moisture shows variation over time, particularly in terms of 

seasonal variations, reflecting seasonal changes to inputs and outputs from to the soil 

moisture system, as well as seasonally driven variations in biological soil water 

requirements. 

 

2.4 Hillslope soils and indigenous tussock grasslands 
Hillslope soils are distinguished from those occurring on non-sloped areas by the 

predominance hillslope processes, especially the surface and sub-surface flows of water 

and debris downslope under the influence of gravity (Weiler and McDonnell, 2007). 

The processes of hillslope hydrology add complexities to established hydrological 

systems and their interactions with soil water, particularly lateral sub surface flows and 

different spatial patterns of soil and vegetation types (Ridolfi et al., 2003). Bowden et 

al. (2001) established a conceptual model of hillslope behaviour at the Glendhu tussock 

catchment field site, with lateral flows occurring through the A and B horizons and into 

valley bottom bogs before reaching streamflow, with flow impeded by gley layers 

(Figure 2.4).  

 
Figure 2.4. Conceptual diagram of hillsope system at Glendhu, denoting dominant flow 
paths (thickest arrows) to secondary flowpaths (dashed arrows). The question mark 
denotes uncertainty around the importance of bedrock seepage at the site (From 
Bowden et al., 2001). 
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They also conceptualised a component of bedrock seepage, although they were 

uncertain as to the importance of bedrock seepage at the site. This model highlights the 

added complexities of a hillslope system, particularly the importance of lateral flow of 

water within hillslope soils.  

 

Lateral macropore flowpaths form a dominant contributor of hillslope stormflows and 

thus storm runoff, with macropores predisposed to more circuitous, non-vertical paths 

through the soil stratum (Weiler and McDonnel, 2007). Additional complexity in hill 

soil systems results from the capacity for erosion on steep soils due to increased 

potential kinetic energy and thus greater potential for erodibility of loose soil material. 

This is exacerbated by shallower soils and therefore shallower rooting vegetation which 

further decrease the structural stability of hillslope soils.  

 

The endemic tussock grassland vegetation of New Zealand can be differentiated from 

other vegetation types, whether endemic or introduced, in terms of hydrological 

characteristics. Tussock grasses have certain differences compared to most other 

vegetation types, one being their ability to trap precipitation (Campbell, 1987; Mark and 

Dickinson, 2008). It is likely that the elongated tillers of sub-alpine tussock grasses 

enable the capture of precipitation from fog, as droplets of water cling to the tillers and 

are removed from the atmosphere, allowing them to become stemflow and eventually 

reach the soil system, albeit as a small percentage of overall flow (Fahey and Payne, 

2017).  

 

Tussock vegetation remains wet with precipitation for a long duration of time after an 

event has ceased (Fahey and Payne, 2017), with relatively slow moving stemflow 

resulting in an extended delivery of inputs to the soil surface after precipitation has 

ceased and thus potentially extending the duration of soil water increase post 

precipitation event. Additionally, tussock grasslands are particularly efficient in terms 

of water use, with low transpiration rates and low water requirements, as established by 

a series of investigations (e.g. Rowley, 1970; Holdsworth and Mark, 1990; Mark and 

Dickinson, 2008). In addition to the low water use of tussock type vegetation, the 

physical morphology of this vegetation type provides near complete coverage of the soil 

surface, with living or fallen tillers providing a layer of cover over any soil that does not 

have a plant rooted directly into it, thus providing shading and reduction of solar 
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radiation into the soil, and reducing some of the potential evaporation from the soil 

surface and providing cover from the direct impact of rainfall to the soil surface (Webb 

et al., 1999). As with all vegetation types, the supply of soil moisture over tussock 

vegetation is dependent on the precipitation that falls over the area and local 

climatological conditions, as is the potential evapotranspiration. However, the 

combination of morphological and water use factors outlined above results in 

differences in the soil water regime under tussock vegetation compared with other 

vegetation. 

 

The shallow, poorly drained soils often found in high country areas of New Zealand 

(such as the Glendhu field site, which has a predominantly perched-gley silt loam soil 

and shallow regolith layer) probably reduce the potential root depth of plants in these 

areas, making ideal conditions for plants such as tussock grasses (Fahey and Payne, 

2017). Tussock vegetation and high country New Zealand soils form a kind of positive 

feedback loop, whereby the persistent wet soil conditions (due to both the low water use 

by tussock vegetation and persistent water supply from meteorological conditions) 

promote gleying and therefore increase levels of soil saturation, which are perpetuated 

by the low biological demand from the vegetation. The ability of tussock grasslands to 

thrive using limited amounts of water results in these areas having significantly higher 

water outputs at a catchment scale compared with catchments with other vegetation 

types, such as forest or pasture (Campbell, 1987; Campbell and Murray, 1990; Fahey 

and Payne, 2017). The soil morphology is hypothesised to increase the duration of the 

drying curve (when it occurs), prolonging the supply of water from soil storage into 

stream and groundwater flows.  

 

The majority of previous research on tussock grasslands has focussed on the biological 

demands and water use of the plants themselves as a pathway for understanding the 

water balance of Otago hillslope hydrology (with one such water balance example being 

Campbell and Murray, 1990). However, at the current time, little is known about the 

specific vertical variations in soil moisture under tussock grassland vegetation, which is 

a vital next step to continuing to develop an understanding of soil moisture hydrology 

under tussock grassland vegetation. The question arises of whether the systems 

described in earlier sections, generally over somewhat simplified pastoral conditions 

(e.g. Pollock and Mead, 2008) as well as the conceptual model Figure 2.1 accurately 
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capture the complex conditions of the Glendhu field site, which amalgamates natural 

vegetation, harsh climatic conditions and shallow, gleyed soils. Can researchers be 

confident that simplified processes occur in real world conditions? To this end, the 

existing knowledge on tussock vegetation water use, soil processes and catchment 

hydrology must be combined into a more complex model, which calibrates the 

simplified conditions into a more accurate representation of the soil water regime of 

endemic snow tussock vegetation. Given the persistent wet soil conditions found under 

tussock vegetation in previous research (e.g. Miller, 1994), it is yet to be seen whether 

patterns of soil water attenuation with depth and season will be present within tussock 

vegetation, as the wet soil conditions may act as a near-complete buffer to these 

changes. If variations in soil water with depth are not distinguishable within the tussock 

soil, or are unable to be captured within the instrumentation available, then perhaps the 

simplified soil water system is sufficient at conceptualising these processes. These 

hypotheses will be used as the basis for developing research questions in Section 2.6. 

 

2.5 Overview of soil moisture measurement methods 
Methods for the measurement of soil moisture generally fall into one of two categories, 

designated as either direct or indirect. Direct methods describe those that have contact 

with the soil, generally either by sampling or insertion of instrumentation into the soil 

system. Indirect methods involve degrees of abstraction from the soil surface, from 

interpolation of physical samples over a spatial area, to modelling of a soil system, to 

remotely sensed values of the soil water volume. Direct methods can be further divided 

into approaches that use sampling or instrumentation. The predominant sampling 

methods estimate gravimetric soil water volume, which is established by laboratory 

drying of a soil sample to ascertain the portion of water within the sample (Hillel, 

1998). Gravimetric soil water content is a highly accurate and reproducible value of soil 

water content at a particular moment in time and is a necessary step for considering site 

and horizon specific soil characteristics for all direct methods (Smith et al., 2012). The 

incommodity of gravimetric soil water sampling is the destructive nature and limited 

scope (both temporal and spatial) of this measurement method. As gravimetric sampling 

involves physical sampling of the soil, each sample can represent only the time during 

which sampling was taking place, as well as the specific site from which the sample was 

taken (both in terms of topographic spatiality and soil horizon). Despite these potential 
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limitations, gravimetric soil water sampling remains one of the key complementary 

methods of sampling soil water content (Hillel, 1998).  

 

The second form of direct soil moisture measurement is that of point specific 

instrumentation, which has taken many forms over time, as technological advances have 

occurred (Topp et al., 1996; Hillel, 1998). The predominant contemporary instrument is 

the time domain reflectometry (TDR) probe, which is covered in more detail in Section 

3.4.1. TDR probes dominate the literature due to the established installation and 

calibration protocols, assisting to make reproducible and comparable results between 

locations (Topp and Davis, 1985; Topp et al., 2003; Pumpanen and Ilvesniemi, 2005). 

Capacitance type probes are also coming into favour, although are currently less 

prevalent in the literature. Capacitance probes use dielectric sensors, as the TDR probes 

do; however in the case of the capacitance probes, the sensors are mounted into an 

established array, within a sealed instrument body of a set length (Robinson and Dean, 

1993). These probes are also able to measure soil temperature and, depending on the 

model, soil salinity, both of which can influence the accuracy of water content values 

measured by dielectric methods (Payero et al., 2006). Whilst manufacturer specific 

calibration and installation techniques exist for capacitance type probes, they are still 

relatively, so there are few published case studies testing the installation and calibration 

methods. 

 

Indirect soil moisture methods have been the focus of many recent investigations, with 

the aim to reduce the need for extensive (and thus slow and expensive) field based 

measurements (Walker et al., 2001). Modelling of soil moisture utilises landscape 

models (either at a global or region specific scale) to develop patterns of soil response 

to precipitation, then applies fore- or hind- casted climatic variables to develop a soil 

moisture response to those climates (Feng et al. 2012). Modelling of soil moisture in 

this way is useful for considerations of the impact of climate change on soil water and 

thus on plant life, as well as for agricultural needs, such as fine tuning the timing of 

planting, cropping and irrigation (Wang et al., 2016). The advantage to soil moisture 

modelling is the ability to build in forecasted weather conditions and establish soil 

moisture response to particular scenarios. A disadvantage is the limited depth 

component that is often used, with many models using a simplified soil ‘box’ which 

may only consider the very uppermost soil horizon (Argent et al., 2015). Remotely 
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sensed soil moisture relies on interpretation of satellite imagery, with the majority of 

remotely sensed soil moisture considering only the upper regions of the soil surface 

(less than 2 cm deep) (Dobriyal et al., 2012). Attempts are being made to increase the 

depth within the soil at which remotely sensed soil water can be ascertained, with Choi 

et al. (2007) one such example, where direct and indirect methods were combined to 

build an understanding of soil moisture variations to a depth of 31 cm.  

 

2.5 Development of theoretical soil moisture systems diagram 
A conceptual diagram of the theoretical soil moisture system was developed to 

summarise the processes and factors governing soil moisture (Figure 2.5). Using the 

simple inputs/outputs diagram conceptualised in Figure 2.1 as a starting point, Figure 

2.5 creates a model which attempts to capture the more important factors which 

influence soil moisture specifically under tussock vegetation.  

 
Figure 2.5 Conceptual diagram of theoretical soil moisture processes, whereby ‘precip.’ 
denotes precipitation; ‘E’ is evaporation from the soil surface; and ‘temp.’ is 
temperature. 
 

A focus of the developed soil moisture conceptual diagram is also how the identified 

processes can be expanded to affect the proportion of soil moisture with depth, based on 

the research discussed in this chapter. The conceptual diagram then provides a basis for 
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establishing the research questions presented in Section 2.6, as well as providing a 

framework through which to interpret the results of this research. 

 

2.6 Research questions 
It is exceedingly difficult to create the ‘perfect’ soil moisture investigation, fully 

capturing topographic, lateral and depth variations. However, the dearth of knowledge 

on the variations at significant depth, with the focus of many studies on the top few 

centimetres of soil, provides the impetus for this study, which is a detailed consideration 

of soil moisture variations at depths under indigenous land cover. The central 

component of this research was to create an annual record of soil moisture within the 

scope of tussock grassland soils, with an aim to evaluate the conceptual soil systems 

diagram developed (Figure 2.5). The specific aim was to situate the vertical movement 

of soil moisture within an Otago tussock grassland within the larger arena of soil 

moisture and tussock research. To this end, the following research questions were 

posited: 

 

a) Is precipitation the primary driver of soil moisture volume with depth within a 

tussock vegetated soil profile? and; 

 

b) If a) is found to be true, what is the depth and duration of precipitation required 

for a discernible response at each depth in a vertical soil profile under snow 

tussock vegetation? 

 

c) Is there a seasonal pattern to soil moisture distribution within the field site soil?  

 

d) What methods are most effective for directly measuring in situ soil moisture? 

 

Figure 2.6 outlines the research questions and their associated data collection methods, 

which are described in the following chapter. 

 



                                                                                                              Theoretical Review 

 28 

 
Figure 2.6 Research questions alongside the data and analysis required to address the 
questions and overarching research aims. 
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Chapter 3. Methods 
 

3.1 Research Design 
The research was conducted on a single field site, in the Glendhu Paired Catchments, on 

a section of land under continuous indigenous tussock vegetation. The field site is 

located at a high point on the catchment boundary, to reduce the influence of lateral 

downslope inputs into the instrument field. Hillslope processes are still a factor at the 

chosen location. However, they are likely to be predominantly in the form of generation 

of downslope subsurface flows, rather than being subjected to such inputs. This allows 

for a research focus on precipitation inputs and downward soil water flows, a restriction 

that was deemed necessary create a focused preliminary understanding of the soil 

moisture processes at the site. To best consider patterns of wetting and drying, as well 

as potential seasonality of soil moisture during an annual cycle, instrumentation was 

installed at the site for a duration of 12 months. Two arrays of soil moisture instruments 

were utilised, with supplementary data from an established automatic weather station at 

the site. The rationale for dual arrays was two-fold: six TDR type probes were available 

to the study, which were sufficient to create one depth array at the site, considering the 

soil stratification. Two capacitance probes were also available, and were used 

concurrently with the TDR probes, with a view to considering the accuracy and 

precision of these instruments, which are less ubiquitous in the scientific literature, but 

increasingly prevalent in industry (particularly irrigation management) and to assess any 

differentiation between the types of instruments.  

 

Physical and laboratory analyses of the soil were conducted. Limitations of the selected 

instruments were considered at the planning stage, mainly the limited spatial extend that 

would be captured within two arrays at a single field site. However; it was the intent of 

this research to focus on a longer duration record, allowing for seasonal variations to be 

captured, and there were insufficient resources (both equipment and time) to adequately 

attempt multiple installations and expand the spatial scope. 
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3.2  Field Site: Glendhu Tussock Catchment 
Located 60 km west of Dunedin, in the Lammerlaw range, the Glendhu tussock 

catchment covers 219 hectares, mainly under indigenous vegetation (Figure 3.2; 

O’Loughlin et al., 1984). Prior to the commencement of the paired catchment study in 

1979, the area was a high-country farm, grazed by sheep at less than 1 stock unit per 

hectare, with the majority of livestock removed in 1982 and the last animals removed in 

2002 (Fahey and Payne, 2017). The field site is located 630 m above sea level, near the 

catchment boundary, on an area flat in slope and vegetated with mature narrow-leaved 

snow tussock (Chionochloa rigida), preserved under a conservation covenant for the 

purpose of research (Adams et al., 2001; Fahey and Payne, 2017).  

 

 
Figure 3.2 Sub-alpine tussock vegetation at Glendhu 
 

 

The high country areas of the South Island have a distinctive vegetation pattern, 

dominated by tussock grasses, adapted to higher altitude conditions (Mark and 

Dickinson, 2003). The indigenous tussock grasses of New Zealand have low 

transpiration rates and low requirements for water (Mark, 1975; Campbell, 1987; Mark 

and Dickinson, 2008). The Glendhu field site was chosen specifically for its indigenous 

vegetation cover; undisturbed soil profile; and due to the importance of sub-alpine 

tussock grasslands for the hydrology of the Otago region. 
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3.2.1 Hydrology and Climate 

The Glendhu catchment is a second-order headwater catchment of upper Waipori River 

with a mean annual runoff of 832 mm (Fahey and Payne, 2017). Streamflow is 

sustained by long duration, low intensity rainfall events across the catchment (Adams et 

al., 2001; Fahey and Payne, 2017). Snowfall occurs 10–20 days per year, remaining on 

the ground for up to a week (Fahey and Payne, 2017). The regional climate is 

dominated by cold fronts from a prevailing south-easterly direction, with data collected 

between 1980 and 1988 at Glendhu indicating a mean annual temperature of 7.6oC and 

mean annual precipitation of 980 mm. The specific conditions over the experimental 

period are shown in Tables 4.2 and 4.3 (Fahey and Payne, 2015; 2017).  

 

 

 
Figure 3.1. 1971–2000 Lake Mahinerangi Climograph. 
 
 

3.2.2 Vegetation, Soils and Geology 

The geology of the site is of the Caples formation, with a basement type of moderately 

weathered indurated schist, overlain by bands of loess, with the depth of loess 

deposition directly related to slope geometry (O’Loughlin et al., 1984; Smith, 1996). A 

soil survey from the nearby Waipori Farm Settlement (Hewitt, 1982) has been used as 

the baseline typology of soils in the Glendhu catchments, as previous investigations 

have indicated that the sites have similar soils and distribution (Miller, 1994; Smith, 

1996; Webb et al., 1999).  
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Table 3.1 Physical characteristics of the Glendhu soil (Webb et al., 1999).  
TDR Horizon Depth 

(m) 
Munsell 
Colour 

Texture Consistency Ped size 
(mm) 

Roots 

 OA 0.00-0.02 10YR3/2 Silty loam Loose <2 Abundant 
10 cm A(g) 0.02-0.13 10YR3/3 Silty loam Weak 2-10 Many 

 20 cm Ag 0.13-0.22 10YR4/2 Silty loam Slightly Firm 2-60 Common 
30 cm AB(g) 0.22-0.31 10YR4/1 Silty loam Firm 10-60 Common 
42 cm Bw(g) 0.31-0.43 2.5Y6/4 Silty loam Firm 60-100 Few 
60 cm BC(g) 0.43-0.57 2.5Y5/5 Silty loam Slightly Firm Massive Few 
70 cm 2C 0.57-1.02 2-5Y5/4 Silty loam Slightly firm Massive Few 
 

Within the catchment, soil types vary with topography, with soils on slopes of less than 

29o and loess at < 45 cm depth typified as Waipori silt loam, an upland yellow brown 

earth (or ‘brown soil’ in the updated/ ‘new’ soil orders of NZ Soil Classification) 

(Hewitt, 1982; Hewitt, 1992). Podzolisation has resulted in some areas of Glendhu 

developing iron pans (a feature of the instrument site) and areas of low permeability 

(Figure 3.5; Smith, 1996). Mottling commonly occurs in upper regions of the B-

horizon, which is generally 25–100 cm thick, whereas the A-horizon under tussock 

vegetation has been found to stay at near saturation values for the majority of the year, 

with a perched saturated zone at the base of this layer (Table 3.1; Miller, 1994; Smith, 

1996; Webb et al., 1999).  

 
Table 3.2 Vegetation, climate and soil history of the Glendhu catchment (Webb et al., 
1999). 

Period 
(years BP) 

Soil depth 
(m) 

Soil material Climate Fire Vegetation in 
catchment 

<140 <0.47 Sphagnum 
peat 

 European 
fires/grazing 

Tussock 

140-700 0.47-0.63 Humified peat  Polynesian 
fires 

Fern and tussock 

700-4000 0.63-1.75 Humified peat Cool moist 
winters, drought 

summers 

Major fires Conifer forest 
replaced by 
beech forest 

4000-7000 1.75-1.97 Humified peat Warm winters; 
moderate, 

variable rainfall 

Common Low conifer 
forest 

7000-12 000 >1.97 Silt, minor 
organic 

Warming, dry Common Shrub-grassland 

 

Investigations into the Glendhu soil to assess the potential effects of land use change at 

the site indicated an overall mean pH value of 4.8 and a mean soil moisture value of 

55.9% at 0–10 cm; 35.6% at 10–20 cm depth and 29% 20–30 cm depth (Adams et al., 

2001). The soil was also found to have a perched gley layer between 0.3–0.4 m depth, 

with lower layers more indicative of a well-drained soil morphology and the soil overall 
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was found to have a very low macroporosity (0–3%), indicating likely severe anaerobic 

conditions (Table 3.1; Webb et al., 1999). 

 

The characteristic vegetation for the field site is narrow leafed snow tussock, 

Chinonochloa rigida (Figure 3.2). The main competitor for the snow tussock is the 

native shrub mānuka (Leptospermum scoparium), which has been observed to be 

increasingly dominant on sunny, north facing slopes since the removal of grazing stock 

(Fahey and Payne, 2017). Specialised indigenous species are also found in the boggy, 

low lying areas of the catchment (Webb et al., 1999). 

 

3.3 Soil Moisture Methods 
3.3.1 Time Domain Reflectometry 

Time domain reflectometry (TDR) probes are a common method of directly measuring 

soil water content (Topp et al., 1988; Moret et al., 2006; Mittelbach et al., 2012). TDR 

probes have two variants, either two or three-pronged, with the two-pronged type 

referred to as water content reflectometers. The term ‘TDR’ will be used herein to 

describe the two-pronged probes utilised in this study, as the methods are identical and 

preference is shown in the literature for the use of ‘TDR’, regardless of the prong 

number (Topp et al., 2003). TDR probes measure soil water content by sending an 

electromagnetic pulse from the datalogger/power source, through the probe and down 

one of the prongs. The rate of travel of the pulse between the prongs is directly related 

to the apparent dielectric constant (a unitless ratio that compares the permittivity of a 

substance, in this case soil, to that of a vacuum), which has a known value of 80 µS for 

water and 2–5 µS for soils, thus providing a direct relationship between the dielectric 

constant of a soil and the water content of that soil (Figure 3.4; Topp and Davis, 1985; 

Moret et al., 2006).  

The apparent dielectric constant has been calculated to be strongly dependent on 

volumetric soil water content, and additionally to be almost completely independent of 

potentially confounding factors within the soil, such as density, texture, temperature and 

salinity (Topp et al., 1980; Yu et al., 1997; Dobriyal et al., 2012). The penetration depth 

of the signal is directly dependent on the soil type, with sands and gravels subject to 

much greater signal ranges compared to clays and saline soils (Topp and Davis, 1985). 

As TDR is a direct measurement of soil moisture, the probes must be installed within 
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the soil substrate, at the depth in consideration. 

   

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3  Location of the Glendhu field site and indication of Glendhu location within 
the South Island of New Zealand.  

Lawrence 

Dunedin 

Milton 
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The probes measure water content in a cylinder of soil around the prongs, the size of 

which is dependent on the composition and density of the soil being measured (Topp 

and Davis, 1985; Petersen et al., 1995; Martinez-Gernandez and Ceballos, 2005). For a 

comprehensive measurement of moisture in a soil, an array of TDRs at different depths 

are often utilised (e.g. Hawke and McConchie 2011). 

 

 
Figure 3.4 Relationship of bulk dielectric constant and volumetric water content (From 
Jones et al., 2002). 
 
 
Table 3.3 Soil horizons and descriptions (horizon descriptions from Milne et al., 1995). 

TDR Horizon Description 
 OA Organic horizon 

10 cm A(g) Mineral horizon, with 2% or more redox segregations 
20 cm Ag Mineral horizon, with 2% or more redox segregations 
30 cm AB(g) Transitional horizon between mineral and subsurface mineral 

horizons, with 2% or more redox segregations 
42 cm Bw(g) Subsurface mineral horizon without rock structure, with 2% 

or more redox segregations 
60 cm BC(g) Transitional horizon between B and C horizon, with 2% or 

more redox segregations 
70 cm 2C Unconsolidated or weakly consolidated mineral horizon that 

is little affected by pedogenic processes 

 

TDR installation at Glendhu Field Site 

A 30 cm by 80 cm trench was hand dug, to a depth of 80 cm, where a gravel layer was 

encountered. Distinct layering was obvious in the profile, and a Munsell Soil Colour 

Chart and New Zealand Soil Description Handbook were used to describe the layers 

based on their colour (Figure 3.5; Table 3.3; Oyama, 1970; Milne et al., 1995). After 
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the horizons were delineated, six TDR depths were selected in conjunction with the 

horizons to develop complete cover of variation with the instrumentation at hand. 

 

 

 

 

 

 

 

 

Figure 3.5 TDR trench soil profile. Pegs indicate preliminary horizon delineation in 
preparation for soil classification and TDR instillation. 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 3.6 TDR profile indicating locations of the six TDR probes in the Glendhu field 
site vertical soil moisture profile. Soil is wet from the calibration process, with water 
pooling just below the sixth probe. 
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To record soil moisture accurately, the TDRs must be installed with a constant contact 

with the soil and cannot be inserted into stony soils, which cause voids or pockets in the 

soil as well as prohibit the insertion of the probes into the substrate (Topp et al., 1996). 

Due to these constrictions, the TDR profile was governed by two factors: an attempt to 

instrument as many soil horizons as possible; and the need to utilise only appropriate 

soil textures. The TDRs were installed at a depth of 10, 20, 30, 42, 60 and 70 cm from 

the surface, with the 10 and 20 cm probes within the A or mineral horizon, the 30 cm 

probe within the AB (transitional) horizon between mineral and subsurface mineral 

horizons, the 42 cm probe within the B (subsurface mineral) horizon, the 60 cm probe 

within the transitional horizon between the mineral and unconsolidated mineral 

horizons and the 70 cm probe within the C (unconsolidated mineral) horizon.  (Figure 

3.6; Tables 4.1, 3.2). In-field calibration of the TDRs and bulk density sampling was 

conducted as per the standard methods (Campbell Scientific, 2016; Section 3.4; 

Appendix B). 

 

 

 

 

 

 

 

 

  

 
 
 
 
 
 
 
Figure 3.7 Infilled TDR profile and Campbell Scientific datalogger for soil moisture 
monitoring. 
 

After the TDR probes were installed and samples taken, the trench was filled in by 

hand, ensuring that the probes were completely contained within the replaced soil and 

that no air pockets were created. Once the trench was filled, the vegetation was replaced 
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and the main datalogger program was commenced, reporting a volumetric water content 

(VWC) and dielectric constant at 10-minute intervals (Figure 3.7). The TDR profile has 

been left in situ from 30 August 2016, with a 12 month period from 30 August 2016 to 

1 September 2017 utilised herein. The site was visited at a fortnightly periodicity for the 

first six weeks, which was reduced to monthly for the remainder of the experimental 

duration. 

 

3.3.2 TDR Accuracy and Error 

As TDR probes are a direct and potentially intrusive method of measuring soil moisture 

content, there is some inherent alteration to the soil system when using these probes 

(Hinnell et al., 2006). Firstly, the installation of the TDRs can be destructive, requiring 

the creation of a hole of sufficient depth and diameter to install the probes, with some 

studies suggesting that the soil needs 4–5 months to settle back into its original 

structures (Martinez-Gernandez and Ceballos, 2005). To mitigate these factors, a 

number of strategies were employed during the TDR installation and subsequent field 

site visits. Firstly, the TDR profile was selected from an untrafficked area and marked 

to prevent accidental compaction of the soil. Secondly, one side of the trench was 

delineated as the access area, and the other three were marked off to prevent accidental 

trampling and preserve the underlying soil structures. Once the vegetation was replaced, 

all field site users were familiarised with the location of the TDR probes and the area 

was off-limits during field site visits, with the datalogger located away from the TDR 

profile to prevent accidental trampling during data downloads.  

Soil that is very soft or damp during the installation is subject to additional deformation, 

which can increase the systematic error of the derived measurements (Ghezzehei, 2008). 

To ameliorate any potential wet soil deformation, an attempt was made to plan the 

installation for after several dry weather days, and careful note was taken of the soil 

conditions during installation. Deformation would have become apparent during the 

instrument record, and present in a similar fashion to that of a settling period, in which 

case data during the settling period would be disregarded. To facilitate avoidance of 

settling or deformation occurring within the dataset, the TDR output was carefully 

monitored through the experimental period, to attempt to isolate any alterations in the 

soil moisture values as a result of the installation process. Alterations as a result of 

settling or the installation process would have presented as a period of adjustment 
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within the values, potentially as a pattern of gradually increasing or decreasing values 

over time, uncoupled from meteorological patterns, with a gradual lessening of the 

impact over time, after which the instruments should reflect only the current soil water 

regime, rather than any artefacts of soil deformation or settling. 

 The impact of the probe itself on the soil system must also be considered. Although the 

individual probes are not particularly large, they are measuring processes occurring on a 

minute scale, for which any impediment could potentially cause a variation from the 

norm (Topp et al., 1988). Any change in the soil fluid dynamics is of concern when 

addressing TDR methods, as the probes are measuring a small cylinder of soil, so any 

disruption to the processes within the cylinder can potentially influence the 

representativeness of the measurements. These factors were again managed through 

careful installation and monitoring of setting within the data. 

3.3.3 Soil Moisture Capacitance Probes 

Two EnviroPro soil moisture capacitance probes (SMCP) were installed adjacent to the 

TDR array (Figure 3.8). Each probe is an enclosed unit, 80 cm long, with sensors at 10 

cm intervals within the probe; the first sensor is 5 cm below the top of the probe and the 

remaining seven sensors are at 15, 25, 35, 45, 55, 65 and 75 cm depth. The capacitance 

probes measured VWC and temperature every 10 seconds, averaged to 10-minute 

intervals and recorded on the Campbell Scientific datalogger. 

 

 
Figure 3.8 EnviroPro soil moisture capacitance probe in situ at the field site, nested 
within fallen snow tussock tillers. 
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The capacitance probes were installed into pre-augured holes, without the use of a wet-

sand slurry. Wet-sand slurries are sometimes used during the installation of capacitance 

probes, to facilitate adherence of the probe to the soil surface. However, a concern with 

this method is the proportion of measurement area then consumed by the sand slurry, 

rather than the soil media in question. To avoid any confounding affect from a slurry, 

care was taken to create an installation hole that was exactly the correct size, ensuring a 

tight fit between the probe and soil, negating the need for a slurry. Once installed, the 

capacitance probes were checked and maintained as described for the TDR probes in 

Section 3.1.1. The range and accuracy of each of the instruments are shown in Table 

3.4. 

 

Table 3.4 Accuracy, range and precision of soil moisture measurement instruments. 
Instrument Range Accuracy Precision 
CS616 TDR 0–50% ± 2.5% of volumetric water content in a 

standard calibration media 
>0.1%  

EnviroPro 
SMCP 

Soil moisture 0–50% 
Temp: -10 to +60 

±2% for soil moisture (in standard 
calibration soil) and ±1 degree for temp 

n/a 

 
3.4 Soil Investigations 
Five soil samples were taken from each instrumented horizon, using a Soil Moisture 

Corporation 0200 soil core sampler. The samples were taken from the selected 

instrument depth, on the opposite side of the installation trench to that chosen for TDR 

insertion, to avoid damage to the soil structure. The samples were taken with the mid 

line of the sampler centred over the selected instrument depth, capturing a portion of 

soil similar in area to that sampled by the TDR. Care was taken during the sampling to 

ensure that each sample was of undisturbed soil.  Standard field and laboratory 

procedures were used to process soil samples for bulk density, gravimetric water 

content and soil texture (via laser particle size analysis), with details of these methods 

included in Appendix B. 

 

3.5 Measurement of Climatic Variables 
An automatic weather station (AWS) was installed at the site on 7 February 2016 as 

part of another research project, at an elevation of 680 m asl, 15 m to the south of the 

TDR profile (Figure 3.9). The AWS consists of the following components: 
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• A 05103RM Young wind sensor, installed at a height of 3 m above the ground 
level. The sensor is designed to rotate with the predominant winds, recording 
speed and direction.  

• A HM45C probe, installed 1.8 m above the ground, encased in a radiation 
shield to reduce error, recording temperature and relative humidity. 

• A CNR1 Net Radiometer was installed parallel to the ground facing 
northwest, where it measured solar radiation, ground temperature and air 
temperature.  

• A Campbell Scientific CS105 barometer installed at a height of 1.5 m, 
measuring barometric pressure at the site.  

• Rain is measured using a TB3 tipping bucket rain gauge.  

The data from the weather station was logged to a Campbell Scientific CR1000 

datalogger, and recorded at 10 minute intervals. The range and accuracy of each of the 

instruments is given in Table 3.5. 

 
Figure 3.9 Glendhu field site; AWS, SMCP and TDR profiles. The trees visible in the 
background are part of the GH2 catchment, with the road situated between catchment 
boundaries.  
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Table 3.5 Accuracy and range of climatological instruments at Glendhu. 
Instrument Climatic variable Accuracy Range 
05103 RM Young wind sensor Wind direction ±3o 0–360o 

05103 RM Young wind sensor Wind speed ±0.3 m s-1 0–100 m s-1 
HM45C probe Relative humidity ±3% 0–100% 
CNR1 net radiometer Solar radiation ±10% 305–2800 nm 
CNR1 net radiometer Infrared radiation ±10% 5000 – 50000 nm 
TB3 tipping bucket rain gauge Precipitation ±3% 0–500 mm hr-1 
CS105 barometer Barometric pressure ±0.5 mb at +200oC -40 to 60oC 
HMP45C probe Air temperature -40 to+60oC  

 

3.6 Data Analysis 
3.6.1 TDR Settling Period 

Prior to the commencement of data analysis, all VWC values were converted to 

percentages. The initial step of data analysis was to consider if the instrumentation was 

undergoing a settling period, as observed during previous investigations (e.g. Western et 

al., 2001; Pumpanen and Ilvesniemi, 2005). To this end, the data were analysed for any 

anomalously high or low values, using the ‘filter’ and ‘sort’ functions in Microsoft 

Excel (version 14.7.3). Secondly, the data from each instrument depth were considered 

separately, to discern if there was a pattern of increasing or decreasing values over time, 

independent of seasonal variation. This analysis revealed that the start and finish values 

for each depth were broadly similar, with no trend of increasing or decreasing values 

over time (excluding apparent seasonal variation). The combination of the lack of 

extreme values or increasing or falling trend indicated that either the settling time at 

Glendhu occurred very quickly, in a period of hours, or that the instruments continued 

to settle over the entire 12 month measurement period (in a pattern that is of larger 

temporal scale than contained in the current dataset).  

 

The 12 month dataset considered herein commenced two days after the initial 

installation of the instruments, at 12.10 am on 1 September, 2016, continuing until 

midnight on 31 August 2017, and consists of a complete, unbroken 10–minute interval 

record of the entire twelve months. Excluding the data from the 30 and 31 August 2016 

achieved a dual purpose; firstly, it allowed for the dataset to start at the beginning of a 

month and season, and secondly it allowed for at least a token settling period for the 

instruments. Despite the lack of traditional week to month long period of settling found 

in many studies of this type (e.g. Martinez-Gernandez and Ceballos, 2005), the data at 

hand were considered at length and robustly examined for any settling behaviour, and 
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the author is satisfied that the data presented here is without any of the settling 

behaviours identifiable at the current temporal scale. 

 

3.6.2 Temporal Scale Analysis 

The data were divided into seasons and months, plotted from 10 minute data, without 

smoothing or averaging.  Pivot tables and Excel equations were used to average and 

calculate statistics at the year, season and monthly scale. Pertinent events were 

identified by the precipitation timing and intensity, as well as the soil moisture 

response. Once particular events were isolated, the data were considered at a 10 minute, 

hourly and daily resolution. Where appropriate, numerical analysis of the events was 

undertaken, calculating the duration and intensity of the precipitation, and the time in 

hours for VWC at each depth to increase between 1 and 13% (with 13% being the 

maximum increase in VWC occurring over a single event). Lastly, an infiltration rate 

(mm hr-1) at each instrument depth was calculated as per the methods of Cairns and 

Mager (2016) (Appendix A). 

 

3.6.3 Soil Moisture Capacitance Probe Analysis 

Capacitance probes have been used in some investigations (e.g. Robinson and Dean 

1993; Chanzy et al., 1998; Baumhardt et al., 2000), but overall are less commonly used 

than TDR type probes. Thus, there is no commonly accepted protocol for calibrating 

this equipment, particularly in terms of in situ field calibrations. Based on this, the data 

presented here uncalibrated and the values are thereby relative, not absolute. One of the 

challenges of using sensors of this type is the wealth of information provided by the 

eight instrument depths, with such high quantity of sampling potentially serving to 

obfuscate overall trends in the analysis. Thus, after a consideration of entire dataset, a 

choice was made to highlight the pertinent depths at each stage of the analysis, rather 

than all eight depths. In all cases, the selection was not made arbitrarily, rather it was a 

matter of considered analysis and represents a balance between presenting all of the 

measured data and clarity presenting in the pertinent data. 

 

3.6.4 Temperature Analysis 

Soil temperature was measured by the SMCP at all depths, but the decision was made to 

focus on the 5, 15 and 75 cm depth data at an annual scale. The other temperature 

depths were largely unchanged by the variations captured in these depths and were 
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excluded for clarity. In addition to precipitation, concomitant air temperature values 

were also included in the soil temperature analysis, to illustrate the patterns of air 

temperature at the site and elucidate any soil temperature variations independent of air 

temperature changes. 

 

3.6.5 Penman Montieth Evapotranspiration Calculation 

Evapotranspiration was determined as per the FAO-56 Penman Montieth methods 

(Allen et al., 1998), using specific tussock crop input variables of 158 s m-1 for bulk 

resistance and a leaf area index of 3, as determined by Campbell, (1989) (Appendix B). 

 
3.6.7 Statistical Methods 

The statistical packages Minitab 16 and SPSS 23.0 were used to conduct statistical 

analysis of the data. Minitab was used to establish an understanding of the distribution 

of the data and to explore the non-parametric nature of the data. SPSS was used to carry 

out cluster analyses of the annual datasets, comparing VWC at each probe depth to all 

other probe depths. The hierarchical cluster analysis used Euclidian distance as the 

similarity measure, and average linkage between groups as the sorting strategy. Data 

was not standardised as all variables were measured with the same units (Rogerson, 

2010). 
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Chapter 4. Results 
 

The results chapter considers the soil (Section 4.1) and climatic (Section 4.2) conditions 

of the field site, with a particular focus on instrument site selection and the precipitation 

record (Section 4.2.2) contained within the dataset. Using the TDR array, soil moisture 

was examined across the annual, seasonal (Section 4.3) and event scales (Section 4.4). 

The capacitance array was used to examine the soil temperature regime at the field site 

(Section 4.5). Then a comparison of soil moisture measurements between the two probe 

types was conducted (Section 4.6); finally, a summary of the results is collated (Section 

4.7). 

  

4.1 Soil Characteristics 
The soil in which the TDR probes were installed was a silt loam throughout the sampled 

profile. However, seven horizons and sub horizons were identified based mainly on 

colour. Tussock roots were abundant in the upper 30 cm. A TDR probe was associated 

with each soil layer, excluding the uppermost organic A (OA) horizon.  All of the 

observed soil layers contained very low levels of clay, between 1 and 1.6% (Table 4.1). 

The proportion of sand ranged between 20% at 60 cm and 32% at 70 cm. Bulk density 

gradually increased with depth, from 0.84 g/cm-3 at 10 cm to 1.33 g/cm-3 at 60 and 70 

cm. Penetrometer measurements of the surface soil gave an average tensile strength of 

4.4 km/cm-2. 

 

Table 4.1 Texture and particle size characteristics of the Glendhu soil.  
TDR 
depth 

Horizon Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Gravel 
(%) 

Bulk Density 
(g/cm3) 

Total 
Porosity (%) 

 OA       
10 cm A(g) 23.3 75.0 1.60 0.10 0.84 69.0 
20 cm Ag 21.5 76.9 1.60 0.10 0.89 67.0 
30 cm AB(g) 21.9 76.4 1.60 0.10 0.88 70.0 
42 cm Bw(g) 27.5 71.4 1.10 0.10 0.99 63.0 
60 cm BC(g) 20.0 78.2 1.60 0.20 1.33 50.0 
70 cm 2C 32.0 66.9 1.00 0.10 1.33 50.0 
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4.2 Meteorological Conditions During Study 
4.2.1 Climatic Conditions 

Overall, the local meteorological conditions at the field site were cool and wet. Over the 

12 month experimental period absolute temperature ranged from a maximum of 28.0oC 

on 22 February 2017 to a minimum of -4.7oC on 3 August 2017, with an annual median 

temperature of 7.1oC (Table 4.2; Figure 4.1). During the study, 1757.0 mm of 

precipitation were recorded (presented in Section 4.2.2), falling as snow on multiple 

occasions, two of which coincided with field site visits: 19 May 2017 and 25 July 2017 

(Figure 4.2). Snow fell from May until September, an extended range from the typical 

winter snowfall season, but not unexpected for the South Island of New Zealand, where 

sporadic snowfall regularly occurs throughout the year. Precipitation was divided 

relatively evenly over the seasons with a wet winter and summer, with the anomaly 

being the autumn low of 207.8 mm.  

 

Table 4.2 Monthly summary statistics of climatic conditions, from 1 September 2016 to 
31 August 2017. Air temperature is in units of oC, Penmann Montieth 
evapotranspiration in units of mm/day.  

Month Mean air 
temp. 

Mean 
Et 

Max air 
temp 

Max 
Et 

Min air 
temp. 

Min 
Et 

Precipitation 
(mm) 

September  6.70 0.36 18.9 0.60 -3.20 0.08 95.0 
October  8.10 0.64 20.3 1.49 -0.50 0.16 226.0 
November  8.50 0.91 25.7 1.75 0.40 0.18 202.0 
December 10.10 1.06 26.0 1.69 1.70 0.39 72.0 
January  9.60 0.71 22.4 1.46 1.40 0.16 291.0 
February 12.60 0.85 28.0 1.31 1.70 0.22 72.0 
March 10.30 0.56 26.0 1.11 1.20 0.09 127.0 
April  8.90 0.53 22.7 1.10 0.20 0.12 105.0 
May  5.70 0.24 16.1 0.52 -2.70 0.00 103.0 
June  4.30 0.16 13.1 0.27 -2.00 0.03 132.0 
July  2.80 0.12 12.2 0.28 -3.30 0.00 269.0 
August  5.60 0.30 15.7 0.52 -4.70 0.04 63.0 

 

The spring months of September to November indicated the largest range in 

temperature, from a minimum overnight temperature of -3.2 oC in September, to a 

maximum daytime air temperate of 25.7 oC in November. The range of temperatures 

during spring highlights the diurnal pattern of temperatures at the field site, as well as 

potential anomalies during spring, which can be influenced by a continuation of 

typically winterish conditions. Alternately, spring can reflect a rapid rise into high 

temperatures, as occurred here, as the monthly high temperature for November is only 

2.3oC cooler than the maximum recorded air temperature at the site during the study. 
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The range of temperatures indicated in the data highlight the harsh and varied climate of 

the region and elevation.  

 

A two-phase pattern was discernible within the Penman Montieth evapotranspiration 

values. There was a phase of high evapotranspiration values over the summer period, 

with a subsequent decline over the winter months, denoting a typical seasonal pattern of 

evapotranspiration, as driven by seasonal changes in incoming solar radiation (Figure 

4.1). A dip in evapotranspiration values was recorded during July, to an overall monthly 

mean evapotranspiration low of 0.12 mm/day, reflecting the lessened incoming solar 

radiation at the height of the winter season, which combined with the high precipitation 

recorded in July lead to this being the wettest month within the record. 

 

 

 

 
Figure 4.1 Climograph at a monthly resolution over the 12 month study, including 
monthly accumulative precipitation; monthly mean air temperature and 
evapotranspiration.  
 

4.2.2 Precipitation Events 

From the recorded 1757.0 mm of precipitation over the study period, analysis of 

intensity and event duration identified 156 discrete rain events during the 365 days, with 

an additional fifteen snowfall events defined as precipitation events that occurred when 

mean air temperature was <0.5oC1. Snow events occurred sporadically from September 

2016 to the end of the study in August 2017, with four periods of settled, multi-day 

                                                

1 The air temperature threshold of <0.5ºC to indicate precipitation falling as snow follows the approach of 
Mager et al. (2016) in a precipitation study at a similar elevation in Otago.  
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snowpack at ground level, as observed during two field visits (Figure 4.2; Appendix E). 

The longest period with settled snow cover was six days between 11 July 2017 and 16 

July 2017.   

 

 
Figure 4.2 Six cm of snow blanketing TDR instrumentation and adjacent datalogger at 
Glendhu field site, 19 May 2017. 
 
 

The average intensity for the precipitation events was 1.1 mm hr-1, with a median of 0.8 

mm hr-1. Overall, most of the events rainfall were categorised as ‘low intensity’, with 

small event totals over long time periods (Table 4.3; Appendix C). The maximum 

recorded precipitation depth over the duration of a single event was a massive high 

intensity event, of 105.8 mm (on 22 January 2017). The longest recorded event 

(representing four days of non-stop precipitation) was 62.2 hours (from 24–27 June 

2017).  

 

Analysis of the probability distribution of events of differing precipitation amounts was 

conducted, with a limb of low probability from 35.0 mm total event precipitation 

onwards and a limb of high probability for events of less than 5.0 mm, indicating the 

predominance of low total amount events at the site (Figure 4.3). Over the instrument 

record, nineteen events of duration longer than 20 hours occurred, and a further forty-

three medium-duration events (10-20 hours) were also observed. There were 124 events 

of 1–10 hour duration, with an overall whole record mean and median precipitation 

duration of four hours.  
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During the experimental duration, there were 4 three-day periods without precipitation 

as well as 2 four-day periods, 3 five-day periods (in December 2016, February 2017 and 

August 2017). The longest duration without precipitation inputs was a six-day period 

during winter, from 4 to 9 August 2017, with some precipitation recorded on the 324 

days of the year, indicating that rain was more likely to occur than not (Appendix D).  

 

 

 
Figure 4.3 Excedance probability of event precipitation depth over the 12 month study. 
 

4.3 Annual Trends in Soil Moisture Using TDR 
During the austral summer (December–February), soil moisture at 10 cm depth was 

consistently low, with the lowest minimum and mean VWC values for the year 

occurring during the summer, concurrent with the highest potential evapotranspiration 

rates (Table 4.3). Overall, the lowest monthly minimum at 10 cm depth was 25.6%, 

during January 2017 (Figure 4.5). At 10 cm depth, the highest monthly mean VWC 

indicated less of a pattern, with a high of 48.3% in July, and two equal seconds of 47% 

in November and June. The highest maximum soil water value at 10 cm depth also 

occurred during July, to a high of 54.0%. 

 

At 20 cm depth, May, June and July were the wettest months in terms of monthly mean 

VWC, with a high of 54.8% in July. The period from December 2016 to April 2017 had 

consistently lower mean VWC values, with an overall lowest monthly mean of 44.9%, 

in December.  The maximum values showed a narrow range of 3.8%, from 52.5% in 
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February, to 56.3% in July. 51.4%. A wider range was evident in the monthly minimum 

values, of 14.8%, from a low of 36.6% in January to a high of 51.4% in July. The 

consistent high VWC values are as expected, likely a direct reflection of the substantial 

rainfall that occurred during the month, however the 5 month low VWC during summer 

and autumn is longer than expected, and indicates the influence of processes other than 

precipitation, as this month had the highest rainfall on record, a factor that is not 

reflected in the VWC values. 

 

At 30 cm, May–August were the months with the lowest highest minimum values, 

behaving as expected for late Autumn and Winter, with an overall high of 51.4% in 

July, following the pattern established at both 10 and 20 cm depths. The period from 

December to March had consistently lower volumes, with a low monthly mean of 

46.6% in December, again reflecting likely seasonality in the influence of incoming 

solar radiation.  

 
Figure 4.5 Graphed daily resolution TDR soil moisture, 1 September 2016 to 31 
August 2017 plotted relative to precipitation. Meteorological seasons are delineated by 
dashed lines. 
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A seasonal pattern was less evident at the 60 cm depth, with high monthly mean values 

occurring at 60 cm in the months of October, June and July. These high values were not 

matched temporally with seasonal patterns, however both October and July had high 

precipitation inputs. The monthly minimum VWC had a narrow range of 2.4%, from 

25.2% (January) to 27.8% (July).   

 

At 70 cm, the highest monthly mean VWC occurred in July, of 18.7%, with a period of 

low mean VWC from December to April, with the lowest monthly mean VWC recorded 

in March, of 13.4%. The 70 cm depth also had the lowest monthly minimum value of 

any depth, of 9.6% VWC in January. Overall, the monthly mean, minimum and 

maximum values were lowest at 70 cm depth, with a strong seasonal signal remaining 

evident in the fluctuations (albeit less varied than that at the upper soil levels).  

 

Whilst a seasonal signal was identified across the instrumented soil horizons, Figure 4.5 

highlights the variations within each month, with the influence of periods of low lows 

and high highs softened during the averaging of time periods conducted for this 

analysis. To consider these changes in more detail, biannual graphs were created 

(Figure 4.6). The months of September 2016 and October 2016 showed particular 

responsiveness to inputs across most depths, with the most rapid responses observed at 

the 10 and 20 cm depths. The 30 and 42 cm depths also responded to inputs, but 

displayed a slower and less peaked response compared with the upper two instruments, 

likely as a result of changes to soil horizon characteristics with increasing depth from 

the surface (Figure 4.6a). The 60 and 70 cm depths showed inverse patterns to each 

other, with a peak VWC at the 70 cm depth matched by a simultaneous trough at the 60 

cm depth. This pattern of behaviour that was unexpected, as it would be much more 

likely for these two depths to show a similar pattern to each other, albeit potentially 

with some attenuation in signal.  

 

Between 12 September and 7 October, no precipitation of greater than 2.0 mm occurred, 

and this period of low precipitation resulted in a period of drying, with a gradual decline 

in VWC across all depths, as the small amount of supplied precipitation was not 

sufficient to maintain soil moisture content at the starting values. 
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Table 4.3 Arithmetic mean, minimum, maximum, VWC and air temperature data 
recorded at Glendhu, at a monthly resolution, alongside monthly summed precipitation, 
from the period 1 September 2016 to 31 August 2017. 
 

 Monthly Mean VWC (%)  
 

Month 
 

10 cm 
 

20 cm 
 

30 cm 
 

42 cm 
 

60 cm 
 

70 cm 
Precip. (mm 

month-1) 
Sep 46.3 50.8 49.6 37.5 29.8 16.0  95.4 
Oct 46.6 51.3 49.7 37.2 30.2 16.6 225.8 
Nov 47.0 51.3 49.8 37.5 29.3 16.1 202.0 
Dec 38.7 44.9 46.6 35.7 27.7 14.0  71.8 
Jan 38.6 47.5 48.0 35.9 28.7 13.9 290.8 
Feb 39.7 45.7 47.0 35.7 27.1 13.6  72.0 
Mar 37.4 46.5 47.5 35.7 27.3 13.4 127.4 
Apr 42.6 49.0 48.8 36.6 27.6 14.5 105.2 
May 45.8 52.1 50.7 38.6 29.4 16.5 102.6 
Jun 47.0 53.2 51.4 39.4 31.3 17.5 131.6 
Jul 48.3 54.8 51.9 39.9 32.8 18.7 269.0 

Aug 45.5 51.0 51.4 39.1 29.1 17.4  63.4 
 
 

Monthly Maximum VWC (%) 
Month 10 cm  20 cm 30 cm 42 cm 60 cm 70 cm 

Sep 52.7 55.0 51.3 39.3 33.3 22.1 
Oct 52.8 54.8 51.2 39.0 37.5 19.8 
Nov 52.8 54.3 50.9 39.0 37.3 19.4 
Dec 47.6 53.0 49.4 38.2 31.4 17.3 
Jan 52.8 54.6 50.7 38.7 36.2 19.3 
Feb 46.5 52.5 49.6 38.0 32.4 16.7 
Mar 43.5 53.3 49.6 37.6 35.7 17.9 
Apr 45.8 54.2 50.4 38.4 34.0 18.2 
May 50.8 55.1 51.2 39.9 35.4 20.2 
Jun 51.3 55.3 52.0 40.3 37.0 20.6 
Jul 54.0 56.3 52.7 40.7 38.2 21.3 

Aug 47.5 55.2 52.2 40.4 33.8 19.3 
 
 

 Monthly Minimum VWC (%)  
Month 10 cm 20 cm 30 cm 42 cm 60 cm  70 

cm  
Sep 41.4 46.0 46.9 35.2 25.8 13.2 
Oct 40.4 45.0 46.2 34.9 26.1 12.0 
Nov 43.7 47.5 47.9 36.7 26.5 13.6 
Dec 26.7 37.2 43.1 34.0 26.5 9.9 
Jan 25.9 36.6 42.7 33.8 25.2 9.6 
Feb 29.9 39.2 43.8 34.2 25.4 11.0 
Mar 27.8 37.7 43.1 34.0 24.8 10.3 
Apr 39.6 45.1 46.6 35.0 24.5 12.9 
May 43.6 48.3 49.8 37.4 25.7 14.6 
Jun 44.7 49.4 50.7 38.1 26.8 15.9 
Jul 45.7 51.4 51.4 38.7 27.8 16.2 

Aug 43.1 47.3 48.5 38.1 26.7 15.9 
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During this drying phase, VWC at 10 cm had the largest decrease, from 48 to 40%, with 

similar behaviour (somewhat muted in response) occurring through the 20, 30 and 42 

cm depths. A different pattern occurred at 60 and 70 cm depth, with a period of slight 

increase (from 31 to 33%) at 60 cm, followed by a gradual 5% decrease. The same 

pattern occurred at 70 cm, with a longer period of declining VWC, to an eventual low of 

4% below the starting value. 

 

During November and December 2016, VWC was fairly consistent across all depths 

with small increases in VWC concurrent with the low amounts of precipitation inputs 

(0.4 to 2 mm) (Figure 4.6b). From 7–16 November, three discrete precipitation events 

occurred, with a maximum event precipitation of 43.0 mm (intensity 3.0 mm hr-1), 

which prompted a rapid increase in VWC at the majority of instrument depths 

(excluding 42 and 30 cm), which was sustained by regular precipitation between 17 

November to 6 December. The behaviour of the 30 and 42 cm depths was anomalous, 

as the response to other events would have suggested either a pattern of response 

through the entire soil profile, rather than a response which occurred both above and 

below these depths, or a pattern of response only within the surface region, in which 

case no response would have been recorded in the deeper soil layers (as was evident 

during this event). 

 

 For the months of January and February 2017, a precipitation event on 4 January of 

32.4 mm (intensity of 10.8 mm hr-1) resulted in a rapid increase in VWC across the 10, 

20, 30 and 42 cm depths with a maximum of 50% at 20 and 30 cm, with a subsequent 

phase of reducing VWC from the peak high response values, as continued small inputs 

(0.4–0.8 mm) were insufficient to sustain the high VWC levels (Figure 4.6c). Through 

20 to 29 January 2017, regular rainfall of 3.0–5.0 mm sustained VWC across the 10, 20, 

30 and 60 cm depths, which then lowered as the precipitation inputs ceased, which 

indicates that the higher VWC values during this nine day period were an artefact of 

continued precipitation inputs, rather than reflecting summer baseline values.  

 

Regular precipitation of 1.0–2.0 mm sustained VWC during the month of March, with a 

peaked response on 12 March observed at all soil depths, in response to a low intensity, 

low amount input of 2.0 mm (Figure 4.6d). VWC was relatively consistent across May 

and June 2017, with regular precipitation between 0.5–3.0 mm prompting a 2–3% 
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increase in VWC at the 10 and 20 cm depths, but the precipitation was insufficient to 

instigate a response below 20 cm (Fig. 4.6e).  

 

Between 10 and 15 August 2017, precipitation between 1.0–2.0 mm sustained elevated 

VWC at 20 and 42 cm, with a flat topped appearance to the values at these depths over 

this time, indicating likely effective field saturation within these depths at this time 

(Figure 4.6f).  

 
a 
 
 

 
 
b 
 
 
 
See figure caption page 56. 
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d   
 
 
See figure caption page 56. 
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e 
 
 

 
f   
 
Figure 4.6 TDR and precipitation data, bimonthly scale at 5 minute resolution.      
a: September 2016 and October 2016; b: November 2016 and December 2016;           
c: January 2017 and February; d: March 2017 and April 2017; e: May 2017 and June 
2017; f: July 2017 and August 2017. 
 

Over the 12 month study, the 20 cm depth had the highest median VWC, whilst the 

lowest overall was 15.8% at 70 cm (Table 4.4). There was a pattern of declining median 

VWC with depth, excluding the 10 cm depth, which behaved in an unexpected way. 
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The median VWC at 10 cm depth was 45.2%, in the middle of the range of values. This 

is in opposition to what was expected, which was that it would be the highest. The 

anomaly is likely a reflection of the reduced permeability at the 20 and 30 cm depths 

increasing these water contents above that of the surface region. 

 

At the daily resolution, two large declines in VWC were recorded during the months of 

January to March, with a key finding being the lack of response evident at 42 and 60 

cm, which remained at near to start VWC values, despite the other layers having a 

pattern of sustained drying (Figure 4.5). As discussed in the preceding sections, July 

was a particularly wet month in terms of both precipitation and soil moisture. There was 

a general pattern of increasing VWC over the duration of the 2017 winter season. Peak 

values were concurrent with heavy rainfall over 21–23 July, coincidental with 

widespread flooding across Otago and Canterbury (Otago Daily Times, 2017). 

 

Table 4.4 Annual statistics of soil moisture and air temperature observed at the Glendhu 
Experimental Catchment (GH1) for the period 1 September 2016 to 31 August 2017. 
 

VWC (%) Air temp. 
 

(oC) Depth 10 cm  20 cm 30 cm 42 cm 60 cm 70 cm 
Mean 43.6 49.9 49.4 37.4 29.2 15.7  7.3 
Median 45.2 50.9 50.0 37.5 28.2 15.8  7.1 
Maximum 54.0 56.3 52.7 40.7 38.2 22.1 28.0 
Minimum 25.9 36.6 42.7 33.8 24.5  9.6 -4.7 

 

Cluster analysis was conducted to determine the relative similarity in %VWC between 

the six instrument depths. The 20 and 30 cm were the most similar in terms of overall 

VWC, with soil water content at 70 cm the most dissimilar to all others (Figure 4.4). 

Interestingly, there was not a linkage in similarity between the 60 and 70 cm depths, 

with a cluster instead formed between 42 and 60 cms. 
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Figure 4.4 Cluster analysis of soil strata based on soil moisture characteristics 
 

 

4.4 TDR Event Analysis 
Analysis was carried out of individual short periods of time (generally a few days to a 

week, with each period considered as an individual soil moisture response event). These 

events were selected based on the soil moisture response instigated by a corresponding 

precipitation event and categorised as either typical or atypical, in terms of the 

anticipated soil moisture response. 

 

4.4.1 Typical Events 

The general pattern of soil moisture as measured by the TDRs was for periods without 

rainfall to result in gradual drying in the soil strata, with reduction initially apparent in 

the upper levels, followed by a gradual decrease down the profile, with the 60 and 70 

cm depths largely impervious to drying effects (Figure 4.7). The pattern of drying 

within the soil profile is exemplified by an event between 12 December 2016 to 21 
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January 2017, where a pattern of reducing VWC was observed at 10, 20 and 30 cm 

depths. The pattern of declining VWC was most marked at 10 cm, with a reduction in 

VWC from 44 to 26%, despite 26.1 mm of precipitation falling over seven discreet low-

intensity (0.3–1.0 mm hr-1) precipitation events. During the same period, VWC at 70 cm 

reduced from 15 to 10%, indicating that there was insufficient water available to sustain 

the initial VWC values. Simultaneously, at 60 cm VWC was observed to increase, with 

peaked increases of less than 1%, suggesting that the pattern of VWC behaviour at 60 

and 70 cm are in response to differing factors.  

 

When rainfall occurred, there was a general pattern of increase, with the response first 

recorded at 10 cm and an increased response time lag as the depth from surface 

increased (Figure 4.7b; e). The lag times were exemplified by an event over 8–16 

March (Figure 4.7d). A precipitation event of 42.4 mm over 44 hours commenced at 1 

am on 12 March 2017. At 10 cm depth, a 1% increase in VWC in response to this event 

occurred after six hours, to a 4% increase nine hours into the event. A maximum 

increase of 10% occurred at 10 cm depth 27 hours into the event, which was sustained 

by continued inputs until the culmination of the event. At 20 cm, an initial 1% increase 

in VWC occurred seven hours into the event, with regular 1% increases recorded over 

the following nine hours, with maximum increase of 13% (to 54%) 27 hours into the 

event, again maintained by periodic inputs until the culmination of the event. At 30 cm, 

a 1% increase in VWC occurred eight hours into the event, with a maximum increase of 

3% (from 44–47%) recorded 36 hours into the event. The deepest response occurred at 

70 cm, a maximum increase of 4% (from 13–17%) 22 hours into the event. After the 

culmination of the precipitation event, VWC decreased at 20 and 60 cm depths. The 

remaining instrument depths maintained their maximum event values for the duration of 

the period, and were influenced by subsequent precipitation events before drainage or 

VWC decrease could occur. 

 

High amounts of precipitation and saturation within the soil strata were also captured 

within the instrument record. The precipitation event for the period 21–22 July 2017 

(described in Section 4.3.2), during which 132.0 mm of rain was recorded at the site, 

demonstrates the soil response to precipitation in excess of soil storage capacities 

(Figure 4.7e). At 10 cm depth, VWC increased from 47% to a maximum value of 54% 

(only 1% lower than the highest VWC value recorded at 10 cm depth) at 5 pm on 21 
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July, after 51.0 mm of rain had been recorded. After that, the data had a flat topped 

appearance at 10 cm depth, with no further increase in VWC despite a further 81 mm of 

rain falling over 30 hours. As the precipitation declined in amount supplied during the 

early hours of 22 July, the VWC at 10 cm gradually decreased, but maintained a higher 

than initial value of 49% for the remainder of the event. At 20, 30 and 42 cm depths, a 

slight increase in VWC was discernible at 10 am on 21 July; however, this increase was 

of less than 1% (Figure 4.7e). The 70 cm depth had a less perceptible response to inputs 

over this event, with three 2–3% increases evident in the data, poorly matched 

temporally to the precipitation input. 

 
a 

 

 

 
b 

 

See figure caption page 62. 
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c 

 

 

 

 

 
d 

 

See figure caption page 62. 
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e 

 

Figure 4.7. ‘Typical’ soil moisture events as measured by TDR array, at 10 minute 
resolution. a: 11–31 December 2016; b: 12 December 2016 to 21 January 2017;     
c: 14 February 2017– 3 March 2017; d: 8–16 March 2017; e: from 21-23 July 2017. 
 

 

4.4.2 Atypical Events 

The series of events selected in this section represent times where the response within 

the soil strata to meteorological inputs was categorised as atypical, either in terms of 

timing or scale of response within the soil system (Figure 4.8). From 6–17 October, six 

discrete precipitation events occurred, with events ranging from small amount, high 

intensity, with 3.2 mm falling on 8 October (intensity of 4.4 mm hr-1), to a high amount, 

medium intensity event with 46.5 mm falling on 12 October, intensity 1.4 mm hr-1 

(Figure 4.8b). The early October event had unusual lag times, with a six hour lag from 

the inception of precipitation to a response at 10 cm (slow compared to a ‘typical’ 

response, generally around one hour in lag time duration). The long lag time at 10 cm 

contrasts with the fast response at 60 cm depth, which indicated an increased VWC 

eight hours into the event. An eight hour lag time down 50 cm of a vertical soil profile, 

to instigate a response at 60 cm is atypically fast, with a more typical response at this 

depth measured in the order of tens of hours.  

 

A subsequent event, from 23–29 October 2016 was again selected due to an unusual 

response at 60 cm depth (Figure 4.8c). In this second October event, the 60 cm depth 
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recorded the most marked increase in VWC out of the entire profile, with an increase 

over three hours from 28% to 37%. Whilst the majority of depths (excluding 42 and 30 

cm) recorded a sharp rise in response to this event, it is atypical in that the largest 

increase in VWC occurred at 60 cm, as opposed to a more expected pattern of greatest 

increase in the upper soil layers. This event is also unusual in the lack of response at 30 

cm, with one of the characteristics of the atypical events being the imperviousness of 

the 30 cm depth to changes in soil water supply.  

 

The event from 16–22 January was classified as atypical due to several factors (Figure 

4.8d). Primarily, the rapid 9% increase in soil water at 10 cm late on 21 January, 

appears to be completely independent of any precipitation or the result of an unusually 

long lag time, with the last (small amount, low intensity) rainfall recorded eight hours 

prior to the increase at 10 cm. After the response at 10 cm, there is a slight response 

down the profile, but at a greatly reduced magnitude, again poorly matched in timing to 

any precipitation inputs. The 70 cm depth is also unusually responsive to the 

precipitation falling on the 18 and 19 January, with an increase from 13 to 19%, which 

is at the higher end of the scale of responses to rainfall at this depth.  

 

From 9–19 April, a series of small rainfall events occurred, with a very short period 

between them, culminating in a cumulative fall of 61.4 mm (Figure 4.8e).  A sharp 

increase in VWC occurred at all depths, however the response was particularly rapid at 

20 cm. This increased VWC occurred before the bulk of the precipitation had fallen, 

with a lag time of only 13 hours to a response at 70 cm. An additional unusual response 

here is the continuation of the elevated VWC values to the end of the period, with the 

continued inputs acting to delay the usual decline in soil water content post precipitation 

event. Drying is evident at 20 cm on the evening of the 18 April, with the remaining 

depths consistently elevated. Considering the event total falls well within the window of 

what would be considered average for the field site, particularly over a multi day period, 

the continued elevated values here are atypical. 
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a 

 

 
b 

 

 
c 
 
See figure caption page 65. 
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e 

Figure 4.8. ‘Atypical’ soil moisture events as measured by TDR array, at 10 minute 
resolution. a: 4–26 September 2016; b: 6–17 October 2016; c: 23–29 October 2016;    
d: 16–22 January 2017; e: 9–19 April 2017. 
 
 

4.5 Soil Temperature 
Soil temperature was recorded on the SMCP probes at 10 cm intervals and showed clear 

seasonal responses across the 12 month experimental duration, with highest 

temperatures in the summer months, particularly December, and lowest temperatures in 

the winter, particularly July (Figure 4.9; 4.10). Soil temperature profiles for each season 

were identified, with highest temperature change in the uppermost 5 cm, an expected 

pattern, reflecting seasonal and daily variations in air temperature  (Figure 4.10). In the 

wintertime, the uppermost soil strata were cooler than the lower depths, with an inverse 
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pattern in the summer months; however, the temperature differential between the 5 cm 

and 75 cm was highest during the winter months, again performing as expected.  

 

Based on 10 minute interval data, at 5 cm, the maximum recorded soil temperature was 

13.0oC, and the minimum 0.0oC, maintained above freezing, despite sub zero air 

temperatures. At 15 cm, the soil temperature ranged from 0.4oC to 12.5oC, showing the 

effect of increased insulation from air temperature variations with increasing depth from 

the surface, whilst at 75 cm, the range was 2.3oC to 10.6oC. During the spring and 

summer months, soil temperature with depth showed a pattern of decreased temperature 

with depth, with an inverse pattern in the autumn and winter months, again, a pattern 

that is entirely a reflection of the air temperature regime (Figure 4.10). The month of 

July indicated the largest differential between surface and 75 cm depth temperatures, 

highlighting the effect of increased depth from the soil surface on soil temperature. The 

highest soil temperatures occurred in February, with an average 5 cm soil temperature 

of 11.5oC, and 10.0oC at 75 cm.  

 

 
 
Figure 4.9 Soil temperature at 15 cm depth, with fitted trendline. Data is graphed at 10 
minute interval, across the 12 month study. 
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Figure 4.10. Monthly mean vertical soil temperature profile, divided into Spring and 
Summer; and Autumn and Winter. 
 
 

4.6 Comparison Between TDR and SMCP Type Probes 
For both SMCP1 and SMCP2, the best fit between the two instrument types was at the 

SMCP 5 cm and TDR 10 cm depths, as indicated by a R2 of 0.6 for SMCP1 (Table 4.5) 

and 0.5 for SMCP2 (Table 4.6). For SMCP1, at 5 cm depth, the comparison with the 10 

cm TDR probe is indicative of a well matched measurement, with the VWC values 

measured to rise and fall with near synchronicity (Figure 4.12). After this depth, there 

was an increase in deviation between the two probe types (Appendix F). Overall, the 

results from both SMCP were poorly associated with the VWC values from the TDR 

probes, indicating a lack of accuracy with the capacitance probes. Additionally, the 

capacitance probes were not precise, with the values reported by each of the probes 

covering a wide range of values, which is particularly pronounced at 5 and 35 cm 

depths (Figure 4.13; Appendix G). The SMCP also had a wide range of values, up to a 

peak of 86%, which occurred multiple times in response to precipitation input (Figure 

4.12). These values are above the manufacture’s supplied range (of 0–50%), indicating 

that there may be an underlying issue with the instruments or installation methods. 
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Water could potentially be entering the installation hole and flowing directly down the 

sides of the probe, rather than through the soil, instigating the anomalous response. A 

reduction in the scale of response occurred from June 2017, with less peaked response 

in the data at both 65 and 75 cm from that time, which indicates that the capacitance 

probes were continuing to undergo settling within the study profile and instrumentation, 

through the duration of the study. 

 

Table 4.5 Relationship between TDR type probe and SMCP type probe for SMCP 1. 
TDR to SMCP 1 Slope Intercept R2 

10 cm: 5 cm 2.0 -34.4 0.6 
20 cm: 15 cm 5.9 -249.5 0.5 
30 cm: 25 cm 0.1 46.6 0.5 
30cm: 35 cm 0.0 35.3 0.5 
42cm: 45 cm 0.1 25.7 0.2 
60 cm: 55 cm 0.2 16.0 0.2 
60 cm: 65 cm 0.5 -10.2 0.4 
70 cm: 75 cm 0.4 -2.0 0.5 

 
Table 4.6 Relationship between TDR type probe and SMCP type probe for SMCP 2. 

TDR to SMCP 2 Slope Intercept R2 
10 cm: 5 cm 0.9 -17.7 0.4 

20 cm: 15 cm 2.7 -109.1 0.2 
30 cm: 25 cm 0.1 47.6 0.2 
30cm: 35 cm 0.1 34.6 0.4 
42cm: 45 cm 0.2 22.1 0.4 
60 cm: 55 cm 0.4 7.6 0.3 
60 cm: 65 cm 1.2 -56.6 0.6 
70 cm: 75 cm 0.2 3.6 0.2 

a (See figure caption page 69) 
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b 
 
 

 
c 
 
Figure 4.12 TDR and SMCP data over 12 month study at 10 minute resolution. a: 5cm 
SMCP 1 and 10 cm TDR; b: 5cm SMCP 2 and 10 cm TDR; c: SMCP 2 at 65 and 75 cm 
depths and 70 cm TDR. 
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a 
 
 
 

 
b 

 

See figure caption page 71. 
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Figure 4.13 SMCP1 and SMCP2 over 12 month study at 10 minute resolution. a: at 5 
cm depth; b: at 35 cm depth; c: and at 55 cm depth. 
 
 

4.7 Summary of Results 
• Meteorological conditions during study 

Overall, a cool and wet year, with the highest precipitation in spring (532.2 mm), from a 

total annual precipitation of 1757.0 mm, which fell as 156 events (15 of which were 

classed as snow). Nineteen precipitation events lasted longer than 20 hours and the 

longest period of time without rainfall was six days (during early August) 

 

• Annual trends in soil moisture 

Soil moisture at 70 cm was the most dissimilar to others and consistently had the lowest 

VWC. The highest VWC values were recorded at 20 cm depth (VWC of 51%). Peak 

soil moisture values occurred in winter, concurrent with heavy rainfall in July. The least 

variation over time occurred at 42 and 60 cm depths. 
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• Typical event response 

A typical soil moisture pattern was of gradual drying during times without precipitation, 

though the 60 and 70 cm depths were largely unaffected by drying processes. During 

rainfall, there was a general pattern of increase down the profile, with an increasing lag 

time duration with increased depth from the surface. Typical lag times were six hours at 

10 cm, seven hours at 20 cm, eight hours at 30 cm and 13.5 hours at 42 cm.  

 

• Atypical event response 

Atypical responses included a particularly long time lag of six hours from start of 

precipitation to a response at 10 cm, on 12 October, an event which also had an 

atypically fast response at 60 cm, with a lag of only 7.5 hours. A subsequent atypical 

response was during late October, during which the 60 cm depth noted the most marked 

rise in VWC with precipitation, differing from the normal pattern of greatest increase in 

the upper soil layers. During April, an atypical drying event occurred, whereby only the 

20 cm depth recorded any drying, with continued anomalous elevated VWC across the 

remaining depths, despite a stopping of precipitation. 

 

• Soil temperature 

There was a clear seasonality in soil temperature, particularly at 5 and 15 cm depths. In 

the winter, the uppermost strata were cooler than the lower depths, whilst the inverse 

occurred during summer. 

 

• Comparison of probe types 

The closest fit in measured VWC was at 5 (SMCP) and 10 (TDR) cm depths, after 

which the values showed increasing deviation. The two SMCP were neither accurate 

nor precise and may be influenced by continued settling behaviour during the study. 
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Chapter 5: Discussion 
 

This chapter discusses the results presented in the preceding chapter, placing the results 

within the context of wider soil moisture and tussock grassland literature. The soil 

moisture response over the study period is discussed, with a focus on seasonality, soil 

moisture with depth, soil saturation and temperature. Subsequently, the implications of 

the results are discussed, with a specific focus on the evaluation of the conceptual 

model within the framework of a tussock grassland environment; evaluation of the 

methods used and calibration; as well as specific tussock grassland management 

implications. Finally, limitations and future research directions are presented. 

 

5.1  Soil moisture response  
5.1.1 Seasonality 

The existing climate record for Glendhu is taken from the nearest climatological station, 

at Lake Mahinerangi, 20 km away in an easterly direction and 230 m lower in elevation 

than the automatic weather station at the field site, as described in Chapter Three. 

During a 34 year record commenced in 1979, the mean annual rainfall at Lake 

Mahinerangi was calculated to be 980 mm with a mean annual temperature of 8.6oC 

(Fahey and Payne, 2017). A weather station was maintained within the Glendhu 

catchments between 1991 and 1996, at an elevation of 625 m a.s.l., which indicated a 

range of -10 and +30oC and was 1oC cooler overall than the Lake Mahinerangi weather 

station (Fahey and Payne, 2017). For the 12 months captured within this study, the 

mean annual temperature at the site was 7.1oC, a 1.5oC drop from the overall record, 

and a 0.5oC drop from the 1991 to 1996 Glendhu specific instrumentation. The 

temperature differential between the sites is likely related to changes in the 

environmental lapse rate with elevation, which can be compensated for when using the 

Lake Mahinerangi data as a comparison for site specific records. The close similarities 

in mean annual temperature and temperature range between the instrument records and 

study dataset indicate that the temperature patterns of this year were similar to those in 

the past, with a slightly lower maximum temperature and mean annual temperature, but 

overall a smaller temperature range. Given the temperature similarities, it can also be 
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assumed that the evapotranspiration rates over the study period were a good fit to those 

established in previous studies for the region. 

 

The largest point of departure in the climate record is with the annual precipitation 

values, with 1757 mm measured over the study period at the field site. This annual 

precipitation sum is near to double the mean value contained over the 34 year Lake 

Mahinerangi instrument record. This departure defines the study period as a particularly 

wet year. However, a range of rainfall gauges installed in the Glendhu catchments 

during the calibration of the paired catchment study in the 1980s indicated that the Lake 

Mahinerangi rainfall was not an accurate reflection on the precipitation falling directly 

on the catchment. Fahey and Payne (2017) noted a mean annual catchment area rainfall 

of 1330 mm, with a range between 958 mm (in 1985) and 1615 mm (in 1987). These 

catchment specific values continue to place the 1757 mm recorded during the study 

period as higher than the norm, 421 mm above the mean annual precipitation and 142 

mm greater than the existing wettest year on record. However, the difference in 

precipitation is less extreme than when compared with the Lake Mahinerangi record. 

According to the categorisation by NIWA (who produces annual reports of the climate), 

above average temperatures occurred in Otago during 2017 (with above average 

calculated as >0.05oC warmer than the average), whilst 2016 was the warmest on record 

throughout New Zealand, with El Niño-Southern Oscillation-neutral conditions 

sustained during the latter half of the year (NIWA, 2017; 2018). Neither of these large-

area temperature findings was particularly reflected at the study site. Rainfall was 

categorised as within 20% of the annual normal for the Otago region during both 2016 

and 2017. These annual climate findings indicate that climate at the Glendhu study site 

had different patterns to that of New Zealand generally, although the variations are 

within what would be expected during large-scale climate summaries. 

 

In line with the clear seasonality in climate at the field site (Table 4.2), the results from 

this study clearly demonstrate seasonality within soil moisture levels, with the highest 

soil water content recorded in winter and lowest in summer, which is in line with 

previous investigations at Glendhu (e.g. Miller, 1994) and elsewhere. Reduced summer 

soil moisture has been ascribed to increased plant demand and evaporation from the soil 

surface (Western et al., 2004). High winter soil moisture values are associated with 

increased precipitation during winter and decreased outputs from the soil water system, 
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with reduced evaporative potential and biological demands allowing for recharge of soil 

water storage reservoirs (Dudley et al., 2017).  

 

In addition to considering seasonal patterns as a single value (the result of averaging 

over the entire profile), it is also pertinent to consider whether there is a seasonal pattern 

to soil moisture distribution with depth from the soil surface. When the depths were 

considered separately, the pattern of winter high and summer low soil moisture 

remained. The degree of differentiation between the seasons was markedly different 

between the soil horizons, with a band of high response and seasonality from 10-30 cm 

but lower in the profile the variations were much less marked. This two-phase response 

was also evident in the soil temperature regime, with a high responsiveness to radiant 

air temperature within the upper soil strata, and thus a seasonal signal in soil 

temperature, with the temperature signal much less apparent below 40 cm depth (Figure 

4.10). The two-phase response within soil temperature and water highlights the 

influence of increasing depth from the soil surface, insulating deeper regions from 

changes at the soil surface. Miller (1994) also found long periods of saturation within 

the upper soil strata at Glendhu (defined as 0.1–0.3 m depth), although that study did 

not contain appropriate data to consider seasonality within the responses. The 

agreement between the findings of Miller and this research suggest that the upper soil 

strata at Glendhu behave differently to the lower soil strata, with a pattern of saturation 

in the 0–0.3 m depths and impeded drainage to lower layers and thereafter lower soil 

moisture values. The depth to which a seasonal signal in soil moisture can be detected is 

dependent on the horizon structure and profile depth, and thus is highly site specific.  

 

 

5.1.2 Soil moisture with depth 

As established in the preceding section, there is a clear two-phase system in the 

seasonality of response within the study site soil system. The question remains as to 

whether precipitation or seasonal patterns are the primary drivers of soil moisture with 

depth. The influence of lateral flows and hillslope processes were not examined, with 

the site selected to minimise the influence of these factors; however, the likely impact 

of lateral flows within soil water profiles on this or any other sloping site cannot be 

overstated (Ridolfi et al., 2003). 
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At sub-seasonal scales, the trends in soil moisture response at depth appear to be a 

direct reflection of the antecedent soil moisture conditions and characteristics of the 

precipitation inputs. A ‘typical’ response to precipitation inputs into the soil was 

described in Section 4.5.1, with a wetting front moving down the soil profile, with a 

response at 10 cm eight hours into the event, with a subsequent one hour lag for a 1% 

VWC increase between 10 and 20 cm depths, and a further one hour lag for the wetting 

front to reach 30 cm (still within the ‘upper’ soil strata). From 30 cm, a transition 

occurred, with a jump to a two and a half hour lag between 30 and 42 cm, and sixteen 

hours to 60 and 70 centimetres. The increase in lag times can be directly related to the 

increased distance the water is travelling, as well as the horizon characteristics below 30 

cm somewhat impeding downwards water percolation.  

 

In comparison, Section 4.5.2 presented events that were atypical in terms of lag times. 

In one example, the response at 10 cm occurred at a lag of six hours after precipitation 

commencement (a not atypical duration, only two hours shorter than the ‘typical’ 

example above). However, an atypically rapid response was noted at 60 cm, with only 

six and a half  hours lag between the response at 10 and 60 cm. The lag of six and a half 

hours for a wetting front to move 50 cm through a soil profile is unusually short for this 

site, and acts in direct contrast to the ‘typical’ example, where the wetting took an 

additional ten hours. The antecedent conditions for this event have likely had a strong 

influence on the soil water behaviour, as it occurred shortly after a several days without 

rainfall inputs. The reduced rainfall allowed for a degree of drying and soil water 

drainage within the profile, which, while being far from complete drainage and drying, 

was still likely sufficient to alter the soil water response from what was anticipated, and 

thus spark an ‘atypical’ response.  

 

When certain types of soils undergo drying, they can experience vertical cracking, with 

cracks starting from the soil surface and becoming deeper with additional drying (Hillel, 

1998). Once cracking of this type has occurred, the infiltration behaviour is very 

different, as the cracks allow for fast and direct movement of water into the deeper soil 

strata, bypassing the usual downwards linear movement (Hillel, 1998). Whilst it is 

unlikely that the short period of drying experienced prior to the example atypical event 

was sufficient to instigate deep system cracking, soil behaviour of this type is one 

potential explanation for the atypical soil moisture response. 
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Four case studies in soil moisture variations with depth are the work of Quesada et al. 

(2004), Hawke and McConchie (2011), Pollock and Mead (2008), and Bowden et al. 

(2001). These case studies each describe a pertinent set of results, and cover a spectrum 

of field sites with completely different soil and climate conditions, from similar to 

completely different to the field site conditions. Quesada et al. (2004) used a study site 

within the Brazilian savanna, a site with a 3.6 m deep profile, in a 60% clay Oxisol. 

This field site was subject to climatic extremes, with a significant degree of seasonality 

in rainfall distribution during the year, with 146 days without precipitation within their 

record. The extended dry period allowed for a consideration of drainage and drying 

through the profile. In broad terms, Glendhu can be described as a perennially moist soil 

with a degree of summer drying, whilst the savanna soil is perennially dry with fluxes in 

soil wetness during periodical rainfall events. Quesada et al. (2004) has been included 

here as a case study despite the significant differences between the sites due to the 

similarities in vegetation morphology, as well as the fact that this study provides a 

unique insight into drainage and drying processes. The researchers found that drying 

occurred as a top down process, with plant uptake from the upper soil layers (in their 

case 0–180 cm) a significant factor in the speed of reduction (Quesada et al., (2004). 

Within the 60 cm depth, the soil water content ceased to decrease after 88 days of 

drying and remained static for the subsequent 58 dry days, with the level without 

decrease dropping to 80 cm after 110 days. Whilst Quesada et al. (2004) was located in 

a very different climate to the Glendhu field site, both sites have similar mean annual 

precipitation values, and their results highlight preferential drying within the profile, as 

well as the long duration of time required for complete soil water drainage or drying.  

 

Hawke and McConchie (2011) utilised a field site in northern Hawkes Bay, North 

Island, New Zealand. The field site was within a pastoral hill country site, and was 

selected due to the shallow depth to regolith. The Hawke and McConchie field site is 

different to Glendhu in terms of vegetation and soil structure, however the five year 

instrument duration highlights the driving force of precipitation on the soil water 

content at their site. Hawke and McConchie (2011) considered a rapidly draining 

irrigated site, which indicated a response at 50 cm within one hour of commencing 

water application, with the study soil in that case noted to have with no soil factors 

impeding drainage to lower depths. An amount of precipitation required for a response 
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at each depth was calculated (a rate of 10 mm day-1 was sufficient to cause rapid 

response at 25 cm depth in their soil profile, whilst 40 mm day-1 was required before a 

response could be identified at 50 cm depth) (Hawke and McConchie, 2011). A 

calculation of this type did not work on the Glendhu dataset, as the response to 

precipitation was strongly determined by antecedent soil moisture conditions, with the 

additional confounding factor being the continual precipitation inputs. If a longer period 

of drying had occurred through the profile, calculation of a depth of precipitation 

required to create a response would have been possible.  

 

The research of Bowden et al. (2001) took place in the Glendhu catchments and noted a 

quick response in tussock vegetated soil horizons shallower than 30 cm, with deeper 

soil horizons at their sites unresponsive or very slowly responsive to precipitation inputs 

into the soil (in comparison with the results of this study). These case studies 

cumulatively act to highlight the site and condition specific soil system response to soil 

water inputs at depth, with no one representative timeframe for the rate of water 

movement through a soil profile. However, with care and due consideration of site 

specific variations, some valuable comparisons in response behaviour between sites can 

be made. 

 

As found in other studies (e.g. Western et al., 2004; Hawke and McConchie, 2011), the 

soil water regime at Glendhu was strongly precipitation driven, with the frequent high 

intensity and high magnitude events instigating rapid increases in soil moisture, 

generally down the entire depth profile. However, the causes of this behaviour remain 

to be considered. Hawke et al. (2011) noted that soil moisture response to rainfall is a 

function of both precipitation characteristics and antecedent soil conditions, 

observations that appear to hold true for the Glendhu site, with response within the deep 

soil strata more apparent with larger amount and high intensity events. Rosen et al. 

(1999) suggest that the increased response within deeper soil layers to high amount, 

high intensity precipitation is due to ‘forcing’ of water downwards through the profile, 

with ‘new’ precipitation filling the pore spaces in the upper soil horizons and forcing 

‘older’ water down into the lower soil profile. Soil water isotopes from different levels 

within the soil profile would be able to elucidate the idea of water forcing through the 

soil profile, and the researcher intends to follow the residence times within the soil 

using soil water isotopes in future research. Antecedent soil conditions are also 
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pertinent here, as any ‘forcing’ of water downwards through the profile would be more 

successful if the soil already had a high soil water level, thus providing supplies of 

water to be flushed into the lower soil strata (McDonnell, 1990).  

 

The persistent wet antecedent soil conditions prior to the regular large magnitude and 

high intensity precipitation events during the study period are hypothesised to have 

combined to result in the differences between response times and periods of atypical 

response. The morphology of the soil horizons, particularly the perched gley horizon, 

acted to govern the response at depth for smaller magnitude and lower intensity rainfall 

events, or those that occurred during drier times of the year. In response to the research 

question ‘c’, soil moisture was found to increase with precipitation over the entirety of 

the soil profile, with the magnitude and depth of response were largely controlled by the 

amount and intensity of precipitation delivered. Soil horizon characteristics shaped 

much of the attenuation in response with depth, with a less marked response to rainfall 

inputs within the deeper soil strata. The effect of surface rainfall inputs reduced with 

increasing depth from the surface, indicating attenuation in the amount of precipitation 

reaching the lower soil strata. 

 

Separate to soil moisture increase with precipitation, Pollock and Mead (2008) noted 

the influence of vegetation on soil moisture with depth, with their study comparing soil 

moisture depth profiles under pine plantation, with three understorey plot types (no 

understorey, lucerne and ryegrass). They found that whilst patterns of soil water 

increase were controlled by precipitation inputs, the pattern of soil water decrease with 

depth during the drying phase was entirely dependent on the understorey vegetation 

type, with the ‘no understory’ category consistently recording the lowest soil water 

content at their site. In the context of the findings from the Glendhu field site, it is likely 

that had a period of more complete drying occurred (with the rain free days recorded 

insufficient to instigate large-scale drying within the profile), the tussock grassland 

vegetation would have acted to preserve a volume of soil water that would otherwise be 

evaporated from the soil surface, protecting the soil from the drying that Pollock and 

Mead (2008) observed in their ‘no understory’ category. 
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5.1.3 Soil saturation 

Despite continued high precipitation inputs during the study, effective field saturation 

was observed only on a few occasions. The best example of field saturation was from 

21–22 July, with saturation evident at 10, 20, 30 and 42 cm depths. Field saturation was 

indicated by a lack of increase in VWC despite continued precipitation inputs, contrary 

to what would be expected. Saturation was not observed at all within the deeper soil 

strata, and continued saturation (for longer than a period of days) did not occur at any 

depth. There was a lack of consistency in the values that determined a ‘saturation’ 

response, with the soil layers becoming impervious to continued inputs at a range of 

water content levels, rather than there being a single saturation level or exceedance 

level. This factor made calculation of a depth or duration of precipitation required for 

the response type prohibitive. McMillan and Srinivasan (2015) identified periods of 

saturation with concomitant rainfall and water table increases, as precipitation inputs at 

their site caused predictable water table fluctuations. The response of the Glendhu field 

site soil to precipitation inputs was too unpredictable for the creation of a pattern in 

saturation behaviour in the manner of McMillan and Srinivasan. The periods of 

effective saturation occurred over a wide range of depths, which indicated that these 

behaviours are sparked in a top down arrangement, with excess water supply flowing 

downwards as each depth reached saturation.  

 

Patterns in soil water saturation were difficult to discern due to the high amount of 

precipitation experienced. However, the one conclusion that can be considered with 

regards to soil water saturation is that it is unlikely to occur within the deeper soil strata 

(despite the high amount of precipitation that occurred during the study period) and that 

the water content at which saturation occurs at the field site is variable based on 

antecedent moisture conditions. 

 

5.1.4 Soil temperature 

The soil temperature regime at the site showed a narrow range of variation over time, 

with a range between 0 and 12oC, indicating that the soil remained cool even during 

periods where the air temperature was in the high 20s. When soil temperature was 

examined seasonally, the key finding was the reduction in temperature flux with 

increasing depth from the soil surface, as the added depth of soil acted to insulate the 

deeper soil strata from variations in air temperature. Nullet et al. (1990) observed a 
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similar behaviour in the soils of Maui, Hawaii. They noted a division in behaviour 

between 10 and 50 cm depths, with the 10 cm depths showing greater seasonal extremes 

and flux at the 50 cm depth. They also found that the disparity between soil and air 

temperature regimes varied with rainfall and was greatest at lower elevation sites. 

Overall, they found that sites with the highest soil moisture values had the closest 

approximation between soil and air temperature regimes (Nullet et al., 1990). In 

contrast, the results of this study (Section 4.5)  found no consistent pattern of soil 

temperature response to precipitation, with seasonal variations in air temperature 

appearing to be the factor with the most influence on the air temperature regime at the 

site. There was, however, a degree of similarity between high soil water content and 

higher soil temperatures, although this may be an artefact due to the fact that the highest 

water contents were in the upper regions of the soil. 

 

5.2  Implications 
5.2.1 Evaluation of conceptual model in tussock grassland soil 

There is a growing weight of literature indicating increased streamflow from 

catchments vegetated in tussock grasses in contrast to those vegetated in introduced 

forest species. Despite this wealth of research, the location and depth of water storage 

within the tussock soil over time was a factor that had not been fully examined prior to 

this study (Bright and Mager, 2016; Fahey and Payne, 2017). Whilst the results 

indicated a wet year, it was not outside the expected variation at the site, and the soil 

water regime can be assumed to be a good fit to average annual conditions. The lack of 

significant drying within the soil profile can be described as normal for the site, which 

indicates that the profile rarely (if ever) goes through significant drying processes, 

particularly within the deeper strata. The continued elevated water content indicates the 

high soil water content within the tussock soil, as well as the complex soil system of the 

site, and indicates the consistent availability of water through soil pathways and into 

streamflow.  

 

In Chapter Two, a conceptual model of soil moisture concepts and processes was 

presented; in this section, an evaluation of the performance of the model is conducted, 

with the development of a tussock specific conceptual model. A full examination of all 

aspects of the conceptual model is beyond the scope of this study, however most of the 
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meteorological factors were encapsulated within the data, as well as variations with soil 

horizons. The model held firm in the majority of examined variables, with the exclusion 

of soil temperature. Whilst the temperature of incoming precipitation itself was not 

measured, concomitant air temperature during the precipitation event was used to 

categorise events as warm or cool. The model predicted a response in the soil 

temperature regime with precipitation, a factor that was not observed within the dataset. 

The soil temperatures largely reflected the ambient air temperatures, with deeper levels 

increasingly impervious to seasonal variations. The work of Gong et al. (2003) 

highlighted the necessity of a temperature correction on TDR measured soil moisture, 

as they noted a discernible decrease in measured soil moisture with temperature 

increase, a point with which Verhoef et al. (2006) concurred. The narrow range of 

temperature flux from 0 to 12oC within the Glendhu soil profile meant that corrections 

of this sort were not required, supported by the apparent lack of soil temperature change 

with precipitation inputs.  

 

To represent the tussock specific soil moisture system, Figure 5.1 was developed. There 

are some key differences between the conceptual diagrams presented in Figure 2.5 and 

5.1, with fewer factors considered pertinent in the tussock specific system. Within the 

tussock soil moisture diagram, the influence of precipitation amount and intensity are 

highlighted, as are the horizon characteristics, which generally determine the rate of 

flow through the profile. Factors such as lateral flow and groundwater recharge have 

been removed, as while they may be pertinent to the overall system, they do not 

influence the downward movement of soil moisture as considered here. The differences 

between the two diagrams highlight the differing level of importance of factors within 

the tussock grassland soil moisture system. The key difference was the removal of soil 

temperature and precipitation temperature, factors which were not apparent influences 

on the soil water regime at the field site.  
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Figure 5.1. Process flow diagram of tussock specific conceptual soil moisture model. 

 

 

5.2.2 Evaluation of methods 

The utilisation of both TDR and capacitance soil moisture probes allowed for a 

comparison of accuracy, ease of use and reproducibility of data from each instrument 

type. The predominant method for ensuring instrument accuracy is through calibration 

and testing of the instrument in different substrates, a process that has been extensively 

performed on TDR probes (Topp et al., 1980; Topp and Davis, 1985). Whilst 

capacitance and TDR probes use similar technology to measure soil water content, at 

the current time there is not a weight of published scientific literature demonstrating the 

use and calibration of these probes in the way that there is for TDR probes. Whilst 

manufacturer specific calibration of capacitance probes do exist (Enviroteck, 2015), 

these reflect only standard calibration media, rather than the specific site field 

conditions. The discrepancies in the soil moisture values measured by the capacitance 

an TDR probes in this study proved impossible to resolve via the manufacturers 

calibration methods, resulting in the reporting herein of a magnitude of response, rather 

than absolute VWC values. Chanzy et al. (1998) raised questions as to the soil volume 

effectively measured by capacitance probes, with the area that the probes can measure 

limited to the region immediately around the sensors, probably a few centimetres 



                                                                                                                               
Discussion 

	  84 

around the electrodes. A measurement area of a few centimetres in diameter would 

greatly increase the potential for heterogeneous soil particle deposition within the 

measurement area to erroneously influence the measured water content (Chanzy et al., 

1998). The small measurement area of the capacitance probes is in direct comparison 

with the measurement area of the TDR probes, which is calculated as a cylinder around 

the instrument prongs, containing an area calculated as a cylinder 1.4 times the spacing 

between the TDR prongs, which can be changed by soils with a particularly 

heterogeneous particle distribution (Topp and Davis, 1985). In the instance of the 

Campbell Scientific 616 TDRs used in this research, the measurement area has a 

baseline value of 4.5 cm, which may not be widely divergent from that of the 

capacitance probes, but is large enough to cover the required measurement area without 

influencing the other probes in the array (Campbell Scientific, 2016).  

 

As an additional quandary, the two capacitance probes reported differing values over 

the pattern of response; volumetric water content; and soil temperature measured, with 

each SMCP at times higher and lower than the similar depth TDR probe, as presented in 

Section 4.6. The lack of consistency in the soil water signal measured by the two 

capacitance probes brings their accuracy further into question, as even with a calibration 

applied, the two capacitance probes would still have reported widely differing soil water 

values and thus have no reproducibility in terms of results. The discrepancies between 

methodologies does raise a question about the precision of the TDR instruments and the 

validity of considering responses in the realm of 1–2% increase VWC (a 1–2% range 

covered many event responses below 42 cm depth). The lower percentage VWC 

increase at 60 and 70 cm depths is likely due to a smaller proportion of supplied water 

reaching the lower soil strata. However, the question of response versus instrument 

precision does remain, with some of the responses considered in the results chapter 

being close to or below manufacturers’ stated precision limits for TDR instruments. 

Values on the limits of instrumentation precision were utilised herein an effort to best 

represent the responses within the soil sphere. Exclusion of all responses below 2% 

would have removed data which provided valuable illumination into the soil water 

dynamics at the site. 

 

When using an array of individual instruments, such as TDRs, the ability to place each 

instrument in the soil layer of interest, rather than at set intervals like the capacitance 
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probes is of benefit, as it allows for the placement of instruments within pertinent soil 

horizons and depths, as well as avoiding problematic placements, such as those with a 

high gravel content. Conversely, the set depths and single installation hole of a 

capacitance probe make it easier to deploy, and potentially more possible to deploy 

without damage to the soil substrate. The downside to the SMCP’s ease of installation is 

the inability to asses the closeness of fit and degree of contact between probe and soil 

past the top few centimetres of depth. Whilst conversely, the more laborious and 

potentially destructive trench style instillation required by a TDR array allows for 

detailed consideration of the soil profile in question, and an individual assessment of 

each probe’s fit to the study media.  

 

Whilst TDR and capacitance probes were the two methods chosen for this study, there 

are a variety of other methods currently in use for measuring soil moisture content, as 

covered in Section 2.4. The question that remains when considering methods is 

whether, after the data gathering and analysis have been completed, the methods chosen 

are still considered to be optimal for the chosen site and to answer the research 

questions. A comparison of probe types has already been conducted in the above 

paragraphs, with a clear preference for TDR probes. The direct methods used here 

allowed for comprehensive measurement of soil moisture content with depth in a way 

that current modelling and remote sensing techniques do not allow. The main advantage 

of these non-direct methods is the increased topographic spatial coverage, while the 

main drawback is the limited capacity of measuring variations in soil moisture with 

depth. With these factors considered, the methods used here appear to remain the best 

way of gathering the data required, with the caveat that there is clear scope for further 

research and utilisation of the data within a detailed hydrological model, for climate and 

event approximation.  

 

One example of a study that combines detailed data and modelled climatic forcing to 

develop an understanding of soil moisture at depth is Yang et al. (2014). They used 

climate and soil moisture observations from 32 climate stations maintained by NIWA to 

evaluate the sensitivity of the JULES land surface model in modelling soil moisture 

response across New Zealand. The JULES model was configured to run four soil layers, 

0.0–0.1; >0.1–0.35; >0.35–1.0; and >1.0–3.0 m, which were poorly matched to their 

input soil moisture data, which covered only 0–0.4 m depth. Errors in the modelled soil 
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moisture were largely due to errors in the soil texture built into JULES, and highlighted 

the importance of lateral soil water flows for the New Zealand context (Yang et al., 

2014). These findings indicate the limited data currently available to model soil 

moisture response and highlight the necessity to further expand research into soil 

moisture variations with depth, particularly as landscape model advancements allow for 

increasing customisation and complexity of soil layering with depth. Overall, an array 

of TDR probes was found to be the most effective for directly measuring in situ soil 

moisture, with the indication that combining existing individual in situ measurements 

into a network of instruments across New Zealand, and thereafter including the in situ 

dataset into a landscape water balance or ecosystem model could be a beneficial way of 

expanding the current scope of soil moisture measurement. As a starting point, in situ 

data and modelling techniques could be used in combination to verify the model output, 

as well as fine tune the accuracy and relevance of modelled soil horizon ‘boxes’. 

 

5.2.3 Efficacy of TDR calibration 

Calibration of TDR probes may require an alteration to the manufacturer’s default 

equation used to transform the measured dielectric constant into the reported volumetric 

water content. The main concern when using the standard conversion equation is that 

the dielectric constant can be affected by soil texture, with a general pattern of clay soils 

under-reporting VWC when the values are low (<10%) and over-reporting when the 

values are higher (>40%), with an inverse pattern for sandy loam soils (the predominant 

soil type in this field study) (Topp et al., 1980). The calibration equation supplied by 

Campbell Scientific is designed for silty loam soils as found in the upper stratum of the 

Glendhu field site, and when tested during the experimental methodologies, this 

equation was found to be appropriate for converting dielectric constant values of 

volumetric water content values. The standard equation, however, failed to adequately 

represent the lower soil strata, at 60 and 70 cm depth, and thus a custom calibration 

equation was used for these depths. The 60 and 70 cm depths diverged from the upper 

soil horizons in two ways: the bulk density (which were highest in those horizons) and 

porosity (which were lowest) (Table 4.1). 

 

Whilst the manufacture’s default calibration equation is robust for silty loam soils 

which fit a narrow criteria range, at this stage all instruments of this type require site 

specific calibration and thus destructive sampling alongside the instrumentation 
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(Western et al., 2004). The calibration equation had the effect of reducing the reported 

VWC values, as well as removing a degree of variability from the data with less marked 

VWC peaks and troughs evident in the calibrated data. There is some debate in the 

literature about field versus laboratory calibration of the TDR equipment, with some 

users electing to perform a ‘bucket’ laboratory calibration prior to the utilisation of 

TDR data, whereby a volume of study site soil is removed and then brought to a 

laboratory setting, where the TDR equipment is installed and manual saturation and 

sampling of the soil occurs (Evett et al., 2006).  

 

The methods favoured in this study are the field calibration methods, which required 

installation of the equipment in the study soil, followed by wetting and measurement of 

dielectric constant values at saturation (Evett et al., 2006). This method was seen as 

preferable, as it directly involves the study soil, and does not require the movement of 

soil, thus potentially destroying the integral layering of the profiles, or changing the 

packing or compaction of the profile. Additionally, sampling in situ removes a degree 

of uncertainty, as all equipment was calibrated in the location in which it remained for 

the entire fieldwork period, with no chance of confusing the instruments or incurring 

errors from heating/cooling in a laboratory setting (Topp et al., 1996). Some questions 

remain around the calibration of this style of equipment, as although great care was 

taken to follow proper calibrating methods and test the equations for all instruments, 

there remains a degree of uncertainty in recording and reporting VWC from the 

dielectric constant values reported by the TDR instrumentation. 

 

5.2.4 Implications for management of field site and tussock grasslands 

The results presented here go some way to supporting a higher level understanding of 

the soil moisture system under a tussock grassland soil, with some components of the 

theoretical soil moisture system highlighted and considered in detail, as shown in Figure 

5.1. As this study included only tussock vegetation, no further statements about the 

water use of tussock grasslands can be made than what is in the previous research (e.g. 

Mark, 1975; Campbell and Murry, 1990; Fahey and Payne, 2017). Inclusion of a second 

vegetation type would have provided the opportunity to compare soil water regimes 

between sites. However, the wealth of previous research into tussock grassland water 

use and transpiration rates can be used to form the assumption that most of the 
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behaviour of soil moisture within the study site profile is due to soil and drainage 

processes, rather than any plant interactions (there may be a degree of capillary rise, but 

that was beyond scope of this study, and has not been the subject of any other published 

investigations). Whilst evaporation was measured, it was not the main focus of the 

research, and was mainly used to consider the overall seasonality of the dataset, mainly 

due to the very limited drying that occurred. If more days without rainfall inputs had 

occurred, a consideration of the evaporative demand on the soil would have taken place.  

 

The Glendhu study site soil had an overall high water content, with only a slight 

decrease in the summer water content values. The high precipitation (and thus high soil 

water content) of this area allows for near continuous supply of soil water to 

streamflow, and helps to support the continued flows of the rivers in the region. In 

terms of water management, the best strategy for the tussock grasses of Otago is to 

continue to leave them undisturbed, allowing for the soil moisture and subsequent 

streamflow processes to seamlessly continue. However, in reality, the catchment is 

becoming increasingly colonised by scrub vegetation, specifically mānuka 

(Leptospermum scoparium), as part of a natural and predictable vegetation succession 

within a catchment which is no longer subjected to anthropogenic shaping through 

vegetation clearing and burning (Fahey and Payne, 2017; Table 3.2). The reversion 

from grassland to bushy vegetation calls into question the continued supply of 

streamflow via soil water pathways, with interception loss rates for mānuka reported to 

be between 31–37% of rainfall (Blake, 1965; Aldridge and Jackson 1968), which is 

higher than for snow tussock (20–31%). There have been no direct soil moisture studies 

under mānuka vegetation, however some assumptions can be made; that the soil 

moisture regime will be similar to that of other shrub-vegetation and therefore wetter 

than that under tree-vegetation and that mānuka has a higher water need than tussock 

grasses. The increasingly narrow separation in streamflow volume between the pine and 

tussock catchments at Glendhu could be attributed to decreased water yields from the 

tussock catchment as the mānuka covers an increasing proportion of the catchment 

(Bright and Mager, 2016). However, as these are both native species and indicate a 

normal succession of plants within the ecosystem, it seems unlikely that any 

‘management’ of mānuka vegetation is appropriate or necessary, even if to prevent a 

reduction in streamflow. 
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5.3 Limitations 
A number of limitations must be borne in mind when considering the results of this 

study. 

 

The limited spatial coverage of the dataset 

The spatial coverage of the instrumentation was deliberately limited, in terms of 

topographic scope and also the focus on a single field site. These limitations were 

included for two reasons; firstly to provide proof of concept for the research aims, and 

secondly, to keep the study within the scope of masters level research. Further spatial 

coverage would have required more time, equipment and funding than was available to 

this project. 

 

The lack of drying in the soil profile 

Sustained wet soil conditions during the study period due to higher than average 

precipitation was an unexpected condition, and did affect the study. The Glendhu field 

site is generally also particularly wet. The wet conditions of the site were balanced by 

the relative ease of access to the site, which enabled more frequent site visits and 

unfettered instrumentation in a largely undisturbed soil profile under indigenous tussock 

grassland, a combination of factors that was not easy to locate. However, the continued 

supply of precipitation that occurred over the study period did not create conditions for 

summer drying of the soil profile, which had been hypothesised to occur at the site. 

Instead, regular precipitation occurred, maintaining the supply of soil moisture to the 

profile, and thus reducing the opportunity to reveal the effects of drying within the 

profile. 

 

The inability to elucidate hydrological pathways and moisture residence time 

The inclusion of hillslope processes and soil water residence time would aid much in 

the understanding of tussock soil moisture. However, this was a deliberate limitation, as 

the inclusion of these factors were deemed as outside the scope of this project, and a 

choice was made to comprehensively cover downwards movement of soil water, 

sacrificing coverage of hillslope processes.  
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5.4 Future research directions 
Given that the single site study presented here has indicated the value of further 

investigations, as well as tested the methodologies required, a series of possible future 

research directions are presented. 

  

The pertinent next step in this research is an increased topographic spatial coverage, 

both at the small scale to allow for direct comparison (i.e. similar depth profiles under 

different vegetation) and at the large scale (catchment to region). An investigation of 

soil moisture variation over the entirety of a tussock grassland vegetated catchment is 

the next most obvious research direction. Such a catchment-scale dataset would allow 

for elucidation of surface soil moisture variations over space and with different 

topography, as the catchment varied in aspect and slope. Additionally, the measurement 

of other concurrent soil moisture related variable such as matrix potential and hydraulic 

conductivity would allow for some further data based conclusions to be developed. 

However, this is a best case, resource intensive scenario. An intermediate step would be 

an expansion to the same style of AWS and TDR array, at several field sites, preferably 

with similar climates and differing vegetation types (perhaps within the same study 

catchment but incorporating mānuka and pine vegetation in addition to tussock), as well 

as a similar array on different parts of a slope to incorporate hillslope processes. 

Alternately, expansion into several field sites with snow tussock vegetation but differing 

climatic regimes could further elucidate soil moisture perturbations due to the influence 

of climatic factors. 

 

Use of one dimensional fluid modelling, such as with the program Hydrus 1D would 

allow for the modelling of drainage within the profile, without the real-world worry of 

continued rainfall inputs raising the soil moisture content. The inclusion of the dataset 

into a more complex landscape model could allow for more complete patterns of real-

world behaviour within the model, and lead to an improvement in modelled soil 

moisture behaviour. 

 

Isotopic hydrological tracers on soil water samples could be used to elucidate residence 

time within the soil profile, and fluorescent dye tracers on a cut-faced profile could be 

used to elucidate physical pathways and further develop an understanding of the role of 
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pores for water transport, as well as the abundance and role of lateral pores within the 

profile. During the course of the field study, suction cup lysimeters were used to obtain 

soil water samples from an array of depths within the soil, which the researchers plan to 

use to elucidate soil water residence times and add to a consideration of the soil water 

regime at depth during future investigations (chemical analysis of the samples is still on 

going at the current time, hence the exclusion of the data from this thesis). 
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Chapter 6: Conclusions 
 

The aim of this research was to conduct a detailed investigation of soil moisture 

variations with depth under indigenous snow tussock grassland vegetation. The study 

endeavoured to capture an annual cycle of soil moisture changes with depth and to 

evaluate the conceptual soil system model (Figure 2.5).  

 

The 12 month study period was cool and wet overall, with the highest rainfall on record, 

of 1757 mm. The rain fell as 156 events, with a six day period the longest time without 

rain. The persistent and regular rainfall, as well as the overall high supply of 

precipitation recorded resulted in very limited drying within the soil profile. 

Additionally, the consistently elevated antecedent soil water conditions made 

elucidating factors in soil water response to inputs difficult, due to attenuation in 

response. Overall, there was a lack of consistency in the soil response to rainfall, with 

responses being categorised as ‘typical’ or ‘atypical’, based on lag times to a response 

at different depths, as well as the degree of volumetric water content increase.  

 

At the annual scale, the highest soil water volumes occurred during the winter months, 

consistent with elevated winter precipitation, decreased solar radiation, and plant 

demand for water. This is in line with previous research, which indicates that elevated 

winter soil moisture values are to be expected and provide an avenue for storage 

reservoir recharge. The deeper soil strata generally had lower soil water volumes, with 

the 70 cm depth consistently the lowest overall. 42 and 60 cm indicated the least 

variation, and were generally consistent in having a muted response to inputs. Contrary 

to what was expected, the 20 cm (not 10 cm) depth was overall the highest through the 

year, indicating that supplied water moved rapidly through the surface zone and into the 

root zone, which had more capacity to hold and maintain elevated soil water levels. The 

distinction below 30 cm is also pertinent, as it indicates the two-phase nature of the soil 

water system at the field site, with a distinct behaviour change with increasing depth 

from the soil surface, as deeper regions are insulated from surface inputs and outputs, 

and therefore have delayed and attenuated soil water responses. The insulating effect of 
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increased depth from the soil surface was also apparent within the soil temperature data, 

which highlighted an overall seasonal pattern, particularly at 5 and 15 cm depths. In 

summer, the uppermost strata were warmer than those below, with all soil temperature 

values falling in a range between 0 and 12oC.  

 

Typical events describe a general pattern of top down response to surface inputs, in the 

form of gradual increase in VWC, with an increasing lag in response times with 

increased depth from the soil surface. The typical processes also encapsulated some 

drying within the upper regions of the soil surface, which again happened in a linear 

vertical pattern, and excluded the 60 and 70 cm depths (likely as there was insufficient 

time for these processes to occur).  Inversely, atypical events were categorised by a lack 

of organisation within the response, with both atypically long and short lag times. There 

were also times where the greatest increase in water content occurred within the deeper 

soil strata, bypassing the upper layers. Whilst it has been hypothesised that the atypical 

responses are likely due to the overall persistent wet soil conditions and regular high 

levels of precipitation inputs, there is still no single discernible reason. 

 

Some periods of effective soil saturation were observed within the soil, from 10–42 cm 

depths. There was a lack of consistency in the values that determined a ‘saturation’ 

response, with the soil layers becoming impervious to continued inputs at a range of 

water content levels, rather than there being a single saturation level or exceedance 

level. Overall, the volumetric water content level at which effective field saturation 

occurred was found to be variable, based on antecedent soil conditions and the 

availability of water within the profile prior to the inception of a saturation event. 

 

The capacitance probes were found to be lacking in both precision and accuracy, with 

no clear pattern of results between the two SMCP or between the SMCP and TDR 

array. As a result, the SMCP were relied upon only to provide temperature data, which 

showed a larger degree of consistency than the moisture data. Additionally, soil 

temperature was only captured by the capacitance probes, as the CS 616 TDR probes do 

not have this capacity. The lack of calibration techniques for the SMCP added to the 

difficulties, as calibration of these probes should have increased the accuracy (although 

the distinct lack of precision indicates that even with calibration, the SMCP would still 

have been less than ideal). As a result of the lack of accuracy and precision within the 



                                                                                                                               
Conclusion 

 94 

SMCP data, the TDR probes were used preferentially within this analysis and would be 

the preferred method for any future research of this kind, as the comparative ease of 

SMCP instillation did not sufficiently ameliorate the questions around the veracity of 

the data produced.  

 

The initial soil water system was evaluated in the context of a specific tussock soil, with 

the finding that different factors were more pertinent in the tussock soil. The key 

determining factors on soil water content within the tussock soil were precipitation 

depth and intensity, as well as horizon characteristics. Due to the isolated focus on 

downward vertical flows, some factors were removed from the overall diagram. 

Additionally, the tussock specific plant use and evaporation characteristics were 

identified. Soil temperature was also removed as a factor, as it did not appear to 

influence the soil water regime at the field site. 

 

It appears that precipitation is the primary driver of soil moisture volume with depth 

within the study site tussock vegetated soil profile. A depth and duration of precipitation 

required to instigate a perceptible response at each depth in the soil profile was not 

calculated. The calculation was not conducted due to the continued wet antecedent soil 

conditions, which prohibited the elucidation of a single instigator of soil water increase 

at any depth. A seasonal pattern was identified in both soil water content and soil 

temperature. Seasonality in soil water content was perceptible at depth from the soil 

surface, however attenuation in response occurred with increasing depth from the soil 

surface, with the least amount of variation in soil water content occurring in the deepest 

soil strata, at 70 cm depth. A well planned array of time domain reflectometry probes 

and concomitant measurement of weather conditions at the field site was found to be the 

most effective way for directly measuring in situ soil moisture content. This was due to 

the ability to plan and individually select the horizon and depth location of each probe, 

as well as the accuracy and wealth of previous research utilising this instrument type. 

The necessity of the accompanying weather station cannot be overstated, as the ability 

to analyse continuous and simultaneous measurement s of rainfall and soil water content 

at depth provided a unique window into variations across different time scales, and 

weather conditions.  
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Overall, the soil moisture regime at the Glendhu field site was consistently wet, which 

is likely to be a result of a combination of factors, including the high precipitation 

recorded, as well as the established low water requirements of snow tussock vegetation. 

A two-phase system was evident throughout the results, with a separation in behaviour 

above and below 30 cm depth.  
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Appendix A: Pilot Study 
This appendix contains a reprint of the article: 

 

Cairns, J. and Mager, S. (2016) A pilot investigation into soil water movement in 
shallow subalpine soils, New Zealand Journal of Hydrology, 55(2), p.147-153. 

 

The note was a preliminarily pilot study to the research conducted for this thesis, and 

was published during the research period. The usefulness of the initial pilot study to the 

thesis overall cannot be overstated, as it not only provided an opportunity to develop 

field methods, it also provided a two week dataset with which to test data analysis 

procedures and inform some of the later work conducted at Glendhu. The reprint here is 

with kind permission from the New Zealand Hydrological Society. 
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Abstract 
A pilot study was undertaken in the Saint 
Marys Range, Canterbury, New Zealand 
to assess how soil moisture varies with 
depth in a shallow subalpine mineral soil. 
Observations of soil moisture over a three-
week period showed the top 35 cm of the 
profile to respond to both drying and wetting 
cycles, but at depths greater than 60 cm there 
was little change in volumetric water content. 
At field capacity the potential available water 
depth was 62 mm, over a 300 mm soil profile. 
Infiltration rates between 10 and13 mm hr-1 

(high for a silty loam) reflect the rocky 
fragments contained in the soil.

Keywords
Soil moisture, TDR, infiltration rate, tussock 
grasslands

Introduction
Tussock grasslands are an important source 
of runoff to lowland catchments due to their 
low transpiration rates and efficient water 
use, thus most of the precipitation that occurs 
over this vegetation type becomes streamflow 

NOTE

Journal of Hydrology (NZ) 55 (2): 147-152, 2016
© New Zealand Hydrological Society (2016)

(Mark and Dickinson 2003; Mark, 1975); 
yet little is known about the variations in soil 
moisture under this vegetation. The majority 
of past investigations into soil moisture to 
one metre depth in New Zealand soils have 
focussed on pastoral soils rather than soils 
with endemic vegetation (Bretherton et al., 
2010). In this study, the field site exemplified 
conditions that have not been investigated 
in previous soil moisture research in New 
Zealand, specifically native subalpine tussock 
vegetation and a mineral soil. Additionally, 
hill country soils are subject to reworking 
by slips resulting in buried and mixed soil 
horizons that are atypical of traditional soil 
stratigraphic profiles. Disturbed layers within 
the soil stratigraphy have likely created 
preferential flow pathways that may differ to 
a more traditional undisturbed soil profile. 
The aim of this pilot study was to quantify 
the response time and vertical distribution of 
soil moisture as well as the infiltration rate of 
water in a tussock hillslope setting.

There are numerous methods for quanti-
fying soil moisture including gravimetric 
analysis and in situ probes (e.g., time domain 
reflectometry (TDR), capacitance and 
neutron probes) (Mittelbach et al., 2012). 
Previously, methods such as neutron probes 
were used to measure soil moisture at depth; 
however, these have largely fallen out of favour 
due to safety concerns and are increasingly 
being replaced by capacitance probes, which 
have their own limitations. For this pilot 
study, the use of an array of TDR probes 
at different depths layers (e.g., Hawke and 
McConchie 2011) was preferred to the other 
methods, as this allowed for continuous, in 
situ measurement of soil moisture movement 
whilst removing the need to auger instillation 
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holes. Infiltration can be directly measured 
by double ring infiltrometers, or calculated 
from rainfall and soil moisture data (Hillel, 
1998). Calculating infiltration from rainfall 
and soil moisture data was selected for this 
study due to the field conditions during the 
experimental time frame, as the presence of 
partial snow cover interfered with the direct 
measurement of infiltration at the site.

Methods 
A pilot study was undertaken at the Awakino 
catchment in St Marys Range, South 
Canterbury (44.7742oS; 170.3358oE). The 
field site is at 1009 m above sea level and 
is dominated by tall snow tussock on an 
extremely steep (37.5%) north westerly facing 
slope. The field site soil is a very shallow silty 
loam, with a stone percentage between 5 and 
70% and clay composition ranging from 5 to 
35% (Landcare Research, 2015). 

An array of six TDR soil moisture sensors 
and an automatic weather station were 
installed from 13 to 30 August 2016. The 
automatic weather station measured wind 
speed and direction, air and ground surface 
temperature, relative humidity, incoming 
and outgoing radiation, and precipitation 
at 10-minute intervals. The TDR array 
comprised six Campbell Science CS616 
probes installed horizontally at 10, 21, 31, 
48, 60 and 70 cm depths from the surface, at 
approximately 10 cm intervals, as determined 
by the substrate rock fragments (Fig. 1). 
The TDRs measured dielectric constant 
at 10-minute intervals and automatically 
converted it to volumetric water content 
(VWC). The instruments were installed one 
day prior to the start of the experimental 
period, without a settling time, similar to 
the methodology utilised for portable TDR 
studies (Brocca et al., 2012).

The VWC for each TDR was expressed as 
an equivalent water depth, with an observed 
mean tussock root depth of 35 cm: 

Wr =1000θZ
where Wr is soil water content of the root 
zone expressed as a depth (mm), 1000 is 
average soil water water content for the root 
zone expressed as a equivalent depth per unit 
soil depth [mm(water)/m(soil depth)], is 
average volumetric water content in the root 
zone (m3/m3) and is TDR depth (m) (Raes  
et al., 2012).

The depth, duration and intensity of 
rainfall was determined to calculate wetting 
fronts, which are a measure of the delay 
between the start of precipitation and soil 
moisture increase at each depth in the profile, 
and the amount of precipitation required to 
initiate a response at each depth in the soil 
moisture profile. 

The rate of the wetting rate front 
progressing through the soil profile was 
determined as the time taken at each TDR 
depth for the sensor to record a 1% increase 
in VWC from the onset of precipitation. 
The pace of the wetting front through 
the soil profile was then converted to an 
infiltration rate, by multiplying the VWC 
by the soil depth to get water depth in mm. 
The calculated infiltration rate is limited 
by the precipitation rate, so may not reflect 
the maximum infiltration rate of the soil, 
but rather an infiltration rate at the end 
of winter when filled soil storage is high. 
Evapotranspiration was determined using 
the FAO 56 Penman-Monteith equation (see 
Allen et al., 1998) for a tussock land surface, 
using crop input variables of bulk stomatal 
resistance of 158 s m-1 and a leaf area index of 
3 as determined by Campbell (1989). 

Results
During the construction of the TDR pit, the 
soil was observed to have a disturbed profile, 
without the distinct layers usually found 
(Fig. 1). Gravel fragments were interspersed 
irregularly through the substrate and the 
reworked nature of the soil prohibited the 
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construction of a standard soil description as 
would usually be included here (e.g., Milne, 
1995). Bulk density samples were collected; 
however, due to the confused nature of the 
profile rock fragments made this process less 
than ideal. Bulk densities of 1.5 g cm-3 for 
the uppermost 10 cm and 1.9 g cm-3 for the 
20-30 cm layers were calculated, along with 
porosity values of 42% and 28%, respectively, 
for these layers. 

Intermittent rainfall occurred from 23  
to 27 August, with a total of 21 mm of 
rain over the 5 days, varying from 1.4 
to 6.2 mm d-1, and a mean intensity of 
0.25 mm h-1 (Table 1). Given the low rainfall 
depth and intensity, we have assumed that all 
rainfall infiltrated and that overland flow was 
not a factor during the experimental period. 
The highest VWC consistently occurred at  
60 cm depth, with an average of 35%  
(Table 1; Fig. 2). The 10 cm depth probe 
had the lowest VWC, of 17%, with the 
other probes ranging between 19 and 28%. 
Evapotranspiration fluctuated throughout 
the experiment, with a maximum value of 
1.0 mm d-1 on 29 August and a minimum 
of 0.0 mm d-1 on 24 August. Soil moisture 
gradually decreased for the first 10 days of  
the experimental period, during which 
time no precipitation occurred and evapo-
transpiration was between 0.92 and 
0.58 mm d-1, with the days of higher evapo-
transpiration generally resulting in a greater 
decrease in soil moisture, particularly in 
the upper 21 cm of the soil profile (Fig. 3).  
Soil moisture responded slowly to the 
precipitation, with an increase of 1% in 
VWC at 10 cm depth occurring 10 hours 
after precipitation onset. A 4% increase in 
VWC from the onset of precipitation took 
40 hours at 10 cm depth. The wetting front 
moved down the soil profile, with a 1% 

Figure 1 – Soil profile indicating locations of the 
6 TDR probes in the Awakino field site. 

Figure 2 – Daily average 
volumetric soil moisture 
content from depth array 
of TDR probes, with daily 
rainfall totals shown.
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Table 1 – Mean daily volumetric water content (VWC) at each TDR as well as the daily rainfall total 
and evapotranspiration (ET) rate

Date 10 cm
(%)

21 cm
(%)

31 cm
(%)

48 cm
(%)

60 cm
(%)

70 cm
(%)

Rain
(mm)

ET  
(mm 
d-1)

13/08/16 18.5 24.2 20.5 29.8 35.4 19.9

14/08/16 18.2 24.2 20.4 30.2 35.9 20.1 0.80

15/08/16 17.7 23.8 19.9 29.7 35.8 20.0 0.81

16/08/16 17.3 23.5 19.6 29.1 35.6 19.8 0.74

17/08/16 16.9 23.1 19.3 28.6 35.3 19.6 0.83

18/08/16 16.7 22.8 19.0 28.1 35.2 19.4 0.70

19/08/16 16.4 22.6 18.7 27.7 35.0 19.3 0.83

20/08/16 16.0 22.2 18.5 27.3 34.9 19.1 0.85

21/08/16 15.7 21.8 18.2 26.9 34.7 19.0 0.58

22/08/16 15.2 21.4 17.9 26.5 34.5 18.9 0.92

23/08/16 14.9 21.1 17.6 26.2 34.4 18.8 1.4 0.54

24/08/16 16.8 22.0 17.9 25.9 34.2 18.6 6.0 0.04

25/08/16 18.8 24.0 19.7 27.3 34.2 18.6 6.2 0.38

26/08/16 18.5 24.0 19.8 28.5 34.4 18.6 3.6 0.13

27/08/16 19.1 24.6 20.4 29.6 34.7 18.7 3.8 0.75

28/08/16 18.0 24.0 19.9 29.6 35.0 19.0 0.74

29/08/16 17.3 23.4 19.4 29.1 34.9 19.0 1.04

30/08/16 17.0 23.1 19.1 28.6 34.9 19.0 0.24

Average 17.1 23.1 19.2 28.2 34.9 19.2 21

Figure 3 – Soil moisture (VWC %) across 
the depth profile, with values plotted for 
the first and last days of the precipitation 
event, as well as the day after the 
culmination of the precipitation event.



                                                                                                                          Appendix A 

 112 

151

Table 2 – Infiltration rates (mm hr-1) calculated from observed changes in 
VWC at each TDR sensor

TDR depth 10 cm 21 cm 31 cm 48 cm 60 cm 70 cm

for: 
1% increase VWC 10 13 13 13 – –

2% increase VWC  6  8 10 11 – –

3% increase VWC  5  7 – – – –

4% increase VWC  3 – – – – –

Table 3 – Soil moisture (mm) variation over the study period at each TDR sensor

Mean soil moisture (mm)

Soil depth Prior to Precipitation
13–22 Aug

Precipitation Event
23–27 Aug

Post precipitation 
28–30 Aug

10 cm 25.2 26.4 26.1

21 cm 23.0 23.1 23.5

31 cm 17.3 17.2 17.5

48 cm 45.4 44.0 46.6

60 cm 38.7 37.8 38.4

70 cm 17.6 16.8 17.2

increase in VWC occurring 38 hours into the 
rainfall event at 48 cm depth and 79 hours 
at 60 cm depth. A preliminary examination 
of the daily data compared the VWC from 
a 6-point average, compared to a 3-point 
average from the top 30 cm, and from a 
single point measurement at 30 cm. Over the 
three week period, a 3-point VWC average 
underestimated the 6-point VWC average by 
13–19%. Similarly, comparison of the single 
point VWC at 30 cm underestimated the 
6-point VWC average by 19 to 25%. 

The infiltration rate was determined 
to be equivalent to 10 mm hr-1 at 10 cm 
and 13 mm hr-1 at the 21 to 48 cm depths  
(Table 2). The rate of soil moisture reduction 
tapered off down the profile, with the highest 
value of 0.0035 VWC per day occurring at  
10 cm (equivalent to 0.015 mm hr-1). 
Initially, the mean soil moisture was highest 
at 60 cm depth (13–22 Aug), equivalent to 
1.58 mm, and lowest at 10 cm depth, with 

0.76 mm (Table 3). The same pattern held 
during the precipitation event (23–27 Aug), 
with a low of 0.79 mm at 10 cm depth and a 
high of 1.54 mm at 60 cm depth. 

Discussion
The soil moisture at the top of the soil profile 
was consistently lower and more responsive 
to precipitation than deeper in the profile. 
The 10 cm depth responded most rapidly to 
infiltration, whilst the 60 cm depth appeared 
to have the highest holding capacity. This 
layer was relatively unresponsive to inputs of 
precipitation, as was the 70 cm depth. The 
results suggest that single layer observations 
of soil moisture may underestimate overall 
water availability in a soil profile. Directly 
measuring soil moisture at each depth likely 
provides a more reasonable profile measure 
than a lumped single value for the profile. 
The time taken for any response to become 
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apparent at the deeper TDR locations is 
interesting, with no response recorded at 
the 60 cm depth until 79 hours after the 
start of precipitation. This indicates that 
either the precipitation depth was too low 
to initiate a response in the deeper layers, 
or that these layers are very slow to respond 
to precipitation. It is possible that these soil 
depths respond only to larger scale, seasonal 
changes in the hydrology of the soil; however, 
further work over a seasonal timeframe is 
required to resolve this question. 

The gravel content of the study soil raises 
questions surrounding the accuracy of the 
TDR probes. The probes are optimised to 
work in a ‘standard soil’, which has both a low 
gravel and clay content (CS, 2016; Pumpanen 
and Ilvesniemi, 2005). The manufacturer’s 
standard quadratic equation was used to 
convert the dielectric constant to volumetric 
water content. These coefficients provide 
accurate volumetric water content in mineral 
soils, which have a clay content less than 30% 
and bulk densities less than 1.6 g cm-3 (CS, 
2016). On this basis, no further calibration 
of the TDRs was undertaken. 

Typically, hill country soils are characterised 
as having a small water storage capacity; 
however, Bretherton et al. (2011) suggest that 
plant available water may occur to depths of 
at least 35 cm, which is a significantly deeper 
than an earlier reported effective root zone 
estimate of 15 cm (Bircham and Gillingham, 
1986). Soil moisture at Awakino was observed 
to be responsive to rainfall at soil depths up 
to 48 cm; however, the most active wetting 
and drying appeared limited to the top 35 cm 
of the soil profile, concomitant with the 
mean rooting depth. The results show that, 
at field capacity, the available water content 
is 62 mm (over a 300 mm profile). This 
value is considerably higher than the 42 mm 
reported by Bircham & Gillingham (1986) 
but less than the 69 and 87 mm reported 
by Bretherton et al. (2011). The difference 
between the available water depths reported 

by Bretherton et al. (2011) and the Awakino 
study reflects the heavy clay and mineral 
content of the Awakino soils, which have a 
lower water holding capacity and porosity 
compared to the lower-lying silty loams 
studied by Bretherton et al. (2011) near 
Eketahuna in the North Island.

The infiltration rates observed at Awakino 
were 10 to 13 mm hr-1, which is within the 
expected range of a steady infiltration rate 
for sandy and silty soils of 10–20 mm hr-1 
(Hillel, 1998). The silty loam soil at Awakino 
has a high bulk density (1.5 to 2.3 g cm-3) 
indicating a heavy soil with relatively low 
porosity, as well as the presence of dense rock 
fragments. In this instance the relatively high 
infiltration rates observed here (compared 
with standard expected values for a silty loam 
soil) are likely due to the rock fragments 
present throughout the soil profile, which act 
to retard ponding, and lead to greater steady 
state infiltration rates (Cerdà, 2001).

The majority of past soil moisture studies 
have been on pastoral soils, which are 
inherently different than the Awakino study 
soil, excluding the confounding factor of the 
reworked soils of the field site (e.g., Chang  
et al., 2002; Jamieson, 1985; Parfitt et al., 
1985; McAneney and Judd, 1983) and further 
work is needed over a longer experimental 
timeframe to determine whether the soil 
moisture attenuation in subalpine soils is 
substantially different to pastoral soils. Such 
evidence will improve parameterisation of 
hydrological models for predicting runoff 
generation in hill country soils. 

Conclusions and future 
directions
Preliminary analysis of TDR data suggests 
that the hillslope soil moisture patterns at this 
site will provide a pertinent area for future 
research. TDR probes were effectively used 
to quantify the timing of wetting fronts, 
infiltration rates and water holding capacity; 
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however, challenges remain in the selection of 
field sites (both in terms of representativeness 
of the site, soil and hydrology and suitability 
of equipment). Longer-term data, potentially 
from a spatially-differentiated range of sites, 
will be required to fully resolve the analysis 
considered here.
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Appendix B: Supplementary Details of 

Methods 
 

In addition to the material contained in Chapter Three, this appendix contains additional 

details of the methods conducted during the research.  

 

B.1 Field instillation: 
During the installation it was noted that the soil moisture content was high, with the top 

layers particularly water-logged during the excavation. Lateral moisture flow was 

observed during the excavation, with water welling out of the cut surface at a depth of 

~60 cm. The initial layer occurred to 20 cm depth, and was dark greyish brown (10YR 

4/2). From 20–42 cm depth a brownish grey (10YR4/2 and 10YR4/1) layer was 

predominant, and the soil was more clayey in appearance. At 42–43 cm a narrow band 

of dark reddish brown (2.5Y6/4) occurred, followed by a light olive brown (2.5Y5/5) 

layer from 43–78 cm. The last exposed layer of the pit was bounded at the lower end by 

a dark (black, 2–5Y5/4), regolith layer. 

 

The TDRs were installed one by one, from the top down, horizontally into the soil, in an 

effort to control uniformity of the area measured by each instrument. To facilitate the 

insertion of the probes into the soil, a hammer was used to lightly tap the instruments 

into place, whilst ensuring that the prongs were not distorted. 

 

B.2 TDR Calibration: 
As the Campbell Scientific TDR probes require either in field or laboratory calibration, 

after the installation at each of the six depths, a series of bulk density samples were 

taken from each of the six depths, on the opposite face of the trench to the TDRs (to 

minimise disruption to the instruments, whilst reducing spatial variation). At each 

instrument depth, five bulk density samples were taken with a bulk density sampling 

kit, which involved driving a sampling ring into the soil and then removing it, fully 
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filled with soil to be stored for laboratory analysis. Water was then applied from the 

vegetated area above the TDR installation, until the instruments stopped recording an 

increase in water content (observed in real time via the datalogger), taken to be the 

equilibrium point for the profile. As the soil was already visibly largely saturated, 10 L 

of water was applied before saturation overland flow occurred and the runoff began to 

pool in the installation trench. During the installation and calibration phase, a secondary 

program was run on a CR1000 Campbell Scientific data logger to record the VWC and 

dielectric content at one minute intervals. The bulk density and one minute saturation 

data was later used as a component of the Campbell Scientific calibration equations. 

Volumetric water content was calculated by weighing wet samples, drying the samples 

in an oven at 105oC for 24 hours and then reweighing to calculate the proportion of 

water evaporated during the drying phase. The volumetric water content was then used 

to solve the quadratic calibration equation. 

 

Equation 1. TDR quadratic calibration equation. 

θ! τ =  C! + C! × τ+  C! × τ! 

where: θv = volumetric water content,  C0 = intercept, C1 = slopeτ= TDR period 
(microseconds) 

A line of fit was plotted through the TDR values and both linear and quadratic 

calibration equations, with one value occurring significantly below the line and a 

second above the line (Figure B.1). These outliers were for the 60 and 70 cm depths, 

indicating that the standard Campbell Scientific equation was insufficient for these 

instruments, and a customised calibration equation was thus used to convert the 

dielectric constant to VWC (Equation 2). The other four instruments adhered closely to 

the standard linear equation supplied by the manufacturers, and thus this calibration was 

used to convert the dielectric constant to VWC for the 10–42 cm probes. 

 

Equation 2. Specific 60 and 70 cm depth TDR calibration equation. 

θ = 0.0866 × 𝜏 − 2.511 

where: θ = volumetric water content andτ= TDR period (microseconds) 
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Figure B.1. Linear and quadratic forms of the TDR probe calibration equations as per 
Campbell Scientific, 2016. 
 

B.3 Bulk density, gravimetric water content and soil texture 
 

A 0200 soil core sampler was used to collect bulk density samples. The core sampler 

consisted of a core sampler barrel, stem and drive hammer, which was used to insert the 

sampler barrel into a trench depth matching each TDR probe location five times. The 

soil core sampler was gently driven into the soil until the top was flush with the soil 

surface, then removed and the soil cores extracted from the sampler and stored in soil 

sample bags. The samples were stored in the shade until they were returned to the 

laboratory. The soil core samples were 5.7 cm in diameter and 6 cm long (with an area 

of 153 cm3), allowing for bulk density to be calculated (Equation 3). The samples were 

then dried in an oven at 105oC for 24 hours to calculate gravimetric water content 

(Equation 4) whereby soil bulk density equals the mass of dry soil divided by the 

volume of the cylinder. 

 

Equation 3. Calculation of bulk density. 

ρ!"#$ =  
m!"#

volume!"#$%&'(
 

 

where:
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ρbulk=  bulk density (g/cm3), mdry=dry weight of sample (g) , volumecylinder=sample tube volume (cm3) 

Gravimetric water content was calculated using Equation 4, whereby the mass of wet 

and dry soils from each sample were subtracted from each other and then divided by the 

mass of dry soil to establish the moisture content of each soil sample. 

 

Equation 4. Gravimetric water content. 

θ! =  
m!"#! m!"#

m!"#
 

where: θ! = gravimetric water content (g/g-1),  m!"# = mass of wet soil g ,   m!"# =
 mass of dry soil (g) 

 

In conjunction with bulk density values, a conversion was applied to gravimetric water 

content values to produce volumetric water content (VWC), the volume of liquid water 

per unit volume of soil, by incorporating the ratio of mass to density of the sampled 

media (Equation 5). The VWC values herein are presented as percentages, representing 

the percentage of liquid water within the sampled soil, which was achieved by 

multiplying the initial VWC values by 100. 

Equation 5. Volumetric water content 

θ! =  θ! x ρ!"#$ 

where: 𝜃! = Volumetric water content (cm3/cm-3), θ! = gravimetric water content (g/g-1) 
and 𝜌!"#$ = bulk density (g/cm3) 

 

For particle size analysis, two grams from each oven-dried soil sample were freeze 

dried and placed into a Malevern Mastersizer laser particle size analyser. The 

Mastersizer produced a coarse dataset that was analysed through the Gradistat Excel 

package (Version 8), using the Folk (1954) method to produce summary and descriptive 

particle size analysis metrics (Blott and Pye, 2001). An Eijkelkamp pocket penetrometer 

was used to determine the tensile strength of the soil surface. Ten readings were taken 

of the undisturbed soil surface above the TDR profile, and then used to calculate an 

average value. The pocket penetrometer has an accuracy of 0.125 km cm-2. 
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B.4 FAO 56 Penman Monteith equations 
 

Equation 6. γ = 0.665 X 10!! (kPao), derived from: 

γ =  !!!
!.!""!

=  0.665 X 10!! = 

Where:  

cp = specific heat of moist air at a constant pressure (kJ Kg-1oC-1) – 1.013 (kJ Kg-1oC-1) 

P = partial pressure of the atmosphere (kPa) – 101.3-0.010055EL, where EL is specific 
site elevation 630 m. 

 

Equation 7. T = mean daily temperature oC calculated as: 

𝜯 =  !"#$!!"#$
!

 = 

Where: 

Tmax = maximum daily air temperature (oC) 

Tmin = minimum daily air temperature (oC) 

 

Equation 8. 𝒖𝟐 = wind speed at 2 m height (ms-1) calculated as: 

𝒖𝟐 = 𝒖𝒛  !.!"
!" (!".!!!!.!")

  

Where: 

𝒖𝒛 = daily wind speed 

z = height at which wind speed was measured (3m) 
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Equation 9. 𝒆𝒔 = the saturation vapour pressure (kPa) calculated as: 

𝒆𝒔 =  !
! !"#$ !!!(!"#$)

!
   

Where: 

𝒆𝒐 𝑻 = 0.6108 exp !".!"!
!!!"#.!

   

Where: 

𝒆𝒐= saturation vapour pressure for a given temperature variable calculated for both Tmax 
and Tmin 

T= the given temperature variable (oC) 

 

Equation 9. 𝒆𝒂 = the actual vapour pressure (kPa) calculated as: 

𝒆𝒂 =  
!! !"#$  !"#$%

!"" !!!(!"!")!"#$%
!""

!
   

Where: 

RHmax = maximum daily relative humidity (%) 

RHmin = minimum daily relative humidity (%) 

 

Equation 10. △ = the slope of the saturation pressure temperature curve (kPaoC-1) 
calculated as: 

△=
!"#$ !.!"#$ !"# !".!"!

!!!"#.!
(!!!"#.!)!

   

Where: 

T = daily mean temperature (oC)
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Appendix C: Supplementary Precipitation 

Tables  
 

This appendix presents several tables of raw precipitation data, which is included here 

to provide details of the individual rainfall events discussed in the main text. The tables 

each contain an intensity type, from high to low intensity. 

 

Table C.1 High intensity type rainfall events (categorised as an intensity greater than 
3.0 mm/hour).  

Date Duration 

(hours) 

Depth 

(mm) 

Intensity 

(m/h) 

10-Dec-16 2.3 11.2 4.8 

8-Oct-16 3.2 14.0 4.4 

19-Jun-17 5.3 21.4 4.0 

20-Jul-17 0.8 3.2 3.8 

3-Jan-17 5.2 19.6 3.8 

3-Dec-16 5.2 18.6 3.6 

22-Jan-17 29.7 105.8 3.6 

3-Mar-17 4.3 13.8 3.2 

12-Jun-17 6.0 17.8 3.0 

 

Table C.2 Average intensity type rainfall events (categorised as an intensity greater 
between 3.0–0.5  mm/hour).  

Date Duration 

(hours) 

Depth 

(mm) 

Intensity 

(m/h) 

4-May-17 1.8 5.2 2.8 

23-Jul-17 4.0 11.2 2.8 

21-May-17 4.3 12.0 2.8 

4-Sep-16 12.8 35.0 2.7 

14-Nov-16 16.8 44.0 2.6 

17-Jan-17 8.5 22.2 2.6 
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28-Oct-16 12.0 30.8 2.6 

11-Oct-16 9.5 23.0 2.4 

17-Mar-17 7.5 18.0 2.4 

3-Jul-17 1.0 2.4 2.4 

25-Oct-16 11.7 27.6 2.4 

6-Nov-16 5.3 12.6 2.4 

25-Jan-17 3.7 8.0 2.2 

16-Jan-17 3.2 6.6 2.1 

17-Apr-17 4.8 10.0 2.1 

5-Oct-16 6.2 12.4 2.0 

6-Mar-17 7.2 14.4 2.0 

23-May-17 0.5 1.0 2.0 

11-Apr-17 0.5 1.0 2.0 

13-Feb-17 7.2 14.0 2.0 

25-Mar-17 1.3 2.6 2.0 

11-Apr-17 1.7 3.2 1.9 

22-Jun-17 5.7 10.8 1.9 

13-Feb-17 5.8 10.8 1.9 

27-Jan-17 15.8 29.0 1.8 

12-Feb-17 1.5 2.6 1.7 

6-Jan-17 0.8 1.4 1.7 

13-Aug-17 0.8 1.4 1.7 

18-Jan-17 4.7 7.8 1.7 

25-Nov-16 1.8 3.0 1.6 

16-Jul-17 0.5 0.8 1.6 

3-Jan-17 8.0 12.8 1.6 

6-Feb-17 9.0 13.6 1.5 

30-Apr-17 16.0 23.2 1.4 

26-Oct-16 10.7 14.8 1.4 

29-Nov-16 4.3 6.0 1.4 

18-Jan-17 21.2 29.2 1.4 

23-Nov-16 29.5 40.4 1.4 

6-Oct-16 12.7 16.6 1.3 



                                                                                                                          Appendix C 

 123 

16-Nov-16 34.2 44.2 1.3 

14-Jun-17 7.7 9.6 1.3 

3-May-17 15.7 19.4 1.2 

12-Aug-17 2.0 2.4 1.2 

27-Oct-16 1.3 1.6 1.2 

5-Jul-17 2.8 3.4 1.2 

12-Sep-16 10.5 12.6 1.2 

17-Jan-17 1.0 1.2 1.2 

7-Sep-16 7.3 8.6 1.2 

12-Mar-17 35.0 40.8 1.2 

31-Jan-17 13.0 15.0 1.2 

16-Sep-16 3.0 3.4 1.1 

19-Oct-16 19.2 21.6 1.1 

27-Jul-17 11.8 13 1.1 

1-Jul-17 42.7 46 1.1 

12-Apr-17 31.0 32.6 1.1 

18-Dec-16 5.0 5.2 1.0 

26-Jan-17 4.8 5.0 1.0 

14-Jan-17 1.0 1.0 1.0 

20-Oct-16 3.0 3.0 1.0 

27-May-17 10.0 9.8 1.0 

9-Jun-17 14.0 13.6 1.0 

9-Oct-16 4.3 4.2 1.0 

11-May-17 11.2 10.4 0.9 

26-Nov-16 1.3 1.2 0.9 

4-Oct-16 2.5 2.2 0.9 

2-Feb-17 2.5 2.2 0.9 

4-Nov-16 10.0 8.8 0.9 

15-Apr-17 10.0 8.8 0.9 

11-Jan-17 6.2 5.4 0.9 

24-Oct-16 8.3 7.2 0.9 

1-Nov-16 4.0 3.4 0.9 

10-Aug-17 24.8 21 0.8 
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26-Mar-17 24.2 20.2 0.8 

7-Jun-17 4.0 3.2 0.8 

4-Jan-17 17.7 13.4 0.8 

20-Jan-17 6.7 5.0 0.7 

31-Jul-17 2.0 1.4 0.7 

2-Sep-16 13.5 9.4 0.7 

29-Dec-16 10.5 7.2 0.7 

7-Feb-17 2.3 1.6 0.7 

12-Oct-16 46.5 31.6 0.7 

7-Mar-17 9.3 6.2 0.7 

3-Jun-17 28.7 18.8 0.7 

17-May-17 11.5 7.2 0.6 

27-Nov-16 16.3 10.0 0.6 

31-Dec-16 3.7 2.2 0.6 

28-Aug-17 1.0 0.6 0.6 

20-Aug-17 34.8 20.8 0.6 

15-Jun-17 16.0 9.4 0.6 

7-Dec-16 12.2 7.0 0.6 

7-Nov-16 11.5 6.6 0.6 

29-Jan-17 1.2 0.6 0.5 

19-Apr-17 2.3 1.2 0.5 

15-Nov-16 11.0 5.6 0.5 

11-Dec-16 23.2 11.6 0.5 

11-May-17 5.7 2.8 0.5 

22-Jun-17 2.5 1.2 0.5 

14-Apr-17 1.7 0.8 0.5 

30-May-17 3.3 1.6 0.5 

20-Mar-17 12.0 5.4 0.5 

5-Oct-16 6.2 12.4 2.0 

6-Mar-17 7.2 14.4 2.0 

23-May-17 0.5 1.0 2.0 

11-Apr-17 0.5 1.0 2.0 

13-Feb-17 7.2 14.0 2.0 
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25-Mar-17 1.3 2.6 2.0 

11-Apr-17 1.7 3.2 1.9 

22-Jun-17 5.7 10.8 1.9 

13-Feb-17 5.8 10.8 1.9 

27-Jan-17 15.8 29.0 1.8 

12-Feb-17 1.5 2.6 1.7 

6-Jan-17 0.8 1.4 1.7 

13-Aug-17 0.8 1.4 1.7 

18-Jan-17 4.7 7.8 1.7 

25-Nov-16 1.8 3.0 1.6 

16-Jul-17 0.5 0.8 1.6 

3-Jan-17 8.0 12.8 1.6 

6-Feb-17 9.0 13.6 1.5 

30-Apr-17 16.0 23.2 1.4 

26-Oct-16 10.7 14.8 1.4 

29-Nov-16 4.3 6.0 1.4 

18-Jan-17 21.2 29.2 1.4 

23-Nov-16 29.5 40.4 1.4 

6-Oct-16 12.7 16.6 1.3 

16-Nov-16 34.2 44.2 1.3 

14-Jun-17 7.7 9.6 1.3 

3-May-17 15.7 19.4 1.2 

12-Aug-17 2.0 2.4 1.2 

27-Oct-16 1.3 1.6 1.2 

5-Jul-17 2.8 3.4 1.2 

12-Sep-16 10.5 12.6 1.2 

17-Jan-17 1.0 1.2 1.2 

7-Sep-16 7.3 8.6 1.2 

12-Mar-17 35.0 40.8 1.2 

31-Jan-17 13.0 15.0 1.2 

16-Sep-16 3.0 3.4 1.1 

19-Oct-16 19.2 21.6 1.1 

27-Jul-17 11.8 13 1.1 
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1-Jul-17 42.7 46 1.1 

12-Apr-17 31.0 32.6 1.1 

18-Dec-16 5.0 5.2 1.0 

26-Jan-17 4.8 5.0 1.0 

14-Jan-17 1.0 1.0 1.0 

20-Oct-16 3.0 3.0 1.0 

27-May-17 10.0 9.8 1.0 

9-Jun-17 14.0 13.6 1.0 

9-Oct-16 4.3 4.2 1.0 

11-May-17 11.2 10.4 0.9 

26-Nov-16 1.3 1.2 0.9 

4-Oct-16 2.5 2.2 0.9 

2-Feb-17 2.5 2.2 0.9 

4-Nov-16 10.0 8.8 0.9 

15-Apr-17 10.0 8.8 0.9 

11-Jan-17 6.2 5.4 0.9 

24-Oct-16 8.3 7.2 0.9 

1-Nov-16 4.0 3.4 0.9 

10-Aug-17 24.8 21 0.8 

26-Mar-17 24.2 20.2 0.8 

7-Jun-17 4.0 3.2 0.8 

4-Jan-17 17.7 13.4 0.8 

20-Jan-17 6.7 5.0 0.7 

31-Jul-17 2.0 1.4 0.7 

2-Sep-16 13.5 9.4 0.7 

29-Dec-16 10.5 7.2 0.7 

7-Feb-17 2.3 1.6 0.7 

12-Oct-16 46.5 31.6 0.7 

7-Mar-17 9.3 6.2 0.7 

3-Jun-17 28.7 18.8 0.7 

17-May-17 11.5 7.2 0.6 

27-Nov-16 16.3 10.0 0.6 

31-Dec-16 3.7 2.2 0.6 
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28-Aug-17 1.0 0.6 0.6 

20-Aug-17 34.8 20.8 0.6 

15-Jun-17 16.0 9.4 0.6 

7-Dec-16 12.2 7.0 0.6 

7-Nov-16 11.5 6.6 0.6 

29-Jan-17 1.2 0.6 0.5 

19-Apr-17 2.3 1.2 0.5 

15-Nov-16 11.0 5.6 0.5 

11-Dec-16 23.2 11.6 0.5 

11-May-17 5.7 2.8 0.5 

22-Jun-17 2.5 1.2 0.5 

14-Apr-17 1.7 0.8 0.5 

30-May-17 3.3 1.6 0.5 

20-Mar-17 12.0 5.4 0.5 

 

 

Table C.3 Low intensity type rainfall events (categorised as an intensity less than 0.5 
mm/hour).  

Date Duration 

(hours) 

Depth 

(mm) 

Intensity (m/h) 

4-May-17 10.0 4.0 0.4 

6-Mar-17 2.0 0.8 0.4 

1-Aug-17 12.2 4.8 0.4 

1-Jan-17 10.2 3.8 0.4 

5-Mar-17 2.2 0.8 0.4 

30-Sep-16 4.3 1.6 0.4 

23-May-17 7.2 2.6 0.4 

8-Jan-17 8.5 3.0 0.4 

8-Jul-17 2.3 0.8 0.3 

14-Feb-17 4.2 1.4 0.3 

10-Feb-17 9.0 3.0 0.3 

6-Sep-16 32.5 10.8 0.3 

1-Dec-16 1.8 0.6 0.3 

20-Apr-17 6.3 2.0 0.3 
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22-Feb-17 4.5 1.4 0.3 

31-Dec-16 2.0 0.6 0.3 

30-Apr-17 8.0 2.4 0.3 

29-Aug-17 6.2 1.8 0.3 

5-Nov-16 4.8 1.4 0.3 

13-Jan-17 2.2 0.6 0.3 

14-Apr-17 14.5 4.0 0.3 

6-Apr-17 42.3 11.2 0.3 

24-Jun-17 62.2 15.2 0.2 

5-Apr-17 6.0 1.4 0.2 

23-Apr-17 3.7 0.8 0.2 

2-Aug-17 3.7 0.8 0.2 

18-Sep-16 3.8 0.8 0.2 

8-Dec-16 8.7 1.8 0.2 

7-Jan-17 6.8 1.4 0.2 

11-Mar-17 3.0 0.6 0.2 

17-Jul-17 5.3 1 0.2 

12-May-17 6.7 1.2 0.2 

11-Dec-16 11.7 2.0 0.2 

3-Nov-16 7.2 1.2 0.2 

24-Apr-17 13.0 2.0 0.2 

26-Jan-17 4.0 0.6 0.2 

31-May-17 7.0 1.0 0.1 

25-Sep-16 4.3 0.6 0.1 

12-Nov-16 4.8 0.6 0.1 

9-Oct-16 8.0 1.0 0.1 

22-Mar-17 5.2 0.6 0.1 

21-Oct-16 12.0 1.2 0.1 

8-Feb-17 53.2 4.6 0.1 

1-Jan-17 7.2 0.6 0.1 

9-Jan-17 16.8 1.2 0.1 

10-Dec-16 19.2 1.2 0.1 

30-Aug-17 31.2 1.8 0.1 
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Appendix D: Data of Rain Free Periods  
 

This appendix contains data describing the duration and dates of each period without 

rainfall during the study period. 

 

Table D.1 Data table of multiple days without precipitation. 
Duration Start date End date 

2 1/09/16 2/09/16 

2 18/10/16 19/10/16 

2 23/10/16 24/10/16 

2 14/12/16 15/12/16 

2 17/12/16 18/12/16 

2 24/02/17 25/02/17 

2 28/02/17 1/03/17 

2 29/03/17 30/03/17 

2 3/04/17 4/04/17 

2 27/04/17 28/04/17 

2 15/05/17 16/05/17 

2 17/06/17 18/06/17 

2 29/07/17 30/07/17 

3 10/09/16 12/09/16 

3 20/12/16 22/12/16 

3 4/02/17 6/02/17 

3 8/05/17 10/05/17 

4 27/09/16 30/09/16 

4 20/11/16 23/11/16 

5 25/12/16 29/12/16 

5 16/02/17 20/02/17 

5 22/08/17 26/08/17 

6 4/08/17 9/08/17 
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Appendix E: Data Table of Snow events 
 

This appendix contains data describing the snow events during the study period, defined 

by air temperature and albedo. 

 
Table E.1. Snow events, as defined by air temperature and albedo. 

Date Air Temp. Albedo 
19/05/17 1.52 0.61 
20/05/17 -1.59 0.99 
21/05/17 1.81 0.69 
22/05/17 4.55 0.5 
13/06/17 1.62 0.59 
14/06/17 1.89 0.6 
4/07/17 -0.34 0.96 
5/07/17 3.17 0.51 
6/07/17 3.19 0.4 
7/07/17 3.1 0.48 
8/07/17 6.84 0.63 
11/07/17 0.27 0.42 
12/07/17 -1.48 0.83 
13/07/17 1.26 0.71 
14/07/17 3.06 0.44 
15/07/17 4.06 0.41 
16/07/17 8.37 0.46 
22/07/17 0.89 0.74 
23/07/17 3.94 0.62 
24/07/17 6.69 0.49 
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Appendix F: Additional comparison of VWC 

between probe types 
 

As an expansion to Results Section 4.9, the remainder of graphs representing 

comparison between probe types with depth are presented here, with responses from 

both SMCP1 and SMCP2 included as indicated. These responses are well matched to 

the ones presented in Section 4.9 and have been presented here to fully elucidate the 

response variation with depth and across probe type.  

 

 
Figure F.1. SMCP1 at 15 cm depth and 20 cm TDR over 12 month study at 10 minute 
resolution. 
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Figure F.2. SMCP1 at 25 cm depth and 30 cm TDR over 12 month study at 10 minute 
resolution. 
 

 

 
Figure F.3. SMCP1 at 35 cm depth and 30 cm TDR over 12 month study at 10 minute 
resolution. 
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Figure F.4. SMCP1 at 45 cm depth and 42 cm TDR over 12 month study at 10 minute 
resolution. 
 
 

 
Figure F.5. SMCP1 at 55 cm depth and 60 cm TDR over 12 month study at 10 minute 
resolution. 
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Figure F.6. SMCP1 at 65 cm and 75 cm depth alongside 70 cm TDR over 12 month 
study at 10 minute resolution. 
 

 

 

 
Figure F.7. SMCP2 at 15 cm depth and 20 cm TDR over 12 month study at 10 minute 
resolution. 
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Figure F.8. SMCP2 at 25 cm depth and 30 cm TDR over 12 month study at 10 minute 
resolution. 
 

 

 
Figure F.9. SMCP2 at 35 cm depth and 30 cm TDR over 12 month study at 10 minute 
resolution. 
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Figure F.10. SMCP2 at 45 cm depth and 42 cm TDR over 12 month study at 10 minute 
resolution. 
 
 
 
 

 
Figure F.11. SMCP2 at 55 cm depth and 60 cm TDR probe over 12 month study at 10 
minute resolution. 
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Appendix G: Additional comparison of 

VWC between SMCP1 and SMCP2 
 

As an expansion to Results Section 4.6, the remainder of graphs representing 

comparison between the two capacitance probes at each instrument depth are presented 

here to fully elucidate the response variation with depth and across probe type.  

 

 
Figure G.1. 15 cm depth SMCP1 and SMCP2 over 12 month study period at 10 minute 
resolution.  
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Figure G.2. 25 cm depth SMCP1 and SMCP2 over 12 month study period at 10 minute 
resolution.  
 

 
Figure G.3. 45 cm depth SMCP1 and SMCP2 over 12 month study period at 10 minute 
resolution.  
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Figure G.4. 65 cm depth SMCP1 and SMCP2 over 12 month study period at 10 minute 
resolution.  
 

 

 
Figure G.5. 75 cm depth SMCP1 and SMCP2 over 12 month study period at 10 minute 
resolution.  
 

 


