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Abstract 

Humans are dependent on agricultural production for their food, feed and fibers. Pointed out as an 

important reason for the stagnating productivity growth of agricultural production is soil degradation. 

Soil degradation is a worldwide problem either in the form of chemical, physical, biological or 

ecosystem degradation. One example of soil degradation is an imbalanced water management, 

characterized by water lost from the rootzone either as runoff, by evaporation or by deep drainage. 

Soil and water conservation techniques try to prevent or minimize these processes from happening. In 

general, these techniques comprise of structural alterations of the land, for instance with bed and 

furrow systems, management adaptations, like minimized tillage, or inclusion of vegetation, like cover 

crops. Despite the progress made by applying these techniques, there is demand for a more holistic 

approach in improving the water balance of agricultural fields, bearing in mind the changing climate, 

with more extreme weather conditions, the decline in agrobiodiversity and the need for nutritional 

diversity. Agroecology and permaculture can be sources for these more holistic approaches. An 

example from the field of permaculture is, for instance, the concept of swales: ditches and hills 

implemented along the contours with vegetation present on the hills for stabilization and to increase 

soil organic carbon content. This system could not only improve the soil’s water balance, but also 

generate marketable harvest and increase agrobiodiversity. In this study, however, the scope was to 

evaluate the effects of swales on the soil characteristics and water balance of an agricultural field. This 

was done by performing various field and lab experiments and using the fully-coupled three-

dimensional model HydroGeoSphere. HydroGeoSphere output of soil moisture content was calibrated 

with soil moisture contents measured in the field by means of continuous time-domain reflectometry 

sensors. Soil characteristics showed a clear influence of the swales, with different texture, lower 

penetration resistance, lower soil moisture content and higher organic matter content on the hill 

structure. This heterogeneity complicated the modeling process, and despite the fact that a good fit 

was found before and after the hill between simulated and observed moisture content values, 

HydroGeoSphere was not able to accurately model the swales. Hence, further comparisons of the 

water balance between fields with and without the swale structures could not be performed.  
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 Introduction 

For our nutrition and other resources, like building materials and bio-fuels, we are dependent on 

agricultural production. At the present time, agriculture worldwide is facing numerous challenges of 

which many are related to soil. Soil is key to healthy crops and, through crops, to healthy livestock. 

One of the major problems of agricultural soil is degradation (Lal, 2015). Soil degradation results in a 

decline in soil quality, with the latter referring to the capacity of the soil to perform its functions 

optimally (Bindraban et al., 2012). The major form of soil degradation in Europe is soil erosion 

because of surface runoff resulting from an imbalanced soil water management. This process is 

common in areas with a hilly topography, loamy soil texture, and where agriculture is intensified in 

the last decades. Erosion due to surface runoff takes away the valuable topsoil and causes muddy 

floods that damage roads and villages downslope (Verspecht et al., 2011). 

Soil and water conservation practices try to prevent soil degradation. Several conservation methods 

have in common the usage of structures or vegetation to reduce water flow velocity and increase 

infiltration rate of the soil. Many methods like vegetation strips, reduced or no tillage, contour ridges 

and furrow, and mulching with plant residue showed promising outcome (Findeling et al., 2003; Jin et 

al., 2008; Schwartz et al., 2010; Araya et al., 2015; Fan et al., 2016). Soil and water conservation 

programs were primarily focusing on reducing soil loss, i.e. soil conservation, from fields by runoff 

control. In recent years, the focus is rather on conserving water by promoting water infiltration while 

implementing such practices in climate-smart agriculture (Kassam et al., 2014). 

There are also other solutions based on indigenous agricultural knowledge or the more recent field of 

permaculture and agroecology, which got less attention in the scientific world (Hathaway, 2015; 

Pandey et al., 2003). One of these methods existing in indigenous agriculture as well as permaculture 

is the concept of contour structures or swales. These are a series of ditches and hills built along the 

contour lines to slow the runoff water down, therefore enhance infiltration and reduce surface erosion. 

These hills are planted with trees and herbaceous plants and covered with mulch to increase 

infiltration. Studying such approaches is interesting, since they do not only show the potential to 

reduce runoff, but could also be economically beneficial because the hills can be planted with trees 

and plants with a marketable harvest. Furthermore, the plants could contribute to increase biodiversity 

on farmland, which is recognized by Wood et al., (2015) as an important factor in maintaining 

ecosystem services. The technique might also mitigate the effects of more extreme weather patterns, 

such as droughts and precipitation peaks, which are related to climate change and are also predicted 

for the Belgium climate (Baguis et al., 2010).  
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The aim of this study is to evaluate the effects of swales on the water balance of a sloping farmland in 

the loess belt of Flanders. We will evaluate the structures’ potential to increase infiltration of water, 

minimize excess runoff water and therefore conserve soil and water on the farmland. The effect of 

swales will be quantified by using the three-dimensional model HydroGeoSphere. This is a fully-

coupled subsurface-surface flow hydrological model used for a wide range of applications, at the scale 

of a single soil column to large-scale basins, and with short and long time frames (Sudicky et al., 

2008). Modeling has gained a lot of attention over the last decades because it is an interesting way of 

visualizing data and it is a financially more feasible alternative to quantify soil hydrological processes 

than using solely experimental plots (Panagos et al., 2015). The objective of this study is to apply a 

fully coupled surface-subsurface model to evaluate the effects of swales on a sloping agricultural field 

in comparison with a swale-free terrain under current climate conditions. 

In the next chapter a literature review will provide the necessary context for this study. In chapter 3, 

thereafter, the objectives of the study will be addressed more elaborately and in chapter 4 the study 

methods will be presented. Chapter 5 will include the results, chapter 6 the discussion, concluding by 

chapter 7.  
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 Literature review 

 

2.1 Soil degradation 

Soil degradation is a term used to address the loss of the soil’s potential to serve human needs. The 

human needs are in the form of food, feed, fibers and bio-fuels. Next to these needs, soil also provides 

ecosystem services: storage of carbon, storage of water, support of biodiversity and so on, which all 

affect humans directly or indirectly. Degradation of soil can be in the form of physical, chemical, 

biological and ecological degradation. Physical degradation is related to soil structure. Examples are 

compaction, erosion and desertification. Chemical degradation presents itself in acidification, 

salinization, reduced cation-exchange capacity and pollution. Biological degradation is related to the 

soil carbon pool. Ecosystem degradation is a combination of all three forms resulting in, amongst 

others, disrupted nutrient and water cycling and a net loss of nitrogen and carbon (Lal, 2015). 

Soil degradation is pointed out as one of the main reasons for stagnating productivity growth and the 

human-induced role in the soil degradation process is undeniable. The major factors causing soil 

degradation are deforestation, overgrazing, urbanization and agricultural intensification. The intention 

of agricultural intensification is an increase in crop production, but up until now it has had devastating 

side effects on land and water resources (Bindraban et al., 2012; FAO, 2011). Another factor in soil 

degradation is climate change, which is indirectly human related (Smith et al., 2016). Zhang and Cai 

(2011) addressed this factor as well and through modeling predicted that the estimated climate change 

will decrease the arable land in Europe between 11 and 17 percent at the end of the 21st century. 

If no swift changes in human attitude and actions take place, soil degradation will further reduce land 

availability viable for agricultural production in the coming future, in contrast to the desirable increase 

in available land with the growing human population (Lal, 2015). Fortunately, many degradation 

processes can be prevented or reversed. Recently there is increasing interest in the scientific world for 

soil and water conservation techniques. Pandey et al. (2003) pointed out that traditional methods for 

conserving soil and water do exist, and underlined the need for scientific research to improve them and 

implement them on larger scale. Traditional, but also recent soil and water conservation techniques 

should be further studied to change non-optimal agriculture land to more optimal agriculture land or to 

preserve land that is still arable.  

In this study, an agricultural field located in the loess belt of Flanders, Belgium, is chosen as an 

experimental site. The combination of soil texture, hilly topography and increased intensity of 

agricultural practices in this region make it susceptible to surface runoff and subsequent erosion 

(Verspecht et al., 2011). However, this study focuses rather on the water balance than on sediment 
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loads, since this is the underlying mechanism of the soil water erosion process. The rest of this 

literature review will therefore deal with the components of the water balance and possible 

improvement strategies of optimizing this water balance.   

2.2 Water balance components 

All the major processes concerning water flowing on and through the pedosphere are described in the 

water balance equation, which has the general form: 

∆𝑆 = 𝑃 − 𝐸 − 𝑇 − 𝑅 − 𝐷𝑝                                                          (2.1) 

The first term, ΔS, is the change in the soil water storage in the root zone. The ability of a soil to hold 

water is described in the water retention curves, which is dependent on several soil characteristics. It is 

the relationship between soil water content and its potential. The shape of the curve is primarily 

influenced by soil texture, soil structure, clay mineralogy and organic matter content (Tuller and Or, 

2004). From the soil water retention curve several important parameters can be obtained, like available 

water for plants, air capacity and also pore size distribution. The soil water retention curve is essential 

to model soil water movement in unsaturated soils. 

The second term, P, is the precipitation. Rainfed agriculture is the dominant form of agricultural 

production worldwide, so there is a high dependency on precipitation (FAO, 2011). The climate 

determines the average amount and intensity of precipitation, but on a smaller scale microclimates also 

play a role. These microclimates occur because of relief, soil characteristics and vegetation cover. 

Elevations can for instance provoke rain to fall. Therefore not only the climate but also the 

microclimate should be taken into account when looking at precipitation patterns (De Frenne et al., 

2013).  

The third and fourth terms, E and T, are the evapotranspiration terms. Evapotranspiration is the 

movement of water into the atmosphere through plants by transpiration (T) and through the soil by 

evaporation (E). It is a complex hydrological component to quantify. Plant species, microclimate, 

canopy cover and water availability influence transpiration of plants. Evaporation from the soil is 

influenced by soil water content, physical and chemical parameters of the soil, tillage method and soil 

cover by mulch or crop residue (Nouri et al., 2013). Actual evapotranspiration values are mostly 

obtained from the potential evapotranspiration. This is the evapotranspiration under optimal water 

availability for a reference crop. The Penman-Monteith equation is selected by the Food and 

Agricultural Organization (FAO) as the ‘sole’ equation for potential evapotranspiration, but it requires 

multiple climatic and vegetation parameters and alternatives with less input exist (Cai et al.  ̧2007).  
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The fifth term, R, is the surface runoff term. When water cannot percolate into the soil through 

infiltration, water starts running over the soil surface. This takes place when rainfall intensity exceeds 

the infiltration capacity of the soil, and the subsequent surface flow is called Hortonian flow (Horton, 

1933) or when the soil is completely saturated resulting in Dunnian flow (Dunne, 1978). When the 

antecedent water content of the soil is high, Dunnian flow starts sooner. Moreover, when precipitation 

is frequent, intense and persistent over a long period, Hortonian flow will commence. Hortonian flow 

can also occur with little precipitation when the water infiltration rate is low. This can be due to lower 

hydraulic conductivity of the surface because of surface crusts or surface seals. Similarly, Dunnian 

flow can take place when rainfall is low and soil profiles are not fully saturated. Compacted layers like 

plough soles can hamper deep drainage resulting in perched water tables and thus saturation of the 

topsoil only (Verbist et al., 2007).  

Surface runoff can cause erosion, but the severity is dependent on several factors: steepness and length 

of the slope, soil texture, aggregate stability, organic matter content and management practices. Bare, 

tilled soils on steep slopes of loamy, silty texture with low clay and organic matter content are prone to 

erosion by surface runoff. The subsequent erosion shows negative on-site as well as off-site effects. 

The on-site effect is the loss of valuable topsoil, opposite to the off-site effects of muddy floods on 

roads and in villages downstream or sedimentation in water bodies (Verspecht et al., 2011).  

The last term, Dp, is the deep percolation of water beyond the root zone; water will then feed the lower 

layers, groundwater storage or aquifers. This drained water can also be moving upwards by capillary 

rise and become available again to plants. In this case the drainage term is called the groundwater 

contribution term (Gc). Deep percolation becomes relevant when precipitation values are higher than 

the soil water deficit and groundwater contribution becomes more important with shallow groundwater 

table depths (Liu et al., 2006). Both of these terms are not easily quantified.  

The presence and importance of all these processes (figure 2.1) is determined by available water and 

by infiltration rate of the soil an, its permeability. Permeability, or hydraulic conductivity, is a highly 

variable parameter because, apart from soil texture, structure, antecedent moisture content, the amount 

of roots, macro- and biopores play a role in determining this value. Moreover, the permeability usually 

differs for different flow directions and depths. The measuring method also has an influence: 

measurements in-situ and in the lab tend to differ, because of the difference in sample size and in pre-

saturating method (Rezaei et al., 2016). This should be taken into account when determining 

permeability and using permeability in modeling.  
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Figure 2.1. Schematic overview of water partitioning in the semi-arid tropics of Sub-Saharan Africa (Molden, 2007) 

based on literature collected by Rockström (1999).  

 

2.3 From soil and water conservation to climate smart agriculture 

With rainfed agriculture being dependent on the water storage, and surface runoff and erosion being 

recognized as major reasons for soil degradation, it is clear that water and soil should be conserved on 

agricultural fields. The concept of Conservation Agriculture (CA) holds several techniques to reach 

this goal. These techniques intend to improve the water balance, improve soil properties, increase crop 

yield and reduce soil loss. All of the techniques rest on one or more of three major principles: (1) 

minimizing or avoiding tillage practices, (2) maintaining a soil cover with living or dead plant residue 

and (3) rotating crops and growing various plant species within the cropping system (Kassam et al., 

2014).  

Studies on conservation tillage have suggested reduced or no-tillage to be a powerful way to reduce 

runoff and increase the soil water content. Schwartz et al. (2010) studied the effects of conservation 

tillage on clay loam soils in Texas, USA, and found that no-tillage compared to tillage with a shallow 

plow increased net soil water storage in the top layer of the soil (30 cm) by an average of 12 

millimeter when analyzing the soil water balance. Studies on using plant cover to conserve soil and 

water on farmland has resulted in less unambiguous results. Using plant residue as mulch was tested 

with field plots and modeled by Findeling et al. (2003). Their findings were that mulch increased 

infiltration rate and slowed down overland flow, therefore surface runoff and erosion were reduced. 

Using cover crops could show several beneficial effects, on top of their effectiveness in runoff control, 

in that they provide economic benefits, increase organic matter content and induce nitrogen fixation 

(Hartwig and Ammon, 2002). Nevertheless, the effects of cover crops on soil water content have 
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found not to be straightforward; with in some soil layers increase, decrease or no change in soil water 

content for different cover crops compared to no cover crops (Murungu et al., 2011; Ward et al., 

2012). When intercropping plant species Fan et al. (2016) found that when combining maize and 

potato the soil water content was significantly higher at each observation time than planting only 

potato or only maize.  

Other studies have compared conservation tillage and soil cover techniques and furthermore, looked at 

combinations of both. In Ethiopia, Araya et al. (2015) compared the effects of the following three 

tillage treatments on water conservation: (1) permanent raised beds without tillage and with crop 

residue, (2) plowing once a year, leaving crop residue and digging furrows and (3) conventional tillage 

where plowing was done minimum three times a year and crop residues were removed. They found 

that water storage was highest for the first treatment, followed by treatment 2 and then 3, despite the 

fact that for treatment 1 deep drainage and evapotranspiration were also the highest. Jin et al. (2008) 

conducted a comparative study on the Chinese Loess Plateau, where they compared no tillage with 

mulch, reduced tillage, sub-soiling with mulch, sub-soiling without mulch, two crops per year and 

conventional tillage practices by making use of rainfall simulators. They found that no tillage with 

mulch was the most effective technique to reduce runoff and soil loss. The technique of sub-soiling 

with mulch also reduced soil loss by more than 85 percent compared to conventional tillage. 

Moreover, this effect of reduced soil loss with sub-soiling and mulch increased over the years.  

Though advances were made in studying and applying conserving soil and water practices, a more 

advanced approach was proposed by FAO and the World Bank as a new paradigm to create a more 

resilient agricultural system, with lower risks to food security, and it is called Climate Smart 

Agriculture (CSA). It builds on three basic concepts: 1) increasing agricultural productivity in a 

sustainable way, 2) mitigating climate change effects on local and regional level and 3) reducing 

greenhouse gas (GHG) emissions from agriculture and inducing carbon sequestration (Lipper et al., 

2014). This new paradigm asks for more complex farming systems where multiple functions are 

incorporated.  

There has also been critique on the principles and concepts of Climate Smart Agriculture, that it is less 

of a paradigm shift than it promotes to be and that it is more a continuation of a top-down structure, 

where the power is in the hands of large institutions, instead of a farmer-driven solutions. Also the 

given solutions are more technology than nature oriented, which does not leave much space for 

holistic approaches (Taylor, 2017). Therefore it should even go beyond climate-smart, acknowledging 

the losses in agrobiodiversity and nutritional diversity and the current social and economic status of 

farmers (Kahane et al., 2013). This brings us to the field of permaculture and agroecology, mentioned 

together because they share many principles.  
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Permaculture is a worldwide movement and design technique. It can be defined as an agricultural 

productive ecosystem that mimics the diversity, stability and resilience of a natural ecosystem and 

integrates landscape and people in a way that the people can sustainably obtain their food, energy, 

shelter, and other material and non-material needs (Ferguson and Lovell, 2014). It is clear that it 

encompasses more than agriculture, but for this study the boundaries are set to the agricultural ideas in 

permaculture. The high public profile permaculture has as a worldwide movement, but it is hardly 

adopted by the scientific world. Hathaway (2015) states that permaculture has suffered from little 

interest in the scientific world. One probable reason is that often permaculturists oversimplify the 

claims made and do not give much attention to possible risks and downsides. But it works also the 

other way around; within the permaculture movement skepticism exists towards the scientific 

perspective (Ferguson and Lovell, 2014).  

This brings us to agroecology: a scientific term, which concept strongly overlaps with ideas in 

permaculture. It is presented in Francis et al. (2003) as the ecology of food systems. Comprising the 

ecological, economic and social aspects of it. More practically it is applying the concept of ecology on 

the design and management of sustainable agricultural systems. The present study can be considered 

to be part of agroecological research, even though the used methodology is oriented on one specific 

aspect of the system only: the soil water balance. Scientific research on agroecological practices could 

give a more realistic view on possible implementation scenarios and might be able to further improve 

the engineering of some practices. This work thus contributes to one aspect of the system, where 

further research can provide for information on the other elements, like effects on socio-economics 

and agrobiodiversity.  

2.4 Swales 

CA methods gained scientific attention and are slowly recognized by policy makers. Nevertheless, 

there are other promising methods used as soil and water conservation techniques, which did not gain 

a great deal of attention in the academic world yet, swales are one of them. In essence, it is a series of 

ditches and hills implemented along the contours with a certain height and distance in between. Mulch 

is added to the top soil and diverse vegetation is planted on the hills to further enhance water 

infiltration and to stabilize the hills. The concept is widespread; it can be found in indigenous 

agricultural practices and it is well known in the more recent movement of permaculture. One example 

of these indigenous contour structures are the earth bunds originating from Kenya. They are becoming 

now widespread in other parts of Africa. In Kiswahili it is called Fanya juu, when the ditches are 

downhill of the hills, and Fanya chini, when the hills are downhill of the ditches. Fanya chini is less 

labor intensive when constructing, but Fanya juu can evolve into bench terraces over time quicker 

(Danano, 2008) (figure 2.2).  
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Figure 2.2. Earth bunds in Ethiopia. The fanya juu system is illustrated with trees grown within the ditches (Danano, 

2008). 

Bill Mollison and Geoff Lawton, who were inspired by the work of the Australian farmer and 

engineer, P.A. Yeomans, introduced the concept of contour structures within permaculture. P.A. 

Yeomans is the founder of the Keyline design, of which he published his first book in 1954. The 

Keyline design is a holistic approach to design a farm landscape, guiding the water to natural water 

reservoirs and converting subsoil into living topsoil (Yeomans, 2008). Bill Mollison and Geoff 

Lawton, also Australians, gave the concept the name ‘swales’, structures similar to the earth bunds in 

Ethiopia and elsewhere, but with more focus on the vegetative part (figure 2.3).  

 

Figure 2.3. Drawing of swale structure by Bill Mollison (Mollison, 1991). 
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 Farmers and garden owners built these swales driven by their intention to decrease surface runoff and 

erosion, increase organic matter, increase water storage, increase biodiversity, diversification of yield. 

A note should be made here that the structures need to be engineered properly, because soil structures 

on slopes could also be susceptible to form landslides. In the permaculture community there are plenty 

of examples of people building swales, on a small as well as a large scale. So far there has been no 

scientific research mentioning swales on farmland.  

The swales studied in this master dissertation were introduced on farmland in 2014, on the initiative of 

the farmer owing the land. There were three main reasons for the farmer to implement the swales. The 

first is to improve the soil’s water balance with increased amount of water in the topsoil leading to 

higher biomass production of vegetation. The second is to increase the agrobiodiversity. The area is 

known for being a habitat for some endangered species. Natura2000, the European network of 

protected nature reserves, recognized its valuable ecological functions, because over a small area ten 

different habitat types exist and ten endangered species in Europe can be found (Natura2000, 2011). 

The farmers’ ambition is to create a biodiversity corridor by extending the swales horizontally over the 

hills in the region. The third reason is to reduce the loss of the fertile loamy topsoil, which is 

frequently occurring in the region. In June 2016, the month before the installation of our field 

measuring station, extreme rainfall events took place in the region. Baguis et al. (2010) pointed out 

that these situations of extreme rainfall might occur with a higher frequency because of our changing 

climate.  

2.5 Subsurface-surface modeling 

With the resources of water and soil becoming scarcer, there is increased attention to modeling the 

complex system of soil water subsurface-surface flow. Modeling water flow is very valuable as it 

reduces costs of extensive fieldwork and it can give different insights because you can visualize the 

entire soil-water system. It is also becoming less time consuming with continuously increasing 

computing capabilities. Nevertheless, it should be recognized that with modeling you can only 

approach the natural situation and field data remain required to calibrate the used model.  

2.5.1. Evolution of subsurface-surface modeling 

Until recently, models used to describe the subsurface-surface flow were coupled iteratively or 

externally (e.g., Boers, 1994). These are called hybrid models. With this method an artificial boundary 

exists between the subsurface and the surface, which is not a true imitation of reality and has negative 

effects on aesthetics in visualization. Brown (1995) was the first to present the idea of a fully-coupled 

subsurface-surface model in his doctoral dissertation by introducing the Darcy’s law coupled to the 
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continuity equation. MODHMS, ParFlow and GSFLOW are examples of the first-generation models 

to use this numerical solution technique (Rassam and Werner, 2008).  

The model that will be used in this study is HydroGeoSphere (HGS). It is a second-generation fully-

integrated or fully-coupled hydrological model. It couples the three-dimensional subsurface equation, 

or Richards equation, with the two-dimensional surface equation, or Saint-Venant equation, through 

the interface flux equation, or Darcy equation (Sudicky et al., 2008). This feature makes rivers flow 

naturally and eliminates the issue of unnatural boundary conditions. Another positive feature of HGS 

is the flexibility of the input files, regarding order and complexity. It leaves room for the user to 

experiment, with full control over the input. Shortcomings mentioned are the delay of the update of the 

user manual, some features no longer exist and are still reported in the manual or vice versa (Brunner 

and Simmons, 2012). HGS has already been used for various hydrological problems on field (e.g. 

Verbist et al., 2012; Opolot et al., 2016) and catchment scale (e.g. Sciuto and Diekkrüger, 2010; 

Cornelissen et al., 2013), for long or short time frames and for simple and complex situations. 

Nevertheless, the main focus is on complete watershed analysis.  

2.5.2. Calibration of the HydroGeoSphere model using time-domain reflectometry sensors 

Calibration of the used model is a crucial part in the modeling process. Measuring the soil moisture 

content gravimetrically on grab samples at different depths at different times is possible, but laborious 

and gives a limited value density. The Time-Domain Reflectometry (TDR) method is a welcome 

alternative. The sensors measure the dielectric constant of the bulk soil material, which is highly 

dependent on the amount of water present in it. TDR sensors can be connected to a datalogger, thus 

enabling simultaneously measuring at different locations at a desired frequency (Robinson et al., 

2003). There are multiple equations that relate the permittivity to the water content. The most 

commonly used is the empirical third-order polynomial equation by Topp et al. (1980). This equation 

is most suitable for loam and sandy textured soils (Robinson et al., 2003). An alternative is to calibrate 

the TDR sensors in the laboratory in the soil under study. This option is chosen for this study and 

further explained in the methodology chapter, section 4.5.1.6.  

2.5.3. Application of HydroGeoSphere in soil and water conservation techniques 

Verbist et al. (2012) performed a modeling study on a Rainwater Harvesting (RWH) technique, 

consisting of trenches along the contours, in the arid zone of Chile. They found that after calibrating 

the model with data from the field, the model was able to accurately predict soil moisture content and 

surface runoff. When comparing fields with and without the trenches they found that the fields with 

the trenches had a reduced runoff of 46 percent. Moreover, they observed an increase in soil moisture 
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content in and around the trenches. Nevertheless, the simulated water balance differed little from the 

fields with and without the trenches, mostly because rainfall throughout the year was not sufficient to 

observe an effect.  

Opolot et al. (2016) used the HGS model to compare the three different tillage practices from Araya et 

al. (2015) (paragraph 2.3). They also found that the model was able to accurately predict soil moisture 

content and surface runoff.  Furthermore, the Soil and Water Conservation (SWC) tillage treatments 

compared to conventional tillage resulted in lower surface runoff values. For the soil water balance 

they did find higher values for evapotranspiration, but also for deep drainage, for the SWC tillage 

compared to conventional tillage. Again, these results were more pronounced in wet years than in dry 

years. Opolot et al. (2016) suggests that increasing the organic matter content or introducing trees to 

the system could reduce this deep drainage effect. This study will be the first using the HGS model on 

agroecological practices in the temperate climate. 
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 Objectives 

The general objective of this study is to evaluate the water balance of a sloping agricultural field in 

West-Flanders where swale structures are implemented. To reach this objective two specific 

objectives can be mentioned: 

• to evaluate the influence of swales on physical and hydrological soil characteristics and on the 

water balance in the field under study 

 

• to calibrate and validate the HydroGeoSphere model by means of continuous soil moisture 

data measured by time-domain reflectometry sensors to evaluate the potential of 

HydroGeoSphere to mimic field conditions and to quantify the effects of the swales on the 

water balance 
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 Methodology 

 

4.1 Site description 

4.1.1. Site location 

This study took place on an agricultural field in Heuvelland, West Flanders, Belgium (N 50° 47’ 

26.196’’, E 2° 44’ 49.182’’). The field in case has an average slope of 3°.  

4.1.2. Soil and land use  

The dominant part of the study field is classified as a Haplic Luvisol (Loamic) soil, following the 

World Reference Base (WRB) soil classification guidelines. A smaller part, southern strip, of the field 

is classified as a Eutric Gleyic Retisol (Loamic) soil (WRB I., 2006). The West-Flanders region is 

mainly occupied by agriculture, of which around 74% is crop land and 27% is grazed or mowed 

grassland. Agricultural production has intensified here in the last decades with the creation of larger 

fields, increase in mechanical tillage and alteration of cropping patterns (Verspecht et al., 2011). This 

is not the case for the field of study: an agricultural plot where vegetation is dominated by high grasses 

and herbaceous plants, on which cattle graze.  

4.1.3. Climate and rainfall 

The climate in this region is a temperate climate, marked by rainfall throughout the year, mild winters 

and cool summers. Between 1981-2010 the measured average rainfall is 833.1 mm per year, the 

average amount of days per year with a minimum of 1 mm per day is 134.9 and the average amount of 

days per year with a minimum of 10 mm per day is 22.0. The average temperature is 10.4 °C and the 

average minimum and maximum temperature are 6.3 °C and 14.5 °C respectively (Koninklijk 

Meteorologisch Instituut (KMI), n.d.).  

4.2 Swale construction and design 

The field under study covers 6.5 ha. In the spring of 2014 five swales were constructed with the use of 

an excavator and an A-frame to mark the contours. The swales were implemented with a spacing of 

around 27 m in between each with 1 m height and 4 m width. The ditches are about 25 cm deep, when 

measuring in the summer of 2016. Since the construction with the excavator, no structural 

maintenance has been carried out. The hill of the middle swale is planted with apple, pear, plum and 

cherry trees every ten meter and a polyculture of artichokes, rhubarb, meadowsweet, chamomile and 

other herbaceous plants and mulched with a mixture of horse dung and straw. The other swales are 



26 

 

only planted with the fruit trees and are mulch free. It is an integrated crop-livestock system, because 

in between the swales the cattle graze with a rotation system. Figure 4.1 shows one of the swales 

during planting. 

 

Figure 4.1 A picture of the swale structure during the planting process in spring 2015. Source: 

http://www.wervel.be/thema-s/kolom-2/agroforestry-themas-92/1515-graaf-eens-een-greppel 

 

4.3 Experimental set-up 

The field station assembled for this study consisted of time-domain reflectometry (TDR) sensors and a 

small onsite meteorological station with a pluviometer, thermometer and relative humidity sensor 

(Eijkelkamp Soil & Water, Giesbeek, The Netherlands) (figure 4.2). Also a Diver® (Eijkelkamp Soil 

& Water, Giesbeek, The Netherlands) was installed to measure the water table depth. Power was 

supplied to the station by a solar panel and a set of backup batteries. Data was logged with the use of a 

datalogger (CR1000). Through telecommunication TDR measurements were send daily by email and, 

for safety reasons, also saved on a memory card. All TDR hardware, except for the probes which were 

made in house, are from Campbell Scientific, Loughborough, Logan, USA.  

http://www.wervel.be/thema-s/kolom-2/agroforestry-themas-92/1515-graaf-eens-een-greppel
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Figure 4.3. Schematic drawing of the TDR locations and depths of the transect through the swale. 

 

Figure 4.2. a: aerial photograph of the field. The blue dot depicts the location of the field station. b: personal photograph 

from the field station. Source aerial photograph: http://www.geopunt.be/catalogus/datasetfolder/9 

b a 
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4.3.1. Field time-domain reflectometry sensors 

TDRs were installed horizontally 1 m upslope of the ditch, in the ditch, on the hill and 1 and 3 m after 

the hill. The chosen depths for the TDR sensors were 15, 45 and 70 cm from the soil surface, except in 

the ditch and on the hill, where depths were different (ditch: 15, 35 and 55 cm, hill: 50, 80 and 110 

cm). A schematic overview of the transect is given in figure 4.3. The principle of TDR sensors is built 

on the strong relationship between the measured permittivity of soil and its volumetric water content. 

The sensors are build-up of three, 20 cm, parallel rods, an epoxy housing within a PVC tube and a 

coaxial cable. Pulses were generated with a pulse generator (TDR100) and a multiplexer (SDMX50) 

was used to attribute the pulse to the corresponding sensor.  

4.3.2. Meteorological station 

The field meteorological station consisted of a tipping bucket system (ARG100) for rainfall and a 

sensor for both air temperature and relative humidity (HUMITTER® 50Y). All sensors are from 

Eijkelkamp Soil & Water (Giesbeek, The Netherlands). Measurements were done every five minutes 

and send together with the TDR data by email and saved on the memory card. 

4.3.3. Diver 

The installed diver was a CTD Diver® with MDC optical 1-eye cable, from which the data could be 

obtained through Bluetooth with the Diver-Gate (M). All hardware was assembled by Eijkelkamp Soil 

& Water (Giesbeek, The Netherlands). The location of the tube, wherein the diver was placed, was 3 

m upslope from the field station and the maximum measuring depth was 2 m below the soil surface.  

4.4 Experiment timeline 

On the 29th of June 2016 the TDRs were inserted in the soil, samples for the lab measurements were 

taken in Kopecky rings and plastic bags. A complete moisture profile was made up to 80 centimeter 

and penetrologger measurements were done. The experiment started on the 29th of July 2016, the 

moment of wiring the station, although, the diver was not installed until the 20th of October 2016. The 

last collected measurements were on the 27th of June 2017. 

4.5 Before the start of the experiment 

Several measurements have been carried out in the lab and in the field to characterize the soil and get 

insights on the influence of the swales and vegetation on these characteristics.  
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4.5.1. Compaction 

Before inserting the TDR sensors five profiles of degree of compaction were made with the use of a 

penetrologger. A digital penetrologger, model ML3 (Eijkelkamp Soil & Water, Giesbeek, The 

Netherlands) was used to investigate possible compacted layers in the subsoil. When pushing the 

conus of 1 cm2 and 60° angle in the soil, the soil exercises resistance [MPa] to its peneteration. This 

resistance was measured in 4 repetitions at each location. At the same locations complete moisture 

profiles were done up to 80 cm depth with an augur. Subsamples of 10 cm were taken and put in the 

oven at 105 °C for 24 hours to determine the gravimetric moisture content.  

4.5.2. Texture 

At each location and depth soil was taken in plastic bags for texture analysis. Texture was determined 

with the pipette method, which is based on the gravitational sedimentation of particles, following 

Stokes’ Law (Gee & Or, 2002). CaCO3 concentrations were determined with a back titration of an 

excess amount of H2SO4 and the percentage of organic matter (O.M.) was determined with the 

Walkley & Black (1934) method. The air dry moisture content was determined by oven-drying the soil 

for 24 hour at 105 °C. Textures and O.M. content of the different samples are given in tables 4.1, 4.2 

and 4.3.  

4.5.3. Bulk density and porosity 

Two undisturbed soil samples were taken at each depth and location of the TDR sensors, resulting in a 

total of thirty samples. The Kopecky rings used for the samples had a volume of 250 cm3 with a height 

of 5 cm and inner diameter of 8 cm. The Kopecky rings were inserted into the soil with the help of a 

hammering head and a shock-absorbing nylon hammer, and excavated with the help of a spatula. 

These samples were used to determine the saturated hydraulic conductivity, the water retention curve 

and the bulk density. HYPROP-FIT® software that was used to determine the hydraulic properties 

also calculates the bulk density [kg m-3] by dividing the mass of the dry soil by the volume of the soil 

core. When soil cores turned out to be under- or overfilled a correction was done by measuring the 

height of under- or overfilling with a caliper or filling the cores with paraffin if the underfilling was 

not homogeneous. The weight of the paraffin added was afterwards converted to a volume. This 

volume correction was filled in the HYPROP-FIT® software and bulk density was automatically 

adjusted. Final values can be found in tables 4.1, 4.2 and 4.3.  
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To correctly calculate porosity from bulk density the particle density was measured with  

pycnometers, i.e. Gay-Lussac glass flasks of known volume. This method applies Archimedes’ 

principle that states that the volume of a displaced fluid is equal to the volume of a submerged object. 

A detailed description of the method can be found back in Flint & Flint (2002). Because of the close 

proximity of the sampling locations a heterogenous mixture of the different locations and depth was 

made to determine the particle density, except for the samples from the hill structure. There, the 

samples from all three depths were individually measured, since the bulk density and O.M. content 

were dissimilar to the other locations. Particle density was on average 2654 kg m-3 for the 

heterogenous mixture, 2612 kg m-3 at 50 cm below the hill top, 2623 kg m-3 at 80 cm below the hill 

top and 2656 kg m-3 at 110 cm below the hill top. Final porosity values can be found in tables 4.1, 4.2 

and 4.3, and ranged from 0.41 to 0.43 m3 m-3 in the field and below the ditch, and from 0.41 to 0.53 

m3 m-3 within the hill.  

Table 4.1. Average soil characteristics for the locations upslope and downslope of the swale (n =3). O.M. is the 

percentage organic matter and B.D. is the bulk density. Texture is based on the USDA soil taxonomy (1991). 

Depth 

[cm] 

Clay  

[%] 

Silt  

[%] 

Sand  

[%] 

O.M.  

[%] 

B.D.  

[kg m-3] 

Texture Porosity 

[m3 m-3] 

15 12 71 17 2.6 1559 Silt loam 0.41 

45 15 73 12 0.2 1518 Silt loam 0.43 

70 14 75 11 0.2 1520 Silt loam 0.43 

 

Table 4.2. Soil characteristics for the location below the ditch. O.M. is the percentage organic matter and B.D. is the 

bulk density. Texture is based on the USDA soil taxonomy (1991). 

Depth 

[cm] 

Clay  

[%] 

Silt  

[%] 

Sand  

[%] 

O.M.  

[%] 

B.D.  

[kg m-3] 

Texture Porosity 

[m3 m-3] 

15 15 74 11 0.3 1554 Silt loam 0.41 

35 15 75 10 0.4 1515 Silt loam 0.43 

55 15 75 10 0.4 1527 Silt loam 0.42 

 

Table 4.3. Soil characteristics for the location within the hill. O.M. is the percentage organic matter and B.D. is the 

bulk density. Texture is based on the USDA soil taxonomy (1991). 

Depth 

[cm] 

Clay  

[%] 

Silt  

[%] 

Sand  

[%] 

O.M.  

[%] 

B.D.  

[kg m-3] 

Texture Porosity 

[m3 m-3] 

50 13 48 39 4.0 1201 Loam 0.53 

80 13 69 19 2.7 1539 Silt loam 0.41 

110 15 74 11 0.7 1463 Silt loam 0.45 
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4.5.4. Saturated hydraulic conductivity 

The saturated hydraulic conductivity (Ksat) was measured in the lab on the same thirty Kopecky ring 

samples taken from the field as used for the bulk density. Prior to the measurements all samples were 

saturated with tap water for twenty-four hours from the bottom of the sample to minimize the impact 

of the water pressure on the soil structure, which can result in air gaps and air explosions. The 

saturated hydraulic conductivity was determined with the use of KSAT® apparatus and KSAT 

VIEW® software from UMS (München, Germany). This method makes use of the Darcy equation 

which relates the water flux to the saturated hydraulic conductivity, considering water column height, 

sample height and sample area. The falling head method was used where the water column height is 

variable. Each day of measuring Ksat, an offset calibration was performed in order to set the correct 

zero point (Schindler et al., 2010). The measured values are given in table 4.4.  

Table 4.4. Saturated hydraulic conductivity values of the two replicates (a and b)  at the five different locations and 

three depths (see figure 4.3). All values are in m min-1. 

 1m upslope Ditch Hill 1m downslope 3m downslope 

 
1a 1b 2a 2b 3a 3b 4a 4b 5a 5b 

 

Depth 1  2·10-2 3·10-6 4·10-2 1·10-2 2·10-2 1·10-2 5·10-5 1·10-5 1·10-5 1·10-5 

Depth 2 3·10-2 1·10-2 4·10-3 1·10-2 7·10-4 1·10-3 6·10-4 3·10-3 4·10-3 2·10-2 

Depth 3 6·10-3 1·10-3 1·10-3 1·10-3 2·10-3 2·10-2 3·10-3 2·10-2 2·10-3 3·10-5 

 

4.5.5. Water retention curve  

The water retention curve (WRC) was determined with the use of HYPROP® setup (UMS, München, 

Germany). Its working principle is based on the modified evaporation method by Schindler et al. 

(2010). This evaporation method relates the volumetric water content changes with the water tension 

changes of an evaporating soil core. The HYPROP® device consist of two tensiometers inserted in the 

sample at two different heights. Prior to the trial both tensiometers were saturated with degassed water 

for about twenty-four hours using the HYPROP® Refill Unit. The same saturated soil cores used for 

the Ksat and the bulk density were connected to these units. The upper sides of the samples were left 

for evaporation to take place. The units were connected to a computer and the progress of the 

measurements could be followed in the HYPROP-VIEW® program. The soil water tensions [hPa] in 

both tensiometers were measured every ten minutes and the average matric potential and hydraulic 
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gradient were calculated. The weights of the soil cores were measured every morning and afternoon on 

a connected balance and moisture contents were calculated from the changes in weights.  

The measurement campaign was stopped after reaching the air entry point of the ceramic cups of the 

tensiometers, i.e. the point where air starts entering and the tension drops to zero. After disconnecting 

the soil cores the soil’s dry weights were determined by oven drying the soils for twenty-four hours at 

105°C. Data was analyzed with the use of the HYPROP-FIT® software that enables fitting the van 

Genuchten equation on the measured values and, by extrapolating, obtain the WRC from the water 

tension and water content data from saturation close to the permanent wilting point (figure 4.4). The 

van Genuchten equation is as follows: 

𝜃(𝛹) = 𝜃𝑟 + (𝜃𝑠 − 𝜃𝑟) [
1

1+(𝛼|𝛹|𝑛)
]

1−1/𝑛
   (4.1) 

where, Ψ is the suction pressure [L], θr is the residual and θs the saturated moisture content [L3 L-3] and 

α [L-1] and n [dimensionless] are the fitting parameters. Moreover, indicators on soil quality can be 

deduced from the WRC. Often used ones are the plant available water capacity (PAWC), air capacity 

(AC) and macroporosity (PMAC). PAWC is calculated by subtracting the moisture content at permanent 

wilting point (pF = 4.2) from the moisture content at field capacity (pF = 2) and it is defined by the 

soil’s ability to collect and store water for plant roots. AC is calculated by subtracting the moisture 

content at field capacity from the saturated moisture content. PMAC is calculated by subtracting the 

moisture content at pF = 1 from the moisture content at saturation (Reynolds et al., 2009).  

 

Figure 4.4. The average van Genuchten equation fit on the water retention measurements (n=30) of the soil at the 

study site. The blue area depicts the standard deviation of the values. Water content in m3 m-3 and pF as the negative 

logarithm of the head (h) in centimeter. 

 

b a 
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4.5.6. Lab calibration time-domain reflectometry sensors 

To convert the permittivity measured by the TDRs to the soil moisture content various equations are 

mentioned in literature. The most common one is the Topp equation, used for most commercial 

sensors and particularly for sandy soils (Topp, 1980). Because the sensors used for this study were 

made in house and it is always advised to perform a calibration, the following procedure was carried 

out on these TDR sensors. For the lab calibration a design modified to the one by Wind (1969) was 

used. The concept of this method is linking the soil water content with the permittivity during the 

drying out process through evaporation.  

Two cylinders filled up with a homogenous mixture of soil were saturated and a TDR sensor was 

inserted in each. The filling up of the cylinders was done in phases to eventually reach a desired bulk 

density. Each cylinder was placed on individual weighing scales and TDR measurements and weights 

were recorded every minute until the soil was dry. The cylinders used were 25 cm PVC tubes with a 

screw cap at the bottom. The PVC tubes were chosen because the plastic does not interfere with the 

TDR signal and the screw cap prevents the leakage during the trial. The curves obtained from all two 

calibrations were similar, and therefore, all points were pooled. The same two TDR sensors were also 

used to measure the permittivity in a column packed with air dry soil (water content of 0.03 m3 m-3) 

and correspondent values were added to the calibration dataset. The following third order polynomial 

equation was found when fitting to the calibration dataset (figure 4.5), where θ is the volumetric water 

content [m3 m-3] and ɛ is the relative dielectric permittivity [dimensionless]: 

𝜃 = −(8.16 ×10−2) + (3.90×10−2𝜀) − (1.62×10−3𝜀2) + (3.30×10−5𝜀3)  (4.2) 

 

Figure 4.5. Lab calibration of the TDR sensors. The line fitted through the points is a third order polynomial equation. 
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4.6 Throughout experiment 

4.6.1. Time-domain reflectometry sensors 

The permittivity data obtained from the TDR sensors were reduced of noise by taking the moving 

median of the 50 values before and after one specific data point. Comparison of data before and after 

taking the moving median can be seen in figure 4.6. 

 

 

Figure 4.6. Time-domain reflectometry sensors soil water content measurements before and after taking the moving 

median. Sample of location in the ditch at 15 centimeter depth is chosen here as an example. 

 

4.6.2. Field validation of time-domain reflectometry sensors 

In order to validate the TDR measurements the moisture content was measured gravimetrically on 

grab samples taken in the field at five times throughout the study. This was done by sampling next to 

the TDR’s locations at the depths of the TDR probes and then determining the moisture content by 

putting the samples in the oven at 105 °C for 24 hours. Using the bulk density values (tables 4.1, 4.2 

and 4.3) results in volumetric moisture contents [m3 m-3].  

4.6.3. Rainfall and temperature data  

The rainfall data from the field meteorological station was compared to the rainfall data from the most 

nearby meteorological station in Poperinge (8 km) (figure 4.7). The data from the field station was 

chosen to continue with, because of better representing the field conditions. Temperature data was 

only obtained from the field and is plotted together with the field rainfall data in figure 4.7.  
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Figure 4.7. Rainfall and temperature data from the field meteorological station and rainfall from the Poperinge 

meteorological station. 

 

4.6.4. Potential evapotranspiration data 

Since the basic field meteorological station did not provide data for all the parameters needed to 

calculate potential evapotranspiration with the Penman-Monteith equation an alternative, the 

Hargreaves-Samani equation, was used (Samani and Hargreaves, 1985). This equation is based on 

daily minimum and maximum temperature and extraterrestrial radiation. The latter was obtained from 

tables in literature that provides monthly values for specific latitudes (Allen et al., 1998). The 

calculated values of potential evapotranspiration were compared to the values obtained from the 

nearest complete meteorological station in Zarren (34 km) where the Penman-Monteith equation was 

used (figure 4.8). The potential evapotranspiration data from the station in Zarren was chosen to 

continue with, because in general the resemblance in tendency is clear, whereas the temporal variation 

in Zarren’s records is more realistic since the Penman-Monteith equation is used.  
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Figure 4.8. Potential evapotranspiration data in millimeter per day in blue: onsite measurements using the 

Hargreaves-Samani equation, in green: the meteorological station in Zarren (34 km), using the Penman-Monteith 

equation. 

 

4.6.5. Water balance calculations 

The monthly water balance was calculated from the water balance equation (equation 2.1) for the 

profile in the ditch. Not all parameters could be measured. Runoff was assumed to be zero because the 

hill structure retains the water. Actual evapotranspiration could not be determined because there is no 

crop-coefficient available for the mixed-crop system in place, monthly potential evapotranspiration 

was used instead. Deep drainage or capillary rise was estimated to be the difference in time of the 

moisture content of the lowest measurement point at 55 cm, with a negative value for capillary rise 

and a positive values for deep drainage. The difference in the rootzone water storage was determined 

in two ways. Firstly, by using the water balance equation and secondly by determining the monthly 

difference of the water content of the first two sampling points at 15 and 35 cm depth.  

4.7 HydroGeoSphere model and governing equations 

The HydroGeoSphere (HGS) model is a fully integrated hydrological model. It couples the three-

dimensional subsurface, or Richards, equation with the two-dimensional surface, Saint-Venant, 

equation through the interface flux equation (Sudicky et al., 2008). For each time step the model 

calculates the governing equations. The main equations will be pointed out individually in this section.  
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4.7.1. Subsurface equation 

In the subsurface, HGS solves the three-dimensional modified Richards’ equation, which is an 

equation to calculate the water flow in a porous medium with variable saturation: 

−∇ ∙ (𝜔𝑚𝑞) +  ∑ Γ𝑒𝑥 ± 𝑄 = 𝜔𝑚
𝜕

𝜕𝑡
(𝜃𝑠𝑆𝑤)   (4.3) 

where ωm [dimensionless] is the fraction of the total porosity occupied by the porous medium and is 

equal to 1 as long as only one porous medium is considered during the simulation. q [L T-1] is given by 

the following equation: 

𝑞 = −𝐾 ∙  𝑘𝑟∇(𝜓 + 𝑍)     (4.4) 

where kr is the mediums’ relative permeability dependent on the water saturation degree (Sw), which is 

the soil water content divided by the water content at saturation. The water content at saturation is in 

theory equal to the soil porosity, ϕ [dimensionless]. ψ [L] and Z [L] are the pressure head and 

elevation head respectively. Γex [L3 L-3 T-1] is the volumetric fluid exchange rate, θs [L3 L-3] is the 

saturated moisture content and Q [L3 L-3 T-1] is the fluid exchange with the external part of the 

simulated domain, consisting of rainfall, evapotranspiration and deep drainage. This fluid exchange 

with the exterior is specified by boundary conditions and is a volumetric fluid flux per unit volume 

from a source or sink to the porous medium. K [L T-1], the hydraulic conductivity is given by: 

𝐾 =
𝜌𝑔

𝜇
𝑘     (4.5) 

where ρ [M L-3] is the density of water, g [L T-2]  represents the gravitational acceleration constant, µ 

[M L-1 T-1] is the viscosity of water and k [L2] is the intrinsic hydraulic conductivity (Therrien et al., 

2012).  

4.7.2. Surface equation 

On the surface, HGS solves a combination of the two-dimensional Saint-Venant equation and the 

simplified momentum equations:  

𝜕𝜙𝑜ℎ𝑜

𝜕𝑡
−

𝜕

𝜕𝑥
(𝑑𝑜𝐾𝑜𝑥

𝜕ℎ𝑜

𝜕𝑥
) −

𝜕

𝜕𝑦
(𝑑𝑜𝐾𝑜𝑦

𝜕ℎ𝑜

𝜕𝑦
) + 𝑑𝑜Γ𝑜 ± 𝑄𝑜 = 0   (4.6) 
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where ϕo is the porosity of the surface flow domain [dimensionless], ho [L] is the water surface height, 

do [L] is the flow depth and Γo [L3 L-3 T-1] is again the volumetric exchange rate. The friction slopes 

are represented by the surface conductance, in x and y directions, by Kox and Koy respectively (Therrien 

et al., 2012). 

4.7.3. Interface flux equation 

The interface flux equation or Darcy equation is used to couple the above-mentioned surface and 

subsurface equations, and equals:  

𝑑𝑜Γ𝑜 =
𝑘𝑟𝐾𝑧𝑧

𝑙𝑒𝑥𝑐ℎ
(ℎ − ℎ𝑜)     (4.7) 

where a positive Γ0 [L3 L-3 T-1] indicates the flow from the subsurface to the surface, h0 is the head of 

the surface water [L] and h is the head of the subsurface water [L], Kzz [L T-1] is the vertical saturated 

hydraulic conductivity of the underlying soil layer, and the thickness of the coupling interface layer is 

represented by lexch [L] (Therrien et al., 2012).  

4.7.4. Boundary conditions 

Subsurface boundary conditions are hydraulic head, infiltration and recharge, evaporation, free-

drainage and water flowing from sources to sinks. Surface boundary input consists of rainfall, 

interception and evapotranspiration data, water elevation and water flow from sources to sinks. 

Rainfall data is inserted as a table with a time series and corresponding rainfall intensity. Interception 

and evapotranspiration equations are obtained from Kristensen and Jensen (1975). They define the 

interception storage as the amount of rainfall retained by plant leaves and branches. It can be depleted 

by evaporation. The value ranges between zero and Smax [L] and is dependent on the Leaf Area Index 

(LAI) [dimensionless], which may be time dependent, and the canopy storage, cint [L]: 

𝑆𝑖𝑛𝑡
𝑚𝑎𝑥 = 𝑐𝑖𝑛𝑡𝐿𝐴𝐼     (4.8) 

Evapotranspiration as described in the paper of Kristensen and Jensen (1975) includes the evaporation 

from soil surface and transpiration by plant leaves. The governing equation can be found in Therrien et 

al. (2012). 
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4.8 Model setup 

4.8.1. Grid building 

The first step in the modeling process is building a two-dimensional grid structure of the field. 

Quantum GIS (version 2.8.14) and Grid Builder (McLaren, 2011) were used for this. Grid Builder was 

chosen for grid generation because it is compatible with the HGS software. An aerial photograph was 

downloaded from the winter of 2016 with a resolution of 0.25 by 0.25 m to delineate the field outline 

and the swales. From the Flanders Government websites a Digital Terrain Model (DTM) was 

downloaded with a resolution of 1 by 1 m. This DTM was used to give elevation information to the 

different nodes in the generated grid. All used maps had as a coordinate reference system Belgium 

Lambert ’72.  

For the calibration of the simulated soil water content values by HydroGeoSphere a small area of the 

whole field, where the station was located, was first used for grid generation. This area is depicted 

with and orange border in figure 4.2a. The outline of this area and swale shape were imported into 

Grid Builder and an irregular, triangular finite element grid was produced within this outline. The grid 

nodes were given an elevation value from the raster DTM. The elevation of the swale nodes was lifted 

up manually by 1 m and the ditches’ nodes were forced down by 0.25 m (figure 4.9).  

 

 

Figure 4.9. Tecplot 3D visualization of the elevation of the study site with the manually edited swale structure. Detail 

of the swale on the right with the grid mesh.  
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4.9 Input parameters for the HydroGeoSphere model 

The HydroGeoSphere model is based on four different input files: a grok-, mprops-, oprops- and 

etprops-file. The grok-file has the grid information and the general information of the simulation run, 

such as initial saturation, initial water depth, rainfall and potential evapotranspiration inputs. The 

initial saturation was taken from the first sampling moment of the TDR validation dataset (section 

3.6.2), when wiring the field station. The initial water depth was chosen to be 0.0001 m. The rainfall 

data from the field station was used as rainfall intensity and given per minute. The potential 

evapotranspiration was calculated as day and night averages from data of the nearby meteorological 

station in Zarren. In the grok-file there is also the opportunity for creating well files: locations where 

output data of water saturation is given for all vertical nodes below a specific x, y, z location. Five 

wells were created on the same locations as the TDRs were implemented, to enable for calibration 

with the volumetric water content values obtained from these sensors.  

HydroGeoSphere model has a set of default parameters that can be adapted manually for different case 

problems. These parameters are organized in the mprops-file, oprops-file and etprops-file. The 

mprops-file covers the information on the porous medium and contains the Van Genuchten parameters 

(θr, θs, α, n). In our study these values were all obtained from the WRCs (section 4.5.1.5). The porosity 

(ϕ) is the average of all analyzed samples (section 4.5.1.3). The pore connectivity (τ) was assumed to 

be 0.5, a value used for most soils (Therrien et al., 2012). A common value for saturated hydraulic 

conductivity for silt loam soils from literature was used: 1.4·10-4 meter per minute, because of high 

variability of Ksat laboratory measurements (Li et al., 1976). 

The surface parameters are introduced in the oprops-file. The Manning roughness coefficients (n) for 

the x- and y-directions were calculated with the help of the guide for selecting Manning's roughness 

coefficients for natural channels and flood plains by Arcement and Schneider (1989). The coupling 

length (λ) describes the exchange between the surface and the subsurface flow and was left to the 

default value of 0.0001 m (Therrien et al., 2012). The rill storage height, the amount of storage height 

that needs to be collected before lateral surface flow starts to occur, is estimated to be 0.01 meter 

based on observations in the field of microrelief height. The obstruction storage height is the reduction 

of the storage capacity because of the presence of the vegetation and is equal to the average height of 

the vegetation in the field. It is estimated to be 0.04 m. All parameters for the oprops- and mprops-

files can be found in table 4.5. 
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The evapotranspiration parameters in the etprops-file were obtained from the water retention curves 

(WRCs) or from literature when measured data was not available. The latter is the case for the canopy 

storage, transpiration fitting parameters and leaf area index. These were taken from Panday and 

Huyakorn (2004) or Therrien et al. (2012) as default values for grassland. The transpiration and 

evaporation limiting parameters were taken from the WRCs discussed in paragraph 4.5.1.5. The root 

zone depth was estimated from soil profiles in the field. All values can be found in table 4.6.  

 

 

 

 

 

Table 4.5 Parameter description, values, units and sources for the mprops- and oprops-files for HydroGeoSphere. 

Description Parameter Value Unit Source 

mprops-file     

Saturated hydraulic conductivity Ksat 0.00014 [m min-1] Li et al., 1976 

Residual saturation (θr / θs) Swr 0.18 [-] Measured 

Residual water content θr 0.07 [m3 m-3] Measured 

Saturated water content θs 0.40 [m3 m-3] Measured 

Scaling parameter α 0.5 [m-1] Measured 

Scaling parameter n 1.35 [-] Measured 

Pore connectivity τ 0.5 [-] Therrien et al., 2012 

Porosity ϕ 0.43 [-] Measured 

oprops-file     

Manning roughness coefficient nx, ny 0.05 [s m-1/3 ] Arcement and Schneider, 1989 

Coupling length λ 0.0001 [m] Therrien et al., 2012 

Rill storage height - 0.01 [m] Estimated from field 

Obstruction storage height - 0.04 [m] Estimated from field 
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Table 4.6. Parameter description, values, untis and sources for the etprops-file for HydroGeoSphere 

 

4.10 HydroGeoSphere output files 

The information from the four input script files is used to run the model. By executing the grok.exe 

program the software organizes all the input information given by the user. Hereafter, the phgs.exe 

program performs the simulation. After the simulation has completed all output files are in binary 

notation. However, when using the hsplot.exe program, all binary files are decoded to *.dat files that 

can be read by any text editor or spreadsheet program or visualized by TecPlot. Output files generated 

and used in this study are the water balance output and the output files from the five wells created. 

4.11 Model calibration 

The calibration of the HydroGeoSphere model in this study was done manually. The model outputs 

were first fitted on the same dataset to validate the TDR sensors (section 3.6.2.), except for the first 

sampling moment, which was used as initial condition. Afterwards the time series of the simulated 

moisture content were compared with the time series of the moisture content from the TDR sensors to 

better observe the tendencies. The difference between those values was quantified with the use of the 

Description Grassland Unit Source 

etprops-file    

Canopy storage  0.04 m Therrien et al., 2012 

Initial interception storage 0.04 m Therrien et al., 2012 

Transpiration fitting parameters    

C1 0.3 - Panday and Huyakorn, 2004 

C2 0.2 - Panday and Huyakorn, 2004 

C3 10 - Panday and Huyakorn, 2004 

Transpiration limiting parameters    

Wilting point 0.25 - Measured  

Field capacity 0.55 - Measured 

Oxic limit 0.90 - Measured  

Anoxic limit 0.92 - Measured  

Evaporation limiting saturations    

Minimum 0.25 - Measured  

Maximum 0.55 - Measured  

Leaf area index (LAI) 0.4 - Estimated 

Root zone depth 0.20 m Estimated from soil profiles 

Evaporation depth 0.25 m Estimated 
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Root-Mean-Square-Error (RMSE), the Pearson correlation coefficient (ρ) and the Nash-Sutcliffe 

efficiency (E). The RMSE is an indication for the size of the error, the Pearson correlation coefficient 

is a measure for the linear correlation between the simulated and measured values and the Nash-

Sutcliffe efficiency is a measure for the predictive power of the model. The RMSE is calculated as: 

𝑅𝑀𝑆𝐸 =  √∑ (𝑋𝑖−𝑦𝑖)𝑛
𝑖=1

2

𝑛
      (4.9) 

where, xi are the simulated values, yi are the observed values and n is the number of measurements. 

The RMSE has the same unit as the input values. The Pearson correlation coefficient is calculated as: 

𝜌 =  
∑ (𝑥𝑖−�̅�)(𝑦𝑖−�̅�) 𝑛

𝑖=1 

√∑ (𝑥𝑖−�̅�) 𝑛
𝑖=1 

2
   √∑ (𝑦𝑖−�̅�) 𝑛

𝑖=1 
2
     (4.10) 

where, x̄ is the mean of the simulated values and ȳ is the mean of the observed values. A perfect fit has 

a Pearson correlation coefficient of 1, same as for the Nash-Sutcliffe model efficiency, which is 

calculated as: 

𝐸 = 1 −
∑ (𝑦𝑖−𝑥𝑖)2𝑛

𝑖=1

∑ (𝑦𝑖−�̅�)2𝑛
𝑖=1

     (4.11) 

4.12 Graphing software 

Graphs were mainly created with the use of SPYDER 3, the scientific python development 

environment (python version 2.7). Tecplot was used for visualizing the 2D and 3D generated grids of 

the field and QGIS 2.18.4 was used for showing the map of the field.  
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 Results 

In the following section the swales evaluation will be based upon: 1) its impact on soil characteristics, 

2) its impact on the water balance and 3) the results of HydroGeoSphere model simulations. Potential 

evaporation data are those from the most nearby meteorological station in Zarren, whereas rainfall data 

are the records from the field station, as mentioned in chapter 4.  

5.1 Impact of swales on soil characteristics 

5.1.1. Spatial variation in soil physical properties 

Compaction results, presented as the average resistance of four repetitions (MPa), at the five different 

locations are shown together with the moisture content profile at the same locations in figure 5.1. A 

threshold of 3 MPa is considered to hamper root growth (Verbist et al., 2007). In the profiles upslope 

and downslope of the swale there is a compacted zone 20 cm deep. This might indicate a plough layer, 

in contrast to the profile of the swale, which has a low resistance in the upper 50 centimeter. This goes 

in line with the higher moisture content in this profile in the upper 30 centimeter as can be seen in 

figure 5.1. Resistance increases quickly below 50 cm and a compacted layer is observed below 55 cm. 

 
Figure 5.1 Average penetrologger measurements (n = 4) at all five locations together with the gravimetric moisture 

content profile on the right for the same locations. 
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The texture is silt loam in all samples except in the sample from the swale at 50 cm. There the texture 

was loam (table 4.1, 4.2 and 4.3). When building the swale, soil was moved from the ditch upward to 

create the hill. The average bulk density of the samples measured at this depth was 1201 kg m-3 (n = 2) 

as can be seen in the table 4.3. This lower value corresponds with the penetration resistance readings 

recorded at this measurement point.  

5.1.2. Spatial variation in soil hydraulic properties 

Saturated hydraulic conductivity (Ksat) data was dominated by high variability (table 4.4). There was 

no consistency in the duplicates and values ranged from 3·10-6 to 4·10-2  m min-1. The high values 

were most likely because of worm or former root channels present in the soil cores sampled. This is 

not surprising since worms can be present in dense communities in luvisols (Dondeyne et al., 2015). 

An average of all the thirty values, 8.22·10-3 ± 1·10-2 m min-1, was more than tenfold higher than 

typical saturated hydraulic conductivity values for silt loam soils: 1.4·10-4 m min-1 (Li et al., 1976). 

Because of measurement uncertainties, the values of 1.4·10-4 m min-1 was chosen to continue with in 

the modeling process. Measuring the saturated hydraulic conductivity onsite with a tension disk 

infiltrometer is recommended in further research to support lab results. 

Observed soil water retention curves of all profiles are quite similar, most likely due to the close 

proximity of the samples (figure 5.2). WRCs in the ditch and 3 m downslope of the swale show some 

heterogeneity, however, they all followed the same tendency. Differences can be better observed in the 

indicators for soil quality deduced from the WRCs (table 5.1), i.e. plant available water capacity 

(PAWC), air capacity (AC) and macroporosity (PMAC). Reynolds et al. (2009) suggested ranges for 

these soil quality indicators, that can be labeled ‘ideal’. The PAWC is considered ‘ideal’ if  PAWC ≥ 

0.20 m3 m-3, which is the case in the upper layers in the ditch and hill, in contrast to the other 

locations. A ‘good’ AC value for silt loam soils is considered to be ≥ 0.14 m3 m-3. Only in the profile 

of the hill at 50 cm this value is reached. For the rest of the measuring points the values vary from 0.05 

till 0.10 m3 m-3 , indicating there might be a problem of air deficiency. The PMAC values (indicating 

pore-sizes > 0.3 mm) range from 0.001 – 0.003 m3 m-3 for all profiles, which is below ‘ideal’ values of  

≥ 0.07 m3 m-3. Overall it indicates that the profile of the hill has a better soil quality than the rest of the 

profiles and that in the rest air deficiency might be more problematic than water deficiency.  
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Figure 5.2. Soil water retention curves for all locations and depths. Each curve is an average of two samples. 
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5.2 Time-domain reflectometry sensors validation 

The scatterplot in figure 8 shows the linear relationship between the volumetric water content 

measured by the TDR probes and the volumetric water content based on the gravimetric method at 

five moments during the experiment. The samples are grouped by sampling campaign. The samples 

collected in the rainy periods, 27/03/2017 and 06/05/2107, when the soil was close to or at saturation 

point showed the lowest linear relationship: R2 values of 0.15 and 0.17 respectively. The reason for 

this was the little variation in water content at these moments. Deleting these values only improved the 

overall R2 from 0.65 to 0.68, so they were kept in the analysis. A R2 value of 0.65 is acceptable and it 

shows the TDR probes are able to represent the soil moisture content (figure 5.1). 

Locations and depths PAWC AC PMAC 

 [m3 m-3] [m3 m-3] [m3 m-3] 

1 meter upslope    

   15 cm 0.17 0.05 0.001 

   45 cm 0.18 0.09 0.001 

   70 cm 0.17 0.06 0.001 

Ditch    

   15 cm 0.20 0.10 0.002 

   35 cm 0.20 0.09 0.002 

   55 cm 0.18 0.07 0.002 

Swale    

   50 cm 0.23 0.14 0.003 

   80 cm 0.20 0.10 0.002 

   110 cm 0.18 0.10 0.002 

1 meter downslope    

   15 cm 0.19 0.07 0.001 

   45 cm 0.18 0.09 0.001 

   70 cm 0.17 0.10 0.002 

3 meter downslope    

   15 cm 0.15 0.05 0.002 

   45 cm 0.18 0.08 0.001 

   70 cm 0.17 0.07 0.001 

‘Ideal’ indicator range ≥  0.20 ≥  0.14 ≥  0.07 

Table 5.1. Soil quality indicators obtained from the water retention curves. 
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Figure 5.3. The linear relationship between the volumetric moisture content estimated by TDR sensors and volumetric 

moisture content measured gravimetrically in the lab (oven method). 

5.3 Analyzing measured data series 

5.3.1. Soil water content and groundwater table response to rainfall 

Throughout the experiment, from 29/07/2016 until 27/06/2017, a total amount of 493.4 mm of rain fell 

in 169 out of the 334 days, of which 79 days had more than 1 mm of rain. Comparing this value to the 

average rainfall per year of 833.1 mm, makes it a relatively dry year (figure 4.7). Maximum rainfall 

intensity of 28.8 mm hour-1 was observed on 12/05/2017. There is a clear visible response in the soil 

water content values (figure 5.4). For instance, water content increased considerably after the rainfall 

events on 17/11/2016 and 18/11/2016 at all measuring points. From figure 5.4 can also be deduced 

that the permeability of the soil profile is high, because these same rainfall events in halfway 

November recharged the groundwater table up to 10 cm below the soil surface. During the winter 

period there were three more moments when the groundwater table almost reached the soil surface: 

13/01/2017, 06/02/2017 and 06/03/2017 the groundwater table depth reached a depth of 7 cm, 7 cm 

and 6 cm respectively. At these points in time soil moisture content at almost all locations reached a 

plateau indicating complete soil saturation.  

At the beginning of the spring all profiles started to dry out and the groundwater table depth started to 

decrease again. There were two intense rainfall events on 12/05/2017 with 16.6 mm day-1 and on 

18/05/2017 with 15.8 mm day-1, but they had only a small impact on the soil water content. The 
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profiles upslope of the swale and in the ditch showed slight increases in water content over the entire 

profile. The rest of the locations had only a slight increase in water content at the lowest depth, which 

could indicate low infiltration rates, that can be linked to a poor soil quality. This minor effect of 

rainfall might also be attributed to the high temperatures measured on those days. When comparing the 

different profiles it can be observed that the profile of the hill structure generally has lower water 

content than the rest. This is surprising, because of the high organic matter content that is related to 

higher water holding capacity. The high permeability in the hill structure might cause water to go to 

deeper soil layers or move laterally within the upper layer of the profile. Another explanation is that 

the water uptake by the trees and rest of the vegetation on the hill might be higher than for the grass 

vegetation surrounding the hill, however, this will not hold for the winter season.  

 

Figure 5.4. Temporal variation of soil water content [m3 m-3] at all measuring points plotted together with the 

groundwater table depth [cm]. The top graphs show the rainfall in in millimeter per hour and the temperature in degrees 

Celsius. The maximum measuring depth of the diver is 200 cm.  
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A closer look at one specific rainfall event gives us more insight on how the water content profiles 

change over time. The chosen event took place on 21 and 22 December 2016. Rain started at 19:40 

and continued up to 05:30. In this timespan a total of 12.8 millimeter of rain fell. The profile of the 

ditch is chosen here to illustrate this rainfall event. In figure 5.5 it can be seen that the rainfall 

increases the water content at first in the upper two depths up to midnight, then at 04:00 the whole 

profile has an almost similar increase of water content compared to the state before rainfall (t = 0, 

19:40). After this point, when rains also have stopped, the water drains down and the whole profile has 

a similar water content at 12:00. After this, water drains mostly from the upper two layers and water 

content almost goes back to its initial state with a slight increase in the upper layer. This indicates high 

permeability and a quick redistribution of water within the profile and thus recharge of the 

groundwater table. 

 

Figure 5.5. Soil water content profile in the ditch at different time steps after a rainfall event on 21 and 22 December 

2017.  

5.3.2. Soil water content response to evapotranspiration 

The influence of the evapotranspiration on the soil water content is seasonal. In figure 5.6 it can be 

seen that the potential evapotranspiration (ETp) in winter time is low due to low vegetation cover and 

low temperatures and therefore does not influence the water content much. This is different in 

summer, autumn and spring, where ETp is higher and it causes the upper layer of the profile to dry 

out. This can be seen best in August 2016 where the water content decreases in the upper layer of our 

study site to or lower than 0.2 m3 m-3 when ETp reaches 5.5 mm day-1. The same happens again in 

spring 2017. 
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Figure 5.6. Temporal variation of soil water content [m3 m-3] at all measuring points. The upper graphs show the daily 

rainfall and potential evapotranspiration data in millimeter. 

 

5.4 Monthly calculated soil water balance components 

In table 5.2 the monthly values of the water balance components are presented. Soil water storage 

increases in winter and decreases again in spring and summer. The increase in soil water storage in 

winter goes together with the loss of water to deeper layers by deep percolation, seen from the 

negative values for Dp (or Gc). The loss of the soil water storage in spring and summer was reduced 

by the upwards movement of water from groundwater recharge seen from the positive values for Dp 

(or Gc). The change in the rootzone water storage ΔS1, calculated from the water balance equation is 

much more extreme than the change in the rootzone storage, ΔS2, from soil moisture content 

measurements. This can be partly explained by the fact that the evapotranspiration is the potential 

evapotranspiration and not the actual. The actual evapotranspiration is likely to be lower, because of 

water stress in summer, autumn and spring.  
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Table 5.2. Monthly values of the water balance components of the profile in the ditch. P is the total precipitation, ETp is 

the potential evapotranspiration, Dp (or Gc) is the change in water content at 55 cm depth, ΔS1 is the change in soil water 

storage from P – ETp – Dp and  ΔS2 is the change in water storage of the rootzone (15 and 35 cm depth). All values are in 

millimeter. 

Month P [mm] ETp [mm] Dp (or Gc) [mm] ΔS1 [mm] ΔS2 [mm] 

Aug-16 52.2 100.6 1.7 -46.7 -9.6 

Sep-16 40.4 78.0 3.1 -34.5 3.9 

Oct-16 72.8 38.9 -3.6 30.3 16.3 

Nov-16 122.6 14.4 -8.9 99.3 2.2 

Dec-16 20.8 8.1 2.7 15.4 1.5 

Jan-17 49.0 11.5 -9.5 28.0 12.5 

Feb-17 53.0 16.1 -0.1 36.8 3.1 

Mar-17 13.0 49.7 9.9 -26.8 -14.9 

Apr-17 13.0 67.3 2.3 -51.9 -6.0 

May-17 49.0 99.0 1.3 -48.8 -2.8 

Jun-17 7.6 112.8 8.0 -97.2 -22.3 

 

5.5 Model calibration results 

Calibration of the model was performed to adjust the input parameters so that the simulated values fit 

the measured water content. The simulations were calibrated on the same dataset used to validate soil 

moisture content from the time-domain reflectometry sensors (section 3.6.2.). Calibration was 

performed manually by changing the parameters within theoretically realistic boundaries, until 

obtained results fitted nicely the field measurements (figure 5.7). Manual calibration was chosen, 

because the fitting went swiftly in the beginning and our understanding of the parameters could guide 

us in improving this fitting even further. Moreover, there was not enough time left for software 

calibration with PEST. Final input parameter values can be found in tables 4.5 and 4.6. The 

calibration went smoothly for all profiles except for the profile of the hill, where simulations 

overestimated the measured values. 

Afterwards, time series of moisture content values from the simulation and the TDR sensors were 

compared to observe the tendencies over a longer time period. The Root-Mean-Square-Error (RMSE), 

the Pearson correlation coefficient (ρ) and the Nash-Sutcliffe model efficiency (E) of all comparisons 

between measured and simulated values can be found in table 5.3. The RMSE confirms that the 

outputs of the model do not fit the measured values of the hill profile: 0.12, 0.10 and 0.10 m3 m-3 for 

50, 80 and 110 cm depth respectively. This is also proven by the negative values for the Nash-Sutcliffe 

efficiencies of -1.48, -0.54, - 1.16 for 50, 80 and 110 cm depth respectively. A negative value indicates 

that the average of the observed values is a better predictor than the model. Besides for the hill profile, 

RMSE values are low for the rest of the measuring points, ranging from 0.02 to 0.06 m3 m-3, indicating 
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a good fit. This is underlined by the Pearson correlation coefficients, ranging from 0.78 to 0.94. 

Nevertheless, the Nash-Sutcliffe efficiency values are more critical of the models ability to approach 

the measured values especially for the lowest layers of the profile in the ditch (-0.14) and 1 m 

downslope of the hill (-0.58).  

 

Figure 5.7 Field measured and simulated soil moisture content for all measurement points at four time steps 

throughout the measurements campaign.  

Table 5.3 Root-mean-square-error (RMSE), Pearson correlation coefficient (ρ) and Nash-Sutcliffe efficiency (E) of the 

simulated and measured soil water content values from the different profiles at different depths.  

 
Moisture 

content 
1 meter upslope Ditch Hill 1 meter downslope 3 meter downslope 

Depth 

[cm] 
15 45 70 15 35 55 50 80 110 15 45 70 15 45 70 

RMSE 

[m3 m-3] 
0.05 0.03 0.02 0.03 0.02 0.03 0.12 0.10 0.10 0.06 0.02 0.03 0.04 0.02 0.02 

ρ 0.87 0.94 0.90 0.89 0.84 0.89 0.85 0.89 0.89 0.78 0.84 0.90 0.84 0.84 0.85 

E 0.60 0.76 0.46 0.44 0.41 -0.14 -1.48 -0.54 - 1.16 0.13 0.48 -0.58 0.52 0.63 0.19 
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Two examples of the measured and simulated moisture content values over time are shown in figures 

5.7 and 5.8. In figure 5.7 the profile 1 m upslope of the ditch is shown and a good fit of the model 

with the measured values can be observed: RMSE of 0.05, 0.03 and 0.02 m3 m-3, ρ of 0.87, 0.94 and 

0.90 and E of 0.60, 0.76 and 0.46 for 15, 45 and 70 cm depth respectively. The model simulates the 

response to rainfall events as well as the drying out in autumn and spring because of higher 

evapotranspiration. Also the differences between the depths are well represented by the simulated 

values, with stronger response to rainfall in the upper soil layers and less variation in soil water 

content values in the deeper layers. The periods where complete saturation lasted for a long period of 

time in winter are not well represented in the simulation. It might be because the model does not 

expect the water table to almost reach the soil surface, like it does in this field, for a number of 

consecutive days.   

In figure 5.8 the profile of the hill is shown with a relatively poor fit of the model to the measured 

values, with RMSE values of 0.12, 0.10 and 0.10 m3 m-3 and Nash-Sutcliffe efficiencies of -1.48, -0.54 

and -1.16 for 50, 80 and 110 cm depth respectively. The Pearson correlation coefficients of 0.85, 0.89 

and 0.89 for these depths are nevertheless good and similar to other correlation coefficients obtained in 

profiles with a better fit. This is due to the similar responses to rainfall of the simulated versus the 

measured values. What the model is not able to predict is that even though these measurements are 50, 

80 and 110 cm below the surface there is still the effect of transpiration because of the deeper roots of 

the trees and the high hydraulic conductivity of the hill structure. This is unfortunate, because in this 

way the model is not able to predict well the moisture content in the swale structure, which is 

important for making the comparisons between a field with and without swale structure. Nevertheless, 

the parameter settings after calibration, as shown in table 4.5 and 4.6 were chosen to work with, 

because there was no time for improvement in the simulation output.  
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Figure 5.8 Measured and simulated soil moisture content values throughout the experiment for the three depths from 

the profile 1 m upslope of the ditch. Rainfall is shown in the upper figure in millimeter per day. Root-mean-square-error 

(RMSE) values, Pearson correlation coefficients (ρ) and Nash-Sutcliffe efficiencies (E) are written in the upper right corner 

of each subfigure. 
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Figure 5.9 Measured and simulated soil moisture content values throughout the experiment for the three depths from 

the profile of the hill. Rainfall is shown in the upper figure in millimeter per day. Root-mean-square-error (RMSE) values, 

Pearson correlation coefficients (ρ) and Nash-Sutcliffe efficiencies (E) are written in the upper right corner of each subfigure.  
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 Discussion 

 

6.1 Swale influence on soil physical and hydrological characteristics 

The soil profile at the hill structure is generally different from the others. This can be seen in texture, 

high organic matter content, the lower resistance in the upper 50 centimeter of the profile and higher 

resistance below 50 cm. The textural difference can be explained by the construction of the structure, 

by piling soil obtained from creating the ditch to form the hill structure. The difference in vegetation 

plays a role in the higher organic matter contents, especially since all the aboveground biomass is left 

after senescence in autumn as mulch material. The low resistance in the upper layers can also be 

explained by the high organic matter content and the higher water contents during the penetrologger 

measurements.  

The volumetric soil water contents measured by the TDR sensors were generally lower in the hill 

profile than in the other profiles. In fact, the lowest water contents were measured at 50 cm depth in 

the hill. It is unfortunate that no TDR sensor was placed in the rootzone, which could have been more 

informative. The moisture profile made at the beginning of the experiment showed much higher water 

content than in the other profiles for the upper 30 cm, although that was only one moment in time. It 

nevertheless indicates a high water holding capacity in the rootzone and below this a zone with lower 

water holding capacities. This is in line with the compaction profile made of the hill profile. It is also 

in line with previous research on mulch and cover crops, where in some layers an increase and in 

others a decrease in moisture content was observed (Murungu et al., 2011; Ward et al., 2012).  

6.2 Potential of HydroGeoSphere to model swale structures 

After calibration a good fit was found between the measured and simulated moisture content values 

for all the profiles, except for the profile of the hill structure. The previously mentioned differences in 

physical and hydrological soil characteristic between the profile of the hill and the other profiles can 

account for this deviation. The high resolution of the input data of rainfall from the field and potential 

evapotranspiration from a nearby station contributed to the good fit. The simulated values quickly 

showed the same tendencies as the measured values in the field. The rainfall and potential 

evapotranspiration input values are relatively cheap and easy to obtain, so it is recommended for future 

research to invest in these parameters.  

A problem regarding the input parameters were the evapotranspiration parameters, because, except for 

the potential evapotranspiration, all other parameters were estimated from literature. As a result of the 

complex vegetation of unconventional agricultural crops in the field and lack of literature providing 
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good estimates for mixed-crop input parameters, high discrepancies can be expected between used and 

true values. In particular when incorporating perennial crops with deeper root systems, like rhubarb 

and artichoke in this case, transpiration over a large part of the upper soil profile can be expected. For 

future research measuring the LAI and other evapotranspiration parameters in the field will possibly 

increase model accuracy drastically. For instance, actual evapotranspiration can be measured with the 

use of lysimeters, like in Zhang and Wegehenkel (2006) or remote sensing data can be used to 

estimate LAI or the actual evapotranspiration values for a certain polyculture area (Gilabert et al., 

2000). 

Visualizing the grid and model outputs gave new insights to improve the structure implementation and 

better understand the hydrological processes. One downside was the limit to blocky shapes in Grid 

Builder. The swale was modeled as a trapezium like shape, where in the field it has a spherical shape. 

This possibly influenced the water exchange on the boundaries, because of the difference in surface 

area. To my knowledge, there is no better alternative of creating the swales’ structure for 

HydroGeoSphere up to this point. A more up to date version of the digital terrain model with the 

swales included will likely become available soon and would provide for a high resolution inclusion of 

the structures, simplifying the modeling process of the structures.   

In general, the results indicate that HydroGeoSphere is able to simulate the soil water contents of this 

sloping agricultural field, but has difficulties with simulating the swale structures. This is not 

surprising because of the complexity of these swales, concerning vegetation. The structural 

implementation is not likely to be the major cause of the discrepancies, because previous research on 

simulating water harvesting techniques that did not incorporate a vegetation component, found a good 

fit between observed and simulated soil moisture contents (Verbist et al., 2012, Opolot et al., 2016).  

In retrospect, it must be said that the theoretical framework of agroecology and the physically based 

three-dimensional model are very far apart from each other and this has been challenging throughout 

this project. Assumptions that have to be made in the modelling procedure neglect the diversity of the 

system.  
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 Conclusion and further research 

Field and lab measurements showed that building and planting the hill structure influenced its physical 

and hydrological parameters with the hill generally having a different texture, higher organic matter 

content, lower bulk density, higher hydraulic conductivity and lower moisture contents than the 

surroundings. In general, the continuous field measurements of the volumetric water content indicated 

that water availability is not likely to be problematic in the major part of the year, but air deficiency 

might become problematic when the groundwater table reaches the soil surface. The soil quality also 

has an influence on the desired effect of the swales on the water balance. When infiltration rates are 

low, Dunnian flow can occur, and the swale will not retain much water. What also should be taken 

into account is that the experiment was done in a relatively dry year and the swale might perform 

better in a wet year.  

The difference in physical and hydrological soil characteristics between the hill and the surrounding 

area resonated in the model calibration results. There, a good fit was found between measured soil 

moisture content values from TDR sensors and simulated values from HydroGeoSphere for all the 

profiles except for the profile of the hill indicating that HydroGeoSphere is not capable of accurately 

modeling the swales, hence comparisons could not be made between a field with and without a swale.  

In future research the preference might be given to a more experimental setup of studying swales. In 

that case, the results are not only dependent on modeling outcome and moreover, the modeling 

outcome can be verified by field comparisons. Nevertheless, before future research will be done on 

modeling agroecological practices, obtaining evaporation and transpiration parameters for mixed-

crops will be essential, because many agroecological solutions focus on combining different crops and 

studies on such polycultures are still rare. There are many challenges ahead when using 

HydroGeoSphere to model agroecological managements practices, because of the complexity of these 

systems concerning mixed vegetation and spatial heterogeneity related to this.  
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