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ABSTRACT 

Because of the urgent need to secure and sustain the food and water supply for an ever-

growing human population, especially in underdeveloped arid and semiarid regions of the 

world, and an increasing demand for out-of-season fruits, vegetables, and ornamentals in the 

industrial world, there is a momentous incentive to shift from soil-based crop production to 

more resource-efficient containerized soilless culture production systems. Mineral and 

organic substrates are commonly mixed to establish an optimal rhizosphere environment for 

soilless crop production. Soilless substrates exhibit major advantages over soils. Besides the 

alleviated risk for spreading soilborne pathogens, the physicochemical properties of soilless 

substrates can be controlled within narrow margins, which commonly leads to healthier 

plants and higher yields than in soil-based production, while conserving water resources. 

Although there is considerable recent empirical and theoretical research devoted to specific 

issues related to the control and management of soilless culture production systems, a 

comprehensive approach that quantitatively considers all relevant physicochemical processes 

within the growth substrates is lacking. An important first step towards the advancement of 

soilless culture management strategies is a comprehensive characterization of hydraulic and 

physicochemical substrate properties. In course of my dissertation research, I have applied 

state-of-the-art measurement techniques to characterize six soilless substrates and mixtures 

including coconut coir, perlite, volcanic tuff, perlite/coconut coir (50/50 vol.-%), tuff/coconut 

coir (70/30 vol.-%), and foamed glass (Growstone®)/coconut coir (50/50 vol.-%), all of 

which are commonly used in commercial soilless culture production. The measured 
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properties include water retention characteristics, saturated hydraulic conductivity, packing 

and particle densities, as well as phosphorus and ammonium adsorption isotherms. 

Although economic and environmental considerations are important when selecting 

suitable soilless substrates, their physicochemical and hydraulic properties are the most 

imperative performance indicators. While the chemistry of soilless substrate systems can be 

manipulated and managed to a large extent during the growth season, there is little 

opportunity for altering the hydraulic properties, which implies the crucial importance of 

initial plant-specific substrate selection. While the substrate water characteristic (SWC), 

which defines the relationship between water content and matric potential and governs the 

storage and release of water, is essential for precise irrigation and fertilization management, 

its measurement is very laborious. In soilless culture production, it is common practice to test 

growth substrates via costly and time-consuming trial and error experiments. To provide a 

scientifically sound basis for a priori elimination of substrate mixtures with unfavorable 

water retention and associated aeration characteristics, as part of my dissertation, I have 

developed a new model for the estimation of water retention properties of two-component 

soilless substrate mixtures with arbitrary mixing ratios based on the water characteristics of 

their pure constituents. A comparison of mixture SWCs measured with cutting-edge 

laboratory methods and estimated with my new model revealed a good agreement for the 

tuff/coconut coir, perlite/coconut coir, and foamed glass/coconut coir mixtures. The new 

model can be applied in conjunction with numerical simulations to tailor soilless substrate 

mixtures for specific crop physiological traits and aid with the design of growth modules and 

the selection of optimal irrigation and fertigation practices.  
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To advance numerical simulations of three-dimensional water flow and solute transport 

in containerized variably saturated soilless substrates, the final part of my dissertation 

research has been focused on the adaptation and validation of the open-source ParSWMS 

numerical code for High Performance Computing (HPC). Numerical simulation of three-

dimensional water flow and solute transport in containerized variably saturated soilless 

substrates with complex hydraulic properties and boundary conditions necessitates high-

resolution discretization of the spatial and temporal domains, which commonly leads to 

several million nodes requiring numerical evaluation. Even today’s computing prowess of 

workstations is not adequate to tackle such problems within a reasonable timeframe, 

especially when numerous realizations are desired to optimize the geometry, substrate 

properties, and irrigation and fertigation management of soilless plant growth modules. 

Hence, the parallelization of the numerical code and the utilization of HPC are essential. In 

course of my dissertation research, I have adapted and applied the open-source ParSWMS 

parallelized code that is amenable to solving the 3D Richards equation for water flow and the 

convection-dispersion equation (CDE) for solute transport subject to linear solute adsorption. 

The code was modified to allow for nonlinear equilibrium solute adsorption with new 

boundary conditions and applied to simulate water flow and nitrogen and phosphorus 

transport in containerized soilless substrates. Multi-solute transport simulations with the 

modified Linux ParSWMS code were first performed on a workstation and referenced to the 

Windows-based HYDRUS (2D/3D) numerical code. After confirming the agreement 

between the modified ParSWMS code and HYDRUS (2D/3D), various preconditioners and 

iterative solvers were evaluated to find the computationally most efficient combinations. The 
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performance of the modified ParSWMS code and its stability were compared to 

HYDRUS (2D/3D) simulations for three soilless substrates consisting of horticultural perlite, 

volcanic tuff, and a volcanic tuff/coconut coir mixture. Considering the solute mass balance 

error as a stability measure, ParSWMS outperformed HYDRUS (2D/3D). Moreover, 

simulations with the modified ParSWMS code were about 22% faster than simulations with 

HYDRUS (2D/3D) on the workstation. Tests of ParSWMS on two HPC clusters with 28 and 

94 cores revealed a potential 94% simulation speedup relative to the HYDRUS (2D/3D) 

simulations performed on the workstation. 
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CHAPTER 1: INTRODUCTION 

1.1 Background  

Because of the urgent need for a secure food supply for an ever-growing human 

population, especially in underdeveloped arid and semiarid regions of the world, and an 

increasing demand for high-quality, out-of-season vegetables, fruits, and ornamentals in the 

industrial world (Raviv et al., 2019), as well as challenges associated with the ban on methyl 

bromide fumigation of horticultural field soils, soilless plant cultivation systems are gaining 

increased attention in recent years. Substrates used in soilless production systems exhibit 

major advantages over soils. Besides the alleviated risk for spreading of soil-borne 

pathogens, the physicochemical properties of growth substrates such as rockwool, perlite, 

tuff, or coconut coir - only to name a few - can be controlled within narrow margins, which 

commonly leads to healthier plants and higher yields when compared to soil-based 

production (Savvas and Gruda, 2018; Van Os, 1999). 

Though the same physical principles apply to both growth substrates and soils, their 

physical and hydraulic properties are vastly different (Bar-Tal et al., 2019), which is of 

significant importance for the management and control of soilless growth systems. In 

addition, there are fundamental differences with regard to dynamic water, air, and nutrient 

distribution processes and root growth and development between spatially confined 

containerized production systems and unconfined arable soils (Bar-Tal et al., 2019). While 

water flow and nutrient transport in growth containers are restricted by an impermeable 

container bottom with drainage holes, water drains and redistributes to much deeper layers 
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in agricultural soils unless natural impediments exist. This leads to vastly different infiltration 

and redistribution dynamics requiring more intensive management of soilless culture 

systems. The smaller the root zone the more intensive the production system needs to be 

managed to provide a stress-free rhizosphere environment for optimum plant growth (Bar-

Tal et al., 2019).  

While soils are well-researched, and many discovered soil physical principles are readily 

available for application to soilless substrates, adaptation and translation to substrates appear 

to lag behind. The prevailing physical properties affecting plant growth in containerized, 

soilless production systems include bulk density (BD), specific gravity (SG), specific surface 

area (SSA), the total and air-filled porosities (TP and AFP), size distributions of primary 

particles and substrate aggregates (PSD), distribution and connectivity of pores, the water 

characteristic (WC) relating water content to matric potential (m), and saturated (Ksat) and 

unsaturated (K(m)) hydraulic conductivities. 

To assure sufficient aeration and to also ease handling and transportation, the BD of 

substrates is commonly much lower than that of agricultural soils (e.g., 0.08 g cm-3 for perlite 

and 1.3 g cm-3 for agricultural loam soil). This also leads to higher TP and AFP when 

compared to agricultural soils. The SSA is an important parameter governing cation 

adsorption, microbial attachment, water absorption, and heat transfer. The PSD determines 

the size distribution and connectivity of pores, which is important for water, oxygen, and 

nutrient supply to plant roots. In many cases it is beneficial to use dual-porosity, aggregated 

substrates (e.g., perlite) that contain small intra-aggregate (textural) pores for prolonged 
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water storage and supply and large inter-aggregate (structural) pores for improved aeration 

and accelerated leaching after irrigation events.  

The water characteristic (Tuller and Or, 2004) that relates the water content to the matric 

potential (i.e. capillary and adsorptive surface forces that hold water under subatmospheric 

pressure within the substrate matrix) is another important physical property for water 

management in soilless substrates. The matric potential (Or et al., 2005) determines the 

“ease” for plant roots to extract water from the substrate and is commonly expressed as a 

negative (subatmospheric) pressure in kPa. In general, all irrigation practices that explicitly 

attempt to avoid water stress in soilless production are confined to a matric potential range 

from 0 to -8 kPa.  

In some substrates, such as rockwool, the range is even narrower, with the onset of water 

stress occurring when m is allowed to attain values < -5 kPa. In contrast, matric potentials 

encountered in field soils may well approach -75 kPa and rarely rise above -10 kPa, except 

during or immediately after an irrigation (Lieth and Oki, 2019). Figure 1-1 shows a typical 

WC curve for rockwool. Note that though m is a negative (subatmospheric) pressure it is 

commonly plotted as a positive value. 

Because it is difficult to accurately measure m in situ, especially in aggregated 

substrates, and general concepts to determine plant available water in agricultural soils (e.g., 

field capacity – permanent wilting point concept) do not apply to soilless growth media, 

Raviv et al. (2001) proposed to consider K(m) to determine plant available water for 

irrigation scheduling. Though this approach was proposed as an alternative to the “easily 

available water” concept introduced by de Boodt and Verdonck (1972) that was later deemed 



20 
 

 

unsuitable for proper irrigation management, to date the use of K(m) is not widely 

implemented because of the lack of reliable in situ measurement methods. State-of-the-art 

numerical modeling can provide a potentially powerful tool for K(m)-based irrigation 

management. 

 

Figure 1-1. Water characteristic for rockwool (BD = 0.15 g cm-3). To the right of the red 

dashed line plants experience water stress (adapted from Bar-Tal et al., 2019). 

Besides physical aspects, substrate chemistry and plant nutritional considerations are 

equally important for intensive soilless production systems (Bar-Tal et al., 2019). While the 

basic principles of mineral plant nutrition, that have been extensively reviewed by numerous 

authors (e.g., Epstein and Bloom, 2005; Marschner, 2011; Mengel and Kirkby, 2001), in 

general, do not differ from soil-based production, certain aspects, mainly related to volume 

restrictions discussed above, require consideration for successful soilless production (Bar-

Tal et al., 2019). Proper fertilization management needs to account for reduced buffer 

capacity for supplied nutrient solutions and associated limited nutrient supply due to volume 

restrictions (capacity factor) (Bar-Tal et al., 2019). These restrictions on the other hand offer 

unique opportunities such as the capability to better control water availability, pH, and 
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nutrient concentrations in the root zone. At the same time, there are higher risks because of 

the smaller root system and potential exposure to extreme ambient temperatures (Silber and 

Bar-Tal, 2019). The buffer capacity for nutrients in containerized systems is further 

constrained due to the chemically inert characteristics of many common substrates (e.g., 

perlite and rockwool). Consequently, the main source of plant nutrients is the irrigation 

solution. The supply of nutrients to soilless systems needs to be continuous and synchronized 

with plant demands according to the development stage and environmental conditions (Silber 

and Bar-Tal, 2019). However, the demand for nutrients varies widely during crop growth. 

There are distinct differences in uptake rates and time of maximum nutrient consumption 

between crops and varieties of the same species. In many cases, the consumption function is not 

monotonic but exhibits sharp changes at critical physiological stages (Silber and Bar-Tal, 2019). 

The rate of nutrient requirement at each growth stage is associated with two predominant 

processes: (i) formation of new vegetative plant tissue; and (ii) formation of reproductive organs 

(flowers, fruits, seeds, etc.). The nutrient requirements for dry weight (DW) increases are 

primarily related to the photosynthesis rate, which is affected by various meteorological factors 

such as photosynthetically active radiation (PAR), air temperature and humidity, wind speed, 

and solar azimuth position (Thomley and Johnson, 1990; Silber and Bar-Tal, 2019). The initial 

growth phase is commonly characterized by an exponential rate, as each new leaf contributes to 

the light interception and biomass production, whereas during subsequent growth phases mutual 

shading leads to a falling growth rate. At advanced growth stages, translocation of carbohydrates 

to non-photosynthetic organs such as roots, flowers, fruits, or seeds further reduces the growth 

rate. Non-vegetative phases are characterized by a linear rate followed by a senescence rate. A 
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proper schedule for nutrient supply is key to meeting environmental requirements and satisfying 

crop demand. Consumption curves provide basic information for optimal fertilization 

management. Lettuce exhibits a fast exponential vegetative growth rate until harvest (Silber and 

Bar-Tal, 2019). The general nutrient consumption curve for lettuce is analogous to DW 

accumulation (Xu et al., 2004); hence lettuce can be considered as a model plant for nutrient 

uptake during the vegetative growth stage for various other crops. 

Nitrogen is an exceptional nutrient that can be absorbed either as cation or anion (NH4
+ 

and NO3
-). This unique characteristic affects plant nutrition and has a strong impact on 

fertilization practice in soilless culture. The theory of N-form effects on plant nutrition in 

soilless culture is the same as for soils, but the impact on rhizosphere-pH and the development 

of plants is much stronger in soilless production (Silber and Bar-Tal, 2019). The nitrogen 

source may potentially affect rhizosphere pH via three mechanisms (Bar-Yosef, 1999; 

Marschner, 2011): (i) displacement of H+/OH- adsorbed to the solid phase; (ii) 

nitrification/denitrification reactions; and (iii) release or uptake of H+ by roots in response to 

NH4
+ or NO3

- uptake. Mechanisms (i) and (ii) are not associated with any plant activity and 

affect the whole volume of the fertigated substrate, whereas mechanism (iii) is directly related 

to the uptake of nutrients, and may be very effective because it affects a limited volume in 

the immediate vicinity of roots (Bloom et al., 2002; Gahoonia and Nielsen, 1992). Rapid 

adsorption on surface sites of the solid phase and nitrification reactions reduce the NH4
+ 

content in soils and substrates, hence the rhizosphere NH4
+ concentration is commonly low, 

even under irrigation with a high NH4-N/NO3-N ratio (RN) solution. However, NH4
+ 

concentrations in substrates with low buffer capacities and subjected to frequent fertigation 



23 
 

 

may be high and increase with increasing irrigation frequency (Silber et al., 2004, 2005). 

Consequently, in soilless culture the impact of varying irrigation solution NH4
+ concentration 

and RN on rhizosphere pH and physiological processes becomes crucial, and controlling RN 

is of utmost importance (Silber and Bar-Tal, 2019). The main effects of nitrogen source on 

plants grown in soilless substrates include modification of the rhizosphere pH, availability of 

other nutritional elements, NH4
+ toxicity, and physiological disorders such as chlorosis and 

Ca deficiency (tipburn in lettuce and cabbage and blossom end rot in tomato, pepper, and 

eggplants) (Silber and Bar-Tal, 2019). It has been widely reported that NH4
+ nutrition 

depresses the uptake of cations, especially in leaves and petioles, and that NO3
- nutrition 

depresses anion uptake (Bar-Tal et al., 2001a). The detrimental effect of NH4
+ on vegetative 

growth, fruit production, and fruit quality of pepper and tomato is well documented (Bar-Tal 

et al., 2001b; Ganmore‐Neumann and Kafkafi, 1980a, 1980b). Almost all NH4
+ ions 

extracted from the irrigation solution are rapidly assimilated in the roots (Marschner, 2011); 

therefore demand for carbohydrates and oxygen in roots is higher for high NH4-N than for 

high NO3-N fertigation (Kafkafi, 1983). High temperature directly reduces solution-O2 

concentrations and also indirectly lowers carbohydrate availability due to increases in plant 

respiration (Gur et al., 1972). Thus, growth impairment and yield reduction of plants that are 

susceptible to ammonium toxicity are expected to be more important under hot than under 

cold rhizosphere temperatures (Ganmore‐Neumann and Kafkafi, 1980a; Kafkafi, 1983; 

Marschner, 2011; Mengel and Kirkby, 2001; Silber and Bar-Tal, 2019).  

The pH of the medium has been reported to be an important factor for nitrification 

processes, and the tendency for nitrification rates to decrease under acid conditions is 
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recognized. However, the magnitude of the pH effect strongly depends on substrate 

properties, water content, and N-source (Kyveryga et al., 2004; Russell et al., 2002; Ste-

Marie and Paré, 1999). The chemical properties of substrates are also affected by roots and 

microorganism biomass accumulation (Silber, 2019). Silber et al. (2012) reported that the 

adsorption capacity of used perlite for Zn was higher than that of fresh perlite and that the 

effect of temperature on the Zn adsorption curve as a function of pH was modified. The 

change in Zn adsorption in used substrates also affected the sorption of P. These results 

indicate that chemical substrate properties are not static; hence dynamic changes need to be 

considered. 

1.2 Motivation and Objectives 

In-depth knowledge about the physicochemical and hydraulic properties of soilless 

substrates and mixtures is imperative for the plant-specific design and management of 

soilless culture systems. These properties provide information about plant water availability 

and aeration dynamics, the ease of plant root penetration and propagation within growth 

containers, and the cation exchange capacity and nutrient availability during the cultivation 

period, to name a few. A consistent sample preparation method and reliable techniques for 

measuring various physicochemical properties are therefore inevitable, especially when 

soilless substrate mixtures are considered. Within this context, the first objective of my 

dissertation research was to develop a scientifically sound procedure for the preparation of 

substrate samples and to apply state-of-the-art techniques for the characterization of 

hydraulic and physicochemical properties (i.e., water retention characteristics, saturated 
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hydraulic conductivity, packing and particle densities, as well as phosphorus and ammonium 

adsorption isotherms).  

The selection of suitable substrates to meet specific plant physiological demands is of 

crucial importance for crop health and yields. While the chemistry of soilless substrate 

systems can be manipulated and managed to a large extent during the growth period, there is 

little opportunity for altering the physical and hydraulic properties (Bar-Tal et al., 2019; 

Handreck and Black, 2010). The substrate water retention characteristic and hydraulic 

conductivity are the two essential hydraulic properties for effective irrigation and fertilization 

management (Wallach et al., 1992). To obtain optimal water retention characteristics for a 

specific crop, it is common to mix organic materials such as peat moss, coconut coir, biochar, 

or pine bark, which lack coarse particles necessary for adequate aeration, with mineral 

substrates such as sand, perlite, volcanic tuff, or foamed glass (Alsmairat et al., 2018; Awang 

et al., 2009). The selection of optimal organic/mineral mixing ratios for dual-component 

substrates is currently mainly achieved via costly and time-consuming trial and error growth 

experiments. Although the hydraulic properties of some soilless substrate mixtures have been 

reported in the literature, there is virtually no physically-based method for the estimation of 

hydraulic mixture properties from the properties of their constituents. This motivated the 

second objective of my dissertation, namely the development of a new model for the 

estimation of water retention properties of two-component soilless substrate mixtures with 

arbitrary mixing ratios based on the water retention characteristics of their pure constituents. 

As mentioned above, substrates and substrate mixtures are mainly tested via costly and 

time-consuming trial and error growth experiments. As an alternative, three-dimensional 
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(3D) numerical flow and transport simulations can provide a scientifically sound basis for 

a priori elimination of substrates with unfavorable growth potential, as well as guidance for 

growth module design and irrigation and fertigation management, thereby preventing costly 

mistrials. Although the HYDRUS numerical code has been recently employed to simulate 

water, solute, and heat dynamics in soilless culture in 1D (Anlauf and Rehrmann, 2013; 

Boudreau et al., 2009; Fields et al., 2017; Naasz et al., 2008), 2D (Charpentier, 2015; Périard 

et al., 2015), and for simple 3D cases (Fields et al., 2020), 3D numerical simulations for 

growth modules with complex geometries, boundary conditions, and plant arrangements 

have not been attempted to date. This is because such simulations necessitate high-resolution 

discretization of the spatial and temporal domains, which commonly leads to several million 

nodes requiring numerical evaluation. Even today’s computing prowess of workstations is 

not adequate to tackle such problems within a reasonable timeframe, especially when 

numerous realizations are required to optimize the geometry, substrate properties, and 

irrigation and fertigation management of soilless plant growth modules. Hence, the 

parallelization of the numerical code and utilization of high performance computing are 

essential. This inspired the third objective of my dissertation research, which is the 

modification of the ParSWMS numerical code to simulate 3D water flow and solute transport 

in soilless plant growth modules with complex boundary conditions and its adaption for High 

Performance Computing (HPC). 
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1.3 Format of Dissertation 

The dissertation research and obtained results are presented in appendices A, B, and C, 

which constitute three independent research articles that have been published (Appx. A), are 

currently revised (Appx. C), or will be submitted (Appx. B) for publication in international 

scientific journals. The main results are further summarized in Chapter 2 “Summary, 

Conclusions and Potential Future Research”. All the appended manuscripts represent 

collaborative work with the coauthors listed on the title page of each appendix. The author, 

Mohammadreza Gohardoust, completed all laboratory measurements, data collection, 

analysis and synthesis, model development, software development and coding, and writing 

of the dissertation. The dissertation advisor, Dr. Markus Tuller, substantially contributed to 

the project conceptualization, methodology development, formal analysis, and text review 

and editing. Additional contributions to individual appendices are acknowledged in the 

following. 

Dr. Asher Bar-Tal provided valuable guidance for the measurement of phosphorus and 

adsorption isotherms and assisted with the revision of Appendix A. He also contributed 

valuable information about the design and management of the tomato growth experiment 

described in Appendix C. Dr. Mohaddese Effati assisted with laboratory measurements and 

data analysis presented in Appendix A. Dr. Horst Hardelauf provided access to the original 

ParSWMS source code and contributed his valuable knowledge whenever issues arouse 

during modification and adaptation of ParSWMS discussed in Appendix C. Dr. Jirka 

Šimůnek provided general advice related to HYDRUS 2D/3D and assisted with the revision 

of the first draft of Appendix C.  
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CHAPTER 2: SUMMARY, CONCLUSIONS, AND 

POTENTIAL FUTURE RESEARCH 

2.1 Summary and Conclusions 

The major findings of the dissertation are summarized in this section. All details about 

the theoretical background and applied techniques, a comprehensive presentation and 

discussion of results as well as conclusions are presented in the manuscripts appended to this 

dissertation. 

The first manuscript (Appendix A) is focused on the physicochemical and hydraulic 

characterization of designated organic and mineral soilless substrates and substrate mixtures. 

The substrate and to be measured property selections were guided by production-scale tomato 

growth experiments and the properties required to parametrize a three-dimensional numerical 

code for simulation of water and nutrient dynamics in containerized growth modules to 

facilitate their design and management. After developing a scientifically sound sample 

preparation procedure to ensure repeatability, the substrate water characteristics, saturated 

hydraulic conductivities, particle densities, average bulk densities, as well as phosphorus and 

ammonium adsorption isotherms were measured with state-of-the-art laboratory techniques 

for coconut coir, perlite, volcanic tuff, perlite/coconut coir (50/50 vol.-%), tuff/coconut coir 

(70/30 vol.-%), and Growstone®/coconut coir (50/50 vol.-%). The obtained measurements 

were used to parameterize the unimodal van Genuchten (1980) and bimodal Durner (1994) 

water retention models and to calculate integral water and energy storage parameters. The 

substrates were then ranked based on the amount of water that can be extracted by plant roots 



29 
 

 

within a specific volumetric water content range. According to this metric, perlite exhibited 

the highest amount of accessible water followed by perlite/coconut coir, coconut coir, 

Growstone®/coconut coir, tuff/coconut coir, and tuff, respectively. The obtained soilless 

substrate parameters can not only be applied for optimization (engineering) of soilless 

substrates via mixing of organic and mineral constituents at different ratios to meet specific 

plant physiological demands but also for the parameterization of three-dimensional 

numerical computer simulations of water and nutrient dynamics in containerized growth 

modules to aid with their design and management as well as to provide scientifically sound 

data for the design of growth experiments to avoid costly mistrials. 

The second manuscript (Appendix B) is devoted to the development and thorough 

evaluation of a new physics-based model for the estimation of water retention properties of 

two-component soilless substrate mixtures with arbitrary mixing ratios based on the water 

characteristics of their pure constituents. The new model is based on a theory developed by 

Lu and Torquato (1992, 1991) and allows the estimation of water retention characteristics of 

substrate mixtures from the characteristics of their constituents. The new model was applied 

to soilless substrate mixtures consisting of tuff/coconut coir, perlite/coconut coir, and foamed 

glass/coconut coir, with varying volumetric mixing ratios. A comparison of independently 

measured mixture water characteristics with model-estimated values revealed a good 

agreement with mean absolute errors of 0.030, 0.034, and 0.072 cm3 cm-3 for tuff/coconut 

coir, perlite/coconut coir, and foamed glass/coconut coir, respectively. The new model can 

be potentially applied in conjunction with numerical simulations to tailor soilless substrate 
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mixtures for specific crop physiological traits and aid with the design of growth modules and 

the selection of optimal irrigation and fertigation practices.  

The third manuscript (Appendix C) centers around the modification, testing, and 

adaptation for high performance computing (HPC) of the ParSWMS open source code that 

numerically solves the Richards’ equation for water flow and the convection-dispersion 

equation (CDE) for solute transport. With the goal of performing a vast number of flow and 

transport simulations on HPC clusters to aid the design and management of soilless growth 

modules, the 3D ParSWMS code was modified to not only enable nonlinear equilibrium 

solute adsorption and multi-solute transport simulations but also the application of boundary 

conditions to realistically represent typical soilless culture systems. The modified ParSWMS 

code was thoroughly tested using HYDRUS as a reference. To optimize the computational 

efficiency of the modified ParSWMS, numerous preconditioner/numerical solver 

combinations were tested for both the water flow and solute transport equations. While the 

BJACOBI/DGMRES preconditioner/solver combination was the most efficient for water 

flow, SOR/FGMRES worked best for solute transport. In general, GMRES-type and CG 

solvers applied in conjunction with the BJACOBI preconditioner were very efficient for 

water flow simulations. The most efficient combinations for solute transport consisted of 

preconditioners of the successive over relaxation category (i.e., SOR and EISENSTAT) and 

variations of the GMRES solver. To compare the stability and computational efficiency of 

modified ParSWMS with HYDRUS, a real growth module from a production-scale 

greenhouse experiment at the ARO Volcani Center in Israel was simulated considering three 

soilless substrates and 𝐻 𝑃𝑂 , 𝑁𝐻 , and 𝑁𝑂  transport. The simulations were performed 

on a workstation and two HPC clusters. The results revealed that the modified ParSWMS 
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was about 22% faster than HYDRUS when the simulations on the workstation were 

compared. Simulations on the HPC clusters led to a simulation speedup of up to 94%. While 

I experienced some stability issues for tuff and 𝑁𝑂  with HYDRUS, leading to an 

unrealistically high mass balance error, all modified ParSWMS simulations were stable on 

both the workstation and HPC clusters. In general, all water and solute mass balance errors 

generated with the modified ParSWMS were below the mass balance errors of HYDRUS. 

The availability of the modified and tested ParSWMS code opens new avenues for 

streamlining 3D water flow and solute transport simulations for complex porous media via 

the utilization of HPC environments. Simulations that took days to complete can now be 

resolved within a matter of hours, allowing for a vast number of realizations within a short 

period of time.   

2.2 Potential Future Research 

There is a common notion that soilless substrate systems are physically static throughout 

the growth period, thereby ignoring the impact of plant root and microbial growth on physical 

and hydraulic properties. There is clear experimental evidence that growing plant roots in 

confined containers successively displace macropore space throughout the growth period, 

thereby altering the water retention and flow characteristics within the growth modules (Jones 

et al., 2012; Lucas et al., 2019). Besides plant roots, hydraulic substrate properties may be 

significantly altered as a result of microbial growth (Rockhold et al., 2002; Thullner, 2010) 

Root and microbial growth rates are important factors for the selection of container geometry 

and size that provide boundary conditions for modeling moisture, oxygen and nutrient 

distributions within the root zone. Future research should consider the dynamic evolution of 
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hydraulic substrate properties throughout the growth period in a holistic mechanistic 

modeling framework to provide decision support for optimal growth stage-dependent 

irrigation and fertigation management of soilless culture systems.    

Another future research focus should be centered around the holistic optimization of 

soilless growth systems to reduce the environmental footprint while promoting crop health 

and yield. This can be achieved via combining the new substrate water retention model 

introduced in Appendix B with the modified ParSWMS numerical code presented in 

Appendix C, which allows a vast number of realizations (i.e., substrate mixing ratios, growth 

module geometries, plant densities, irrigation and fertigation amounts and frequencies) to be 

simulated with high performance computing. The simulation outputs can then be analyzed 

with advanced machine learning techniques to delineate the optimal system design and 

management for distinct plant physiological demands.  

Finally, the modified ParSWMS code introduced in Appendix C should be further 

expanded and refined. Although the modified ParSWMS version allows the simulation of 

zero-order production and first-order decay solute reactions, the ability to simulate solute 

chain reactions should be included in the future. Furthermore, the future inclusion of gas 

phase chemical transport would allow the simulation of nitrogen transformations in soilless 

substrates (nitrification, denitrification) (Tillotson et al., 1980), pesticide degradation 

(Hutson and Wagenet, 1995), and radionuclide decay and transformations (Van Genuchten, 

1985). Likewise, to increase the accuracy of solute transport simulations, the temperature 

dependency of transport and reaction coefficients should be considered via incorporation of 

heat transport in ParSWMS. 
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Abstract: Many arid and semiarid regions of the world face serious water shortages that are 

projected to have significant adverse impacts on irrigated agriculture and create 

unprecedented challenges for providing food and water security for the rapidly growing 

human population in a changing global climate. Consequently, there is a momentous 

incentive to shift to more resource-efficient soilless greenhouse production systems. Though 

there is considerable empirical and theoretical research devoted to specific issues related to 

control and management of soilless culture systems, a comprehensive approach that 

quantitatively considers relevant physicochemical processes within containerized soilless 

growth modules is missing. An important first step towards development of advanced 

soilless culture management strategies is a comprehensive characterization of hydraulic and 

physicochemical substrate properties. In this study we applied state-of-the-art measurement 

techniques to characterize six soilless substrates and substrate mixtures [i.e., coconut coir, 

perlite, volcanic tuff, perlite/coconut coir (50/50 vol.-%), tuff/coconut coir (70/30 vol.-%), 

and Growstone®/coconut coir (50/50 vol.-%)] that are used in commercial production in 

Israel and the United States. The measured substrate properties include water retention 
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characteristics, saturated hydraulic conductivity, packing and particle densities, as well as 

phosphorus and ammonium adsorption isotherms. In addition, integral water availability 

and integral energy parameters were calculated to compare investigated substrates and 

provide valuable information for irrigation and fertigation management.  

Keywords: soilless culture; organic and mineral substrates and mixtures; laboratory 

characterization; hydraulic properties; physicochemical properties  

A.1 Introduction 

The projected growth of the world population to around 9.7 billion by 2050 (World 

Population Prospects 2019: Highlights, 2019) poses unprecedented challenges for providing 

and sustaining food and water security and mitigating associated economic inequalities and 

social tensions that threaten global security (Artuso and Guijt, 2020; Newman, 2020). This 

is further exacerbated by climate change via alterations of precipitation patterns, more likely 

occurrence of climate extremes (e.g., prolonged droughts), and modification of diurnal and 

seasonal temperature regimes (Wheeler and Von Braun, 2013) and soil degradation that leads 

to an alarming reduction of arable land. Because of these imminent challenges as well as a 

strong demand for high-quality, out-of-season vegetables, fruits, and ornamentals in many 

industrial countries and the ban of methyl bromide fumigation of horticultural field soils, 

there is an increasing incentive to shift from soil to more resource-efficient soilless culture 

(Raviv et al., 2019). 

Substrates used in soilless culture systems exhibit major advantages over soils. Besides 

the alleviated risk for spreading soil-borne pathogens, physicochemical properties of growth 

substrates can be controlled within narrow margins, which commonly leads to healthier 
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plants and higher yields when compared to soil-based production (Gruda, 2019; Savvas, 

2003).  

Organic substrates that are extensively used in soilless culture include peat moss, 

compost, coconut coir, bark and other wood-based materials, and biochar, all of which are 

commonly mixed with inorganic substrates such as perlite, volcanic tuff, expanded clay 

granules, pumice, zeolite, and sand, in order to improve their physicochemical properties 

(Bar-Tal et al., 2019; Raviv, 2015).  

Though the same physical principles apply to both soilless substrates and soils, their 

physical and hydraulic properties are vastly different, which is of significant importance for 

management and control of soilless growth systems. In addition, there are fundamental 

differences with regard to dynamic water, air, and nutrient distribution processes, and root 

growth and development between spatially confined containerized production systems and 

unconfined field soils. While water flow and nutrient transport in growth containers is 

restricted by an impermeable container bottom with drainage holes, water drains and 

redistributes to much deeper layers in agricultural soils unless natural impediments exist. 

This leads to vastly different infiltration and redistribution dynamics requiring more intensive 

management of soilless systems. The smaller the root zone the more intensive the production 

system needs to be managed to provide a stress-free rhizosphere environment for optimum 

plant growth (Raviv et al., 2019).  

While soils are well-researched, and many discovered soil physical principles are readily 

available for application to soilless substrates, their adaptation and translation to substrates 

appear to lag behind. The physical properties of essence for the design and management of 
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containerized soilless production systems include bulk density (BD), particle density (i.e., 

specific gravity), the water characteristic (WC), and hydraulic conductivity (K) (Caron et al., 

2013; Yeager et al., 2000). The substrate WC (Tuller and Or, 2005) that relates the water 

content to the matric potential (i.e., capillary and adsorptive surface forces that hold water 

under subatmospheric pressure within the substrate matrix) and K are the most important 

physical properties that govern water flow and distribution processes (Wallach et al., 1992) 

and aeration (Deepagoda et al., 2013) in containerized soilless systems. The matric potential 

(h) (Or et al., 2005) determines the “ease” for plant roots to extract water from the substrate 

and is commonly expressed as a negative (subatmospheric) pressure. In general, all irrigation 

practices that explicitly attempt to avoid water stress in soilless production are confined to a 

matric potential range from 0 to −8 kPa. In some substrates, such as rockwool, the range is 

even narrower, with the onset of water stress occurring if h is allowed to attain values < −5 

kPa. In contrast, matric potentials encountered in field soils may well go as low as −75 kPa; 

in such systems matric potentials rarely rise above −10 kPa, except during or immediately 

after irrigation (Lieth and Oki, 2019). 

Several concepts related to the WC and K have been introduced to determine plant water 

availability. These include plant available water capacity (Veihmeyer and Hendrickson, 

1950), easily available water and water buffering capacity (de Boodt and Verdonck, 1972), 

container capacity (Bilderback and Fonteno, 1987; Fonteno, 1988; White and Mastalerz, 

1966), limiting and least limiting water range (Da Silva et al., 1994; Letey, 1985), and the 

integral water capacity (Groenevelt et al., 2001), the later accounting for aeration and root 

penetration. The more recently introduced integral energy concept calculates the energy 
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required to extract water from the growth medium (Deepagoda et al., 2013; Minasny and 

McBratney, 2003). The water flux in soilless substrates that may significantly vary due to 

large changes of hydraulic conductivity within a narrow h range is another important 

parameter for irrigation management to avoid plant water stress (Da Silva et al., 1993; Raviv 

et al., 1999). Accurate measurements of hydraulic substrate properties (i.e., WC and K) are 

also essential for the parameterization of numerical computer codes for the simulation of 

water and nutrient dynamics in containerized soilless systems. Such simulations aid with the 

optimization of substrate mixtures for specific plants as well as with the design and 

management of soilless systems (i.e., container geometry and irrigation amount and 

frequency), which may reduce costly and time consuming trial and error greenhouse 

experiments (Deepagoda et al., 2013).  

Nutrient supply in conjunction with irrigation (i.e., fertigation) is another important 

aspect of soilless culture management that requires insights about the adsorption of nutrients 

on substrate surfaces. For example, phosphorus and nitrogen need to be continuously 

supplied due to limited container volumes and associated restricted nutrient buffering 

capacities (Loneragan, 1997; Savvas, 2001; Silber and Bar-Tal, 2019). Rapid depletion of 

phosphorus after fertigation is a well-documented phenomenon caused by electrostatic 

adsorption onto substrate surfaces and slow formation of new solid metal-phosphorus 

compounds (Silber, 2019; Willard, 1979). To increase phosphorus uptake by plant roots, high 

frequency fertigation is commonly applied to induce nonequilibrium conditions (Silber et al., 

2005b, 2003; Xu and Lam, 2004). Ammonium promotes optimum plant development and 

growth when the NH4-N/total-N ratio does not exceed plant specific thresholds that depend 
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on species, rooting medium, root zone temperature, and pH (Bar-Tal et al., 2001b; Claussen 

and Lenz, 1999; Ganmore‐Neumann and Kafkafi, 1980b; Gerendás et al., 1997; Magalhaes 

and Wilcox, 1984; Savvas et al., 2003). For proper nutrient management, adsorption 

isotherms need to be determined to not only assure optimal growth conditions but also to 

minimize nutrient loss in open-loop soilless culture systems. 

The presented collaborative project that involves research teams from the U.S. and Israel 

was motivated by the rapidly growing demand for soilless growth media due to an ongoing 

momentous shift to more resource-efficient containerized soilless greenhouse production 

systems. It should be noted that the choice of soilless substrates and the selection of measured 

substrate properties was guided by ongoing production-scale greenhouse trials and the goal 

to utilize the obtained properties to parameterize a three-dimensional numerical code for 

simulation of water and nutrient dynamics in containerized growth modules to aid with their 

design and management. In the following we first discuss the selected substrates, then present 

a solid procedure for preparation of substrate mixtures, which is followed by an introduction 

of the applied state-of-the-art characterization techniques for the WC, saturated hydraulic 

conductivity (Ksat), and particle density as well as for the measurement of phosphorus and 

ammonium adsorption isotherms. We conclude the paper with a thorough discussion of 

obtained results. 
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A.2 Materials and Methods  

A.2.1 Investigated Soilless Substrates 

Six soilless substrates and substrate mixtures, including perlite (Figure A-1a), volcanic 

tuff (Figure A-1b), coconut coir (Figure A-1c), a 50/50 vol.-% perlite/coconut coir mixture 

(Figure A-1d), a 70/30 vol.-% volcanic tuff/coconut coir mixture (Figure A-1e), and a 50/50 

vol.-% foamed glass aggregate (i.e., Growstone®)/coconut coir mixture (Figure A-1f), were 

investigated. 

Horticultural perlite (Figure A-1a) is a naturally occurring amorphous volcanic glass 

with high water holding capacity, typically formed through hydration of obsidian (Alkan and 

Do, 1998; Kaufhold et al., 2014). Perlite is usually sieved and then heated to 1000 ˚C. At 

high temperature water evaporates, and when rehydrated perlite expands to 4 to 20 times of 

its original volume (Bar-Tal et al., 2019), which yields a lightweight substrate with high 

porosity. Perlite aggregates are chemically inert and pathogen free (Noland et al., 1992), two 

desired attributes when plants remain in the same substrate for prolonged time periods (Bar-

Tal et al., 2019; Patrick H. Kingston et al., 2020). However, if perlite is applied in high 

amounts, a negative impact on plant growth due to nutrient leaching may occur (Bugbee and 

Frink, 1986; Muñoz et al., 1993). 

Tuff is a common name for pyroclastic volcanic material, exhibiting high porosity and 

surface area (Figure A-1b). The physicochemical properties of tuff are mainly dependent on 

mineral composition and the weathering stage (Silber et al., 1999, 1994). In addition, grinding 

and sieving processes may alter these properties. Tuff commonly exhibits a BD between 0.8 

and 1.5 g cm−3 and a total porosity between 60 and 80%. Tuff possesses a high buffering 
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capacity and may adsorb or release nutrients, especially phosphorus, throughout the plant 

growth period (Silber et al., 1999; Silber and Raviv, 1996). 

Coconut coir (Figure A-1c) is the mesocarp of Cocos nucifera L., containing short and 

medium length fibers left from industrial applications. Depending on origin and industrial 

source, there is a difference in physical and chemical characteristics (Abad et al., 2005; Evans 

et al., 1996). The coconut coir dust is commonly sieved to desired sizes and washed to leach 

excess salts. Coconut coir exhibits remarkable physical and chemical properties such as high 

water holding capacity, good drainage and aeration properties, and high cation exchange 

capacity. It is also commonly used as a surrogate for peat and mixed with mineral substrates 

(Londra et al., 2012; Mak and Yeh, 2001; Meerow, 1994). 

Foamed glass aggregates (Growstone®, Growstone, LLC, Santa Fe, NM, USA) are made 

of recycled glass bottles and windows. The production process starts with crushing and 

grinding glass into a fine powder of vitreous soda lime glass, which is mixed with calcium 

carbonate (2% on weight basis) that acts as a foaming agent. When the mixture is heated it 

expands, thereby creating a network of fine pores (Bar-Tal et al., 2019; Evans, 2011). After 

the cooling process, the solid block of foamed glass is crushed, tumbled, and sieved to various 

aggregate sizes. The aggregates are commonly mixed with organic substrates. 
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Figure A-1. Investigated soilless substrates and substrate mixtures. (a) perlite, (b) tuff, (c) 

coconut coir, (d) 50/50 vol.-% perlite/coconut coir mixture, (e) 70/30 vol.-% volcanic 

tuff/coconut coir mixture, and (f) 50/50 vol.-% foamed glass aggregate/coconut coir 

mixture. 

A.2.2 Sample Preparation 

To obtain uniform and reproducible substrate samples for hydraulic characterization we 

first performed comprehensive compaction trials to determine the lowest and highest 

achievable dry bulk densities for the considered soilless substrates. The average dry bulk 

densities were then used as initial target bulk densities for preparation of samples for substrate 

WC and Ksat measurements. Because of particle segregation during transport, the 50/50 vol.-

% Growstone®/coconut coir mixture (Figure A-1f) supplied by Growstone, LLC was 

separated, remixed, and homogenized. All tests were performed in sextuplicate for each 

substrate and substrate mixture. We used air-dry samples as this is the most realistic scenario 

for large-scale greenhouse applications and also to avoid potential problems with 

hydrophobicity of coconut coir that may be induced during oven drying. 
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Subsamples of perlite, tuff, and coconut coir were first oven-dried to determine the air-

dry gravimetric water content. Then, the thoroughly homogenized air-dried substrates were 

compacted into cylinders with known volume (𝑉𝐶) in multiple layers to achieve a uniform 

packing density. To achieve the lowest potential packing density, the substrates were poured 

into and carefully manually distributed within the cylinders without imposing a significant 

compaction force. Only on the very top the substrate particles were gently pushed inside the 

cylinder to obtain a smooth surface. To achieve the highest potential packing density, the 

substrates were compacted layer by layer with a rubber stopper mounted on a push rod. At 

the end, the lowest and highest dry bulk densities were determined, and the average values 

were used as the target density for sample preparation for WC and Ksat measurements. 

Compaction trials were also performed for the 50/50 vol.-% perlite/coconut coir mixture, 

the 70/30 vol.-% tuff/coconut coir mixture, and the 50/50 vol.-% Growstone®/coconut coir 

mixture. First, several subsamples of the individual substrates to be mixed were collected and 

oven-dried to determine their air-dried gravimetric water content. Once the gravimetric water 

content of the individual mixture components was known, the substrates were poured into 

two separate cylinders of known volumes and compacted in the same fashion as described 

above for the lowest packing density. The air-dried mass of the substrates occupying a 

specific volume was then measured and the oven-dried masses per volume were calculated. 

The dry mass ratio (𝜗) may then be defined as: 

𝜗 =
𝑀

𝑀
× 𝑅  (A-1) 
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with 𝑀  as the oven-dried mass of substrates 1 or 2 occupying a specific volume and RV 

the volumetric substrate mixing ratio (i.e., 50/50 vol.-% for perlite/coconut coir; 70/30 vol.-

% for tuff/coconut coir; and 50/50 vol.-% for Growstone®/coconut coir). 

For the compaction trials the air-dried substrate components were then mixed at the 

desired volumetric substrate mixing ratio and the resulting mixture was meticulously 

homogenized. The homogenized air-dried mixture was then compacted into cylinders in the 

same fashion as the individual substrates to obtain the lowest and highest achievable potential 

packing densities. After compaction, the mass of the air-dried mixture occupying the 

cylinder, 𝑀𝐴𝐷𝑚𝑖𝑥, was determined and the oven-dried masses of the individual components 

composing the sample were calculated as:  

𝑀  =  𝑀  −  
𝑀

𝜗
1 +  𝜃
1 +  𝜃

 +  1
 ∙  

1

1 + 𝜃
 (A-2) 

𝑀  =  
𝑀

𝜗
1 +  𝜃
1 + 𝜃

 +  1
 ∙  

1

1 +  𝜃
 (A-3) 

where 𝑀𝑂𝐷1 and 𝑀𝑂𝐷2 are the oven-dry masses of substrate 1 and 2, respectively, and 𝜃  is 

the gravimetric water content. The dry bulk density of the mixture (𝜌 ), which is used 

as target value for further measurements, was derived as:  

𝜌  =  
𝑀  +  𝑀

𝑉
 (A-4) 

with VC as the cylinder volume. The mass of air-dry substrate required to fill a distinct volume 

(𝑉) at target bulk density was calculated as:  
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𝑀  =  
1 + 𝜃

1 +  𝜗
 +  

1 +  𝜃

1 +  𝜗
 ∙  𝜌  ∙  𝑉  (A-5) 

A.2.3 Substrate Water Characteristic and Integral Energy and Water Storage 

Tempe cells (Soilmoisture Equipment Corp., Santa Barbara, CA, USA) were used to 

measure the substrate WC curve. The Tempe cells were connected to a pressure manifold 

(Figure A-2) with a high-resolution pressure/vacuum regulator and initially saturated samples 

were sequentially desaturated by applying increasing pressures. Each pressure step was 

maintained until the sample was in equilibrium with the applied pressure and the outflow 

ceased. A detailed description of the pressure desaturation method is provided in (Tuller and 

Or, 2005). All measurements were performed in quintuplicate and averaged values are 

reported.  

The van Genuchten model (van Genuchten, 1980) (Equation (A-6)) was fitted to WC 

measurements for substrates exhibiting unimodal behavior and the Durner model (Durner, 

1994) (Equation (A-7)) was fitted to WC measurements exhibiting bimodal behavior.  

𝜃(ℎ)  =  𝜃  + (𝜃  − 𝜃 )
1

1 +  |𝛼ℎ|
 (A-6) 

𝜃(ℎ)  =  𝜃  +  (𝜃  −  𝜃 ) (1 −  𝑤)
1

1 +  |𝛼 ℎ|
 

+  𝑤
1

1 +  |𝛼 ℎ|
 

(A-7) 

where 𝜃 is the volumetric water content, 𝜃𝑟 and 𝜃𝑠 are the residual and saturated water 

contents respectively, h is the matric potential, and 𝛼, 𝑛, and 𝑚 are shape parameters with 𝑚 
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= 1−1/𝑛. w is a weighting factor that varies between 0 and 1 and the indices 1 and 2 refer to 

the first and second substrate in the mixture, respectively. 

 

Figure A-2. Setup of the Tempe cell experiment. 

To capture effects of the WC curve shape on plant water availability, rather than relying 

on two matric potential thresholds such as proposed in (Da Silva et al., 1994; Letey, 1985; 

Veihmeyer and Hendrickson, 1950), we calculated the integral water (WI) and energy (EI) 

storage following (Groenevelt et al., 2001; Minasny and McBratney, 2003) as:  

𝑊 ℎ , ℎ  =  
1

ℎ  − ℎ
𝜃(ℎ) 𝑑ℎ (A-8) 

where the indices i and f are the wet and dry matric potential cut-offs, respectively. WI has 

units of volumetric water content and represents the weighted average of water contents 

between hi and hf. The integral energy (i.e., energy required to extract water from 𝜃i to 𝜃f ) 

was calculated as: 
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𝐸 𝜃 , 𝜃  =  
1

𝜃  −  𝜃
ℎ(ℎ𝜃) 𝑑𝜃 (A-9) 

The integrals in Equations (A-8) and (A-9) were numerically solved with the 

MATLAB®—Version R2019b software package (MathWorks, Natick, MA, USA). Based on 

obtained WC parameters and selection of plant specific cut-off values for the wet- and dry-

end matric potentials and water contents, substrate water availability can be determined as:  

𝑅 =  
𝑊

𝐸
 (A-10) 

R indicates the amount of water that can be extracted via exertion of a unit amount of energy 

by plant roots within the range of the wet- and dry-end thresholds. The higher R, the easier it 

is for plants to extract water. 

A.2.4 Saturated Hydraulic Conductivity 

For the Ksat measurements we designed and fabricated an automated constant head 

device that was placed on a load cell attached to a laboratory jack and connected to a flow 

cell filled with substrate (Figure A-3). The load cell was connected to a datalogger to record 

and monitor the weight change of the constant head container (i.e., Marriot tank) while water 

was flowing through the sample. In addition, the water temperature was continuously 

measured with a thermocouple and used to convert mass to volume change. The setup was 

initially thoroughly tested and adjusted to minimize flow resistance in the tubing and 

connectors. Each substrate was compacted into a flow cell at average bulk density (see 

Section A.2.2). Before slowly saturating samples with water from the Marriot tank, they were 

flushed with CO2 for about 10 min at very low flow rate to enhance the saturation process. 
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After sample saturation the constant head was adjusted with the lab jack and the experiment 

initiated. The experiment was terminated after several hours of steady state flow. Each 

substrate was measured in duplicate at 20, 15, 10, and 5 cm hydraulic heads. Darcy’s law 

was applied to calculate Ksat from the measured water flux density and set hydraulic heads 

(Reynolds et al., 2002). 

 

Figure A-3. Automated constant head setup for Ksat measurements. 

A.2.5 Particle Density 

While a standard water pycnometer (Flint and Flint, 2002) was used to measure the 

particle densities of tuff and coconut coir, nitrogen gas pycnometry was applied for the lighter 

perlite and Growstone® substrates. A Multipycnometer (Quantachrome Corp., Boynton 

Beach, FL, USA) with nitrogen as probing gas was used for the latter measurements. Gas 

pycnometry is based on Archimedes’ fluid displacement principle and Boyle’s gas expansion 

law. The volume of a solid or powder sample is determined via measuring the pressure drop 

that occurs when a known amount of pressurized gas initially contained in a reference cell 



53 
 

 

with known volume (VR) is allowed to expand into a cell of known volume (VC) that contains 

the sample. The sample volume vs. is calculated as:  

𝑉  =  𝑉  − 𝑉
𝑃

𝑃
 −  1  (A-11) 

where P1 and P2 are the pressures before and after gas expansion into the sample cell. All 

measurements were performed in quintuplicate. From the known oven-dry mass of the 

sample and its determined volume VS, the particle density can be calculated. The particle 

densities of the mixtures were calculated based on their mixing ratios.  

A.2.6 Phosphorus Adsorption Isotherms 

Phosphorus adsorption isotherms were measured in triplicate with adsorption batch 

experiments. The substrates were air dried and a 1-g subsample was added to a 50 ml 

equilibration tube. Then 20 ml of KH2PO4 solution with concentrations of 0, 1, 5, 10, 50, and 

100 mg KH2PO4-P l−1 in the background of 0.01 M CaCl2 was added to the tubes to obtain a 

soil/solution ratio of 1:20. The pH of the solution was adjusted with 1M sodium hydroxide 

to fall between 6.5 and 7.0. The samples were left to equilibrate for 24 h in an end-over-end 

shaker. The supernatant was extracted after centrifuging for 15 min at 12,000 rpm and 

filtering with 0.2 μm paper filters. 

The analysis of the filtrate soluble reactive phosphorus was carried out with the ascorbic 

acid colorimetric method for perlite, tuff, and tuff-coir substrates. Required reagents were 

prepared as follows: Molybdate Reagent: 12.0 g of ammonium molybdate was dissolved in 

250 ml of deionized water and 0.1455 g of antimony potassium tartrate was also dissolved in 

500 ml of 5N H2SO4. Then 125 ml of ammonium molybdate solution was thoroughly mixed 
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with the 500 ml H2SO4-antimony potassium tartrate solution and diluted to one liter with 

deionized water using a volumetric flask. Color developing reagent was prepared as follows: 

in a 1l volumetric flask, 0.739 g of ascorbic acid was dissolved in deionized water and 70 ml 

of the molybdate reagent added and brought to volume. A series of standard PO4-P solutions 

with concentrations of 0, 1, 2, 3, and 4 ppm, were prepared for calibration of the 

spectrophotometer each time a measurement was made. 1 ml of sample solution was mixed 

with 9 ml of color developing reagent in a small tube and its P concentration was measured 

after about 1 h with a spectrophotometer at 880 nm wavelength. 

Because colorimetric determination of the phosphorus concentration requires a clear 

solution, which was not the case for samples containing considerable amounts of coconut 

coir (i.e., coconut coir, perlite/coconut core mixture, and Growstone®/coconut coir mixture), 

the total phosphorus concentrations for these substrates were measured with Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS) at the Arizona Laboratory for Emerging 

Contaminants (ALEC). 

The linearized Langmuir adsorption equation was fitted to the measured data to obtain 

the substrate sorption parameters:  

𝐶

𝑆
 =  

1

𝑘𝑆
 +  

𝐶

𝑆
 (A-12) 

where S is the total amount of P retained (mg kg−1), C is concentration of P after 24 h 

equilibration (mg l−1), Smax is the maximum P sorption capacity (mg kg−1), and k is a constant 

related to the bonding energy, l (mg P)−1. Additional details are provided in (Kovar and 

Pierzynski, 2009).  
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A.2.7 Ammonium Adsorption Isotherms 

Ammonium adsorption isotherms were calorimetrically determined in triplicate in batch 

experiments. Ammonium solutions were prepared in concentrations of 0, 1, 5, 10, 50, and 

100 mg NH4Cl-N l−1. One gram of each substrate was agitated with 20 ml of the ammonium 

solutions in a centrifuge tube for 3 h after adjusting the pH with 1M sodium hydroxide to fall 

between 6.5 and 7.0. Samples were then centrifuged and filtered with 0.2 μm filter paper. 

The concentration of ammonium was measured with the salicylate method following 

(Kempers and Zweers, 1986) with the following reagents: 

1. Sodium salicylate-sodium nitroprusside solution (reagent 1): 33.0 g of NaC7H5O3 and 

20.0 mg of Na2Fe(CN)5NO.5H2O was dissolved in deionized water and diluted to 100 

ml. 

2. Buffer solution (reagent 2): 9.33 g of sodium citrate dihydrate and 4.0 g of NaOH were 

dissolved in deionized water and diluted to 100 ml. 

3. Hypochlorite solution (reagent 3): 5 ml of hypochlorite (10% active chlorine) was 

dissolved in 25 ml deionized water.  

Four ml of extracted ammonium solution was mixed in a glass tube with 0.9 ml 

combined reagent (i.e., one part of reagent 1 mixed with two parts of reagent 2). Then within 

one minute 0.1 ml of reagent 3 was added to the tube, which was then placed in a dark room 

for 120 min to allow the establishment of the emerald blue color. The absorbance of the 

chromophore was measured with a spectrophotometer at 647 nm wavelength and the 

Langmuir adsorption model (Equation (12)) was fitted to the measured data. 
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A.3 Results and Discussion 

A.3.1 Bulk and Particle Densities 

The lowest and highest dry bulk densities achieved with the packing procedures 

described in Section A.2.2 are listed in Table A-1. The average values were used as the target 

bulk densities for the samples used for the WC and Ksat measurements. Perlite was the 

lightest of the investigated substrates with an average bulk density of 0.076 g cm−3, followed 

by the perlite/coconut coir mixture. Tuff exhibited the highest bulk density with an average 

value of 1.15 g cm−3. From transportation and handling point of view low bulk densities are 

desirable (Ma et al., 2009). The determined dry mass ratios for the substrate mixtures are also 

displayed in Table A-1. 

Table A-1. Dry bulk densities and oven-dried mass ratios of mixtures determined with 

compaction experiments. 

Substrates 
Mixing Ratio 

(vol.-%) 
Dry Mass Ratio (𝜗) 

Dry Bulk Density (g cm−3) 

Lowest Highest Average 

Perlite - - 0.072 0.080 0.076 

Tuff - - 1.100 1.200 1.150 

Coconut coir - - 0.100 0.120 0.110 

Perlite/coir 50/50 0.73 0.082 0.094 0.088 

Tuff/coir 70/30 25.82 0.875 0.975 0.925 

Growstone®/coir 50/50 2.89 0.180 0.190 0.185 

The average particle densities and associated standard errors (SE) are listed in Table A-2. 

As discussed in Section A.2.5., a standard water pycnometer was employed for tuff and 

coconut coir and a gas pycnometer was used for the perlite and Growstone® substrates. Perlite 

exhibits the lowest particle density. The obtained value of 0.739 g cm−3 falls within the 

reported range of 0.28—0.98 g cm−3 (Demirboğa and Gül, 2003; Ghazvini et al., 2007)—the 
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variations are attributable to differences in the production process. The highest particle 

density of 2.653 g cm−3 was determined for tuff, which is due to the presence of significant 

amounts of metal oxides such as aluminum, iron, and magnesium (Silber et al., 1994). 

Table A-2. Measured particle densities. 

Substrates Particle Density (g cm−3) Standard Error 

Perlite 0.739 0.004 

Tuff 2.653 0.015 

Coconut coir 1.717 0.069 

Growstone® 1.621 0.014 

A.3.2 Substrate Water Characteristic and Saturated Hydraulic Conductivity 

The continuous parametric WC models of van Genuchten (VG) (van Genuchten, 1980) 

and Durner (Durner, 1994) were fitted to the measured matric potential and volumetric water 

content pairs (Figure A-4). For calculation of integral water storage (WI) and integral energy 

(EI) the threshold matric potential at the wet-end (hi) of the WC was set at −2 cm H2O below 

the substrate’s air-entry potential (i.e., the potential at which the largest pore in the system 

starts draining and water is displaced by air—the transition from fully water-saturated to 

partially saturated) and the potential at the dry-end (hf) at −440 cm H2O. The latter was 

adapted from (Thompson et al., 2007) for spring tomatoes, which is the major crop of our 

greenhouse trials (Figure A-4). It should be noted that while the matric potential has a 

negative subatmospheric pressure (lower potential means larger negative number—−440 cm 

is lower than −2 cm), out of convenience it is commonly plotted on a positive scale with a 

minus sign in front of the units. It is also common to use units of lengths of H2O column (e.g., 
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m) for the matric potential, which can be converted to pressure units (e.g., kPa) via 

multiplication with the density of water (kg m−3) and the acceleration due to gravity (m s−1). 

More details are provided in (Tuller and Or, 2005) and (Or et al., 2005).  

 

Figure A-4. Measured WC data displayed with the fitted unimodal van Genuchten 

(Equation (A-6)) or bimodal Durner (Equation (A-7)) WC models for: (a) perlite, (b) tuff, 

(c) perlite/coconut coir, (d) tuff/coconut coir, (e) coconut coir, and (f) Growstone®/coconut 

coir. The error bars represent the standard deviation of the measured volumetric water 

contents. The wet- and dry-end matric potential thresholds, hi and hf, and their 

corresponding water contents, 𝜃i and 𝜃f, are marked with dash-dotted lines. The pore size 

distributions associated with the WC curves are plotted on the right side. 

The hydraulic substrate properties consisting of the WC model parameters and the 

saturated hydraulic conductivity (Ksat) are listed in Table A-3.  
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Table A-3. Substrate WC parameters and measured Ksat (for parameter definitions see 

Equations (A-6) and (A-7) in Section A.2.3). 

Substrate 
θr 

(cm3 cm−3) 

θs 

(cm3 cm−3) 

α1 

(cm−1) 
n1 

α2 

(cm−1) 
n2 w 

Ksat 

(cm h−1) 

SE* 

(cm h−1) 

Perlite 0.001 0.818 0.822 1.820 0.032 1.164 0.558 305.1 16.7 

Tuff 0.014 0.483 6.970 1.249 - - - 304.2 12.1 

Coconut Coir 0.010 0.874 0.062 1.296 - - - 56.2 5.1 

Perlite/Coir 0.005 0.837 0.599 1.331 0.011 1.318 0.416 165.1 8.4 

Tuff/Coir 0.014 0.549 0.458 1.267 - - - 110.7 11.6 

Growstone®/

Coir 
0.004 0.722 56.290 5.146 0.295 1.232 0.765 172.4 9.9 

* Standard error of Ksat measurements. 

The integral water storage and energy values calculated for each substrate are displayed 

in Table A-4 together with their wet- and dry-end threshold water contents and R values 

(Equation (A-10)).  

Table A-4. Integral water storage and energy values and associated threshold water contents 

(for parameter definitions see Equations (A-8) to (A-10) in Section A.2.3). 

Substrate 
θi 

(cm3 cm−3) 

θf  

(cm3 cm−3) 

WI  

(cm3 cm−3) 
EI (cm) 

R  

(cm3 cm−3 cm−1) ×10−3 

Perlite 0.586 0.298 0.348 80.03 4.35 

Tuff 0.314 0.093 0.120 54.69 2.19 

Coconut Coir 0.734 0.333 0.431 120.65 3.57 

Perlite/Coir 0.681 0.288 0.372 96.94 3.83 

Tuff/Coir 0.431 0.144 0.187 69.02 2.71 

Growstone®/Coir 0.511 0.182 0.231 67.78 3.41 

Because of its aggregated structure, perlite exhibits a bimodal pore size distribution (Figure 

A-4a) with distinct contributions of inter- and intra-aggregate pores (Smettem and Kirkby, 1990). The 

bimodal pore structure and WC that was well approximated with the Durner model (Figure 4a) is 

consistent with observations by (Jamei et al., 2011), who applied mercury intrusion porosimetry to 
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measure the pore size distribution of uncrushed expanded perlite. It should be noted that a distinct 

bimodal pore structure of perlite was not reported in (Al Naddaf et al., 2011; Giuffrida and Consoli, 

2016; Londra, 2010). The saturated hydraulic conductivity of perlite that was slightly above that of 

tuff (Table A-3) falls within the range provided in (Giuffrida and Consoli, 2016). Based on the WI, 

EI, and R values listed in Table A-4, it is obvious that the plant water availability (accessibility) of 

perlite is the highest of all investigated substrates. In other words, perlite yields the highest water 

amount between the respective threshold water contents (θi and θf) per unit energy exerted by plant 

roots. In contrast to perlite, tuff provides the lowest water yield of the investigated substrates between 

θi and θf (Table A-4). This in conjunction with its high Ksat (Table A-3) indicates rapid drainage of 

the fertigation solution from the substrate, which provides valuable insights for irrigation and 

fertigation management to avoid problems with water and nutrient deficiencies. For example, an 

increase in irrigation frequency to keep the matric potential above −200 cm would double the plant 

water yield for the same applied energy. Wallach et al. (Wallach et al., 1992) measured hydraulic 

characteristics of two red tuff varieties and reported Ksat values of 130 and 439 cm h−1 and associated 

dry bulk densities of 1.227 and 1.091 g·cm−3, respectively. They also evaluated the capability of the 

Mualem hydraulic conductivity model (Mualem, 1976) to estimate unsaturated hydraulic 

conductivity from van Genuchten WC model parameters and found good agreement with data 

measured for tuff. Coconut coir exhibits the lowest Ksat of the investigated substrates—about one-

sixth of that of perlite and tuff (Table A-3). Because of differences in industrial source and 

pretreatment of coconut coir, considerable variations in physicochemical and hydraulic properties can 

be expected (Evans et al., 1996). The measured Ksat of 56.2 cm h−1 is about half of that measured by 

(Quintero et al., 2006), who compacted the samples to a similar bulk density as used in this study. 
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The Ksat value reported in (Raviv et al., 2001) is more than one order of magnitude higher than our 

measurements, but due to the lack of information about the associated bulk density a direct 

comparison is not feasible. Their extremely high Ksat is most likely due to a much lower bulk density 

of the coconut coir in the narrow glass columns that were used in their experiments, which is also 

evident from the van Genuchten WC model α-parameter reported in (Raviv et al., 2001). In general, 

horticultural coconut coir does not contain a significant number of large pores. This is why it is 

commonly mixed with aggregated mineral substrates to enhance aeration properties (Londra et al., 

2012). In terms of plant water availability (i.e., R-value), pure coconut coir yields more water per unit 

of energy exerted by plant roots within the θi–θf range than the tuff/coconut coir and 

Growstone®/coconut coir mixtures (Table 4). 

The perlite/coconut coir and tuff/coconut coir mixtures exhibit hydraulic properties that fall in 

between the properties of their constituents (Figure A-4c,d; Table A-3 and Table A-4). This includes 

their air-entry potentials, which enhances aeration relative to sole coconut coir. The addition of 

coconut coir to perlite and tuff also lowers the Ksat of the mixtures, slowing down drainage and 

increasing the water yield (availability) within the θi – θf range. For example, the 70/30 vol.-% 

tuff/coconut coir mixture has a 19% higher R value than the sole tuff substrate (Table A-4). Such 

information may be utilized to optimize (engineer) substrate mixtures via varying mixing ratios to 

achieve optimum plant specific growth environments in terms of total porosity, air-filled porosity, 

available water, aeration, and bulk density (Chamindu Deepagoda et al., 2013; Deepagoda et al., 

2013; Yeager et al., 2000) as well as to provide guidance for selection of container geometry and 

irrigation and fertigation management (Caron et al., 2005; Jones and Or, 1998; Riga et al., 2003). 
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The Growstone®/coconut coir mixture has the highest (i.e., least negative) air-entry potential of 

the investigated substrates (Figure A-4), which is also evident from the high α1 Durner WC model 

parameter (Table A-3). From Figure 4, it is evident that a −1 cm change in matric potential will cause 

an almost instantaneous drainage of water from about 25% of the entire pore space. As shown in 

(Deepagoda et al., 2013), where both the WC and aeration properties of four soilless substrates were 

measured, caution is required when assessing aeration properties of mixtures containing large 

aggregates as water blockage and pore discontinuities might occur. 

A.3.3 Phosphorus and Ammonium Adsorption 

The Langmuir adsorption isotherm parameters for both phosphorus and ammonium are 

summarized in Table A-5. The maximum amount of phosphorus adsorbed onto perlite, 

coconut coir, and the perlite/coconut coir mixture of about 20 mg per kilogram of solid is 

negligibly small. The low phosphorus absorptivity of perlite was previously reported by (Ma 

et al., 2011, 2009), who evaluated perlite as a potential filtration medium for urban runoff. 

Low phosphorus adsorption onto coconut coir was indicated in (Kumar et al., 2010; 

Namasivayam and Sangeetha, 2004). Tuff and the Growstone®/coconut coir mixture 

exhibited the highest phosphorus adsorption per unit substrate mass, about 15 and 12 times 

that of perlite and coconut coir (Table A-5), respectively. It should be noted that while tuff 

and the Growstone®/coconut coir mixture show about the same capacity for phosphorus 

adsorption per unit substrate mass, the adsorption onto tuff within the same container volume 

will be more than six times higher than that onto the Growstone®/coconut coir mixture 

because of the significantly higher dry bulk density of tuff (Table A-1). 
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Figure A-5 depicts the measured equilibrium concentrations for both ammonium and 

phosphorus together with the fitted Langmuir isotherms. The low coefficients of 

determination (R2) for perlite, coconut coir, and Growstone®/coconut coir are attributable to 

low adsorption values (perlite and coconut coir) and the uncertainty inherent to the 

measurement procedure. 

 

Figure A-5. Measured NH4
+ and H2PO4

- equilibrium concentrations displayed with the 

fitted Langmuir adsorption isotherms and the associated coefficients of determination. 
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The k coefficient in the Langmuir equation represents the affinity of the adsorbed species 

to the adsorbent (i.e., the higher k, the stronger the affinity). When the affinity is stronger, 

maximal adsorption is attained at lower adsorbate concentrations and there is a sharp increase 

in the adsorbed amount at low concentrations. The k values in Table A-5 indicate that the 

order of affinities of phosphorus to the substrates is perlite > coconut coir > perlite/coconut 

coir mixture > tuff/coconut coir mixture > tuff > Growstone®/coconut coir mixture. Despite 

the high affinity of phosphorus to perlite, the importance of phosphorus adsorption is small 

due to the combination of low Smax and low bulk density. It was expected that the k values of 

mixtures of two components fall between the values of the pure components. However, note 

that the k of the perlite/coconut coir mixture is smaller than that of coconut coir, most likely 

due to chemical interactions between the coconut coir and perlite surfaces. The k value of the 

tuff/coconut coir mixture is much closer to that of tuff, which may be attributed to the much 

higher bulk density of tuff. 

Table A-5. Langmuir adsorption isotherm parameters for phosphorus and ammonium. 

 Phosphorus Ammonium 

Substrate 
Smax 

(mg kg−1) 

k 

(l mg−1 KH2PO4-P) 

Smax 

(mg kg−1) 

k 

(l mg−1 NH4-N) 

Perlite 18.0 0.984 43.6 3.376 

Tuff 270.6 0.066 432.8 0.135 

Coconut Coir 23.0 0.548 1419.5 0.036 

Perlite/Coir 24.2 0.327 809.0 0.056 

Tuff/Coir 241.8 0.102 517.3 0.083 

Growstone®/Coir 265.5 0.036 473.6 0.054 
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Because of its high cation exchange capacity (CEC) (Evans et al., 1996; Kumarasinghe 

et al., 2016), which is the most important factor for ammonium adsorption (Gai et al., 2014), 

the maximum amount (Smax) of ammonium was adsorbed onto coconut coir. This translates 

to the mixtures containing coconut coir (Table A-5). Perlite exhibited the lowest Smax value 

of the investigated substrates, which together with its low bulk density indicates that 

ammonium adsorption onto perlite is rather negligible. It should be noted that because the 

substrates were mixed on a volume basis, the dry mass ratio parameter (𝜗) in Equation (A-1) 

is crucial for estimation of adsorption properties of the substrate mixtures. For example, the 

30 vol.-% coconut coir contained in the tuff/coconut coir mixture does not significantly 

increase ammonium adsorption. In contrast, the 50 vol.-% coconut coir contained in the 

perlite/coconut coir mixture significantly impacts ammonium adsorption due to an almost 30 

times lower 𝜗 than that of the tuff/coconut coir mixture. The k values in Table A-5 indicate 

that the order of affinities of ammonium to the substrates is perlite > tuff > tuff/coconut coir 

> perlite/coconut coir > coconut coir > Growstone®/coconut coir. Similar to phosphorus, the 

importance of ammonium adsorption to perlite is small due to the combination of low Smax 

and low bulk density. As expected, the k values for ammonium in the two component 

mixtures fall in between the values of the pure components.  

A.4 Conclusions 

A thorough physicochemical and hydraulic characterization of six soilless substrates and 

substrate mixtures that were selected based on ongoing greenhouse trials was presented. The 

investigated substrates included perlite, volcanic tuff, coconut coir, a 50/50 vol.-% 
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perlite/coconut coir mixture, a 70/30 vol.-% volcanic tuff/coconut coir mixture, and a 50/50 

vol.-% foamed glass aggregate (i.e., Growstones®)/coconut coir mixture. After developing a 

precise sample preparation procedure to assure high repeatability, the substrate WC, Ksat, 

particle densities, average bulk densities, as well as phosphorus and ammonium adsorption 

isotherms were measured with state-of-the-art techniques. The WC measurements were used 

to parameterize the unimodal van Genuchten (van Genuchten, 1980) and bimodal Durner 

(Durner, 1994) WC models to derive integral water and energy storage parameters to estimate 

the amount of water that can be extracted from a specific volumetric water content range per 

unit energy exerted by plant roots. From integral energy calculations, it is evident that plant 

water availability (accessibility) of perlite is the highest of all investigated substrates, 

followed by the perlite/coconut coir mixture. Perlite also exhibits favorable nutrient 

adsorption characteristics. Despite the high affinity of phosphorus to perlite the importance 

of P adsorption is small due to a low maximum adsorption capacity and the low bulk density 

of perlite. In addition, ammonium adsorption to perlite is rather negligible. The obtained 

soilless substrate parameters can not only be applied for optimization (engineering) of 

soilless substrates via mixing of organic and inorganic constituents at different ratios to meet 

specific plant physiological demands but also used for the parameterization of three-

dimensional numerical computer codes for simulation of water and nutrient dynamics in 

containerized growth modules to aid with their design and management as well as to provide 

scientifically sound data for the design of greenhouse trials to avoid costly trial and error 

experiments, which motivated this study and is part of our ongoing research. 
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Abstract: Driven by the need to secure and sustain the food and water supply for the rapidly 

growing human population in a changing global climate, there is a momentous incentive to 

shift from soil-based crop production to more resource-efficient containerized soilless 

culture production systems. Mineral and organic soilless substrates are commonly mixed to 

establish an optimal rhizosphere environment for soilless culture crops. The mixtures are 

usually tested via costly and time-consuming trial and error experiments. To provide a 

scientifically sound basis for a priori elimination of substrate mixtures with unfavorable 

water retention and associated aeration characteristics, we developed a new model for the 

estimation of water retention properties of two-component soilless substrate mixtures with 

arbitrary mixing ratios based on the water retention characteristics of their pure constituents. 

The new model was tested for tuff/coconut coir, perlite/coconut coir, and foamed 

glass/coconut coir substrate mixtures with varying volumetric mixing ratios. A comparison 

of independently measured mixture water characteristics with model-estimated values 

revealed a good agreement with root mean squared errors of 0.030, 0.034, 0.072, cm3 cm-3 

on average, for tuff/coconut coir, perlite/coconut coir, and foamed glass/coconut coir 

mixtures, respectively. The new model can be potentially applied in conjunction with 

numerical simulations to tailor soilless substrate mixtures for specific crop physiological 

traits and aid with the design of growth modules and the selection of optimal irrigation and 

fertigation practices. 
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B.1 Introduction 

The paramount challenge of establishing and sustaining water and food security for the 

rapidly growing human population in a changing global climate as well as the increasing 

demand for high-quality, out-of-season vegetables, fruits, and ornamentals in the 

industrialized world, induced a renaissance of soilless culture crop production (Raviv et al., 

2019; Wheeler and von Braun, 2013). While soilless substrate growth systems require 

intensive irrigation and fertigation management and there is more root-to-root competition in 

confined growth modules than in field soils (Bar-Tal, 1999; Dambreville et al., 2017; Sinclair 

et al., 2017), they yield healthier plants due to the alleviated risk of spreading pathogens 

(Raviv et al., 2019). While economic and environmental considerations are important when 

selecting suitable soilless substrates, their physicochemical and hydraulic properties are the 

most important performance indicators (Barrett et al., 2016). While the chemistry of soilless 

substrate systems can be manipulated and managed to a large extent during the growth period, 

there is little opportunity for altering the physical and hydraulic properties, which implies the 

crucial importance of initial plant-specific substrate selection (Bar-Tal et al., 2019; Handreck 

and Black, 2010). To optimize the hydraulic and associated aeration properties of soilless 

substrates it is common to mix inorganic and organic components (Fields et al., 2018). 

Organic materials such as peat moss, coconut coir, biochar, or pine bark, which lack coarse 

particles necessary for adequate aeration, are mixed with inorganic substrates such as sand, 

perlite, volcanic tuff, or foamed glass to form larger pores that quickly drain after an irrigation 

(Alsmairat et al., 2018; Awang et al., 2009; Graber et al., 2010; Kingston et al., 2020). In-

depth knowledge about the water retention characteristics and hydraulic conductivity of 
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substrate mixtures is essential for precise irrigation and fertilization management (Wallach 

et al., 1992). The substrate water characteristic (SWC), which defines the relationship 

between water content and matric potential (i.e., the capillary and adsorptive surface forces 

that hold water within the substrate matrix), and governs the storage and release of water for 

plant growth, provides valuable information about plant, substrate, and water interactions 

such as plant water availability and substrate air permeability (Assouline et al., 2016; 

Deepagoda et al., 2013; Tuller and Or, 2004). Note that in the following we use the 

abbreviation SWC interchangeably for substrate water characteristic and soil water 

characteristic.  

Because the measurement of the water characteristic of porous media is very laborious, 

various methods have been developed to estimate the SWC from easy-to-measure basic 

properties. Statistical methods link SWC model parameters to basic soil properties via so-

called pedotransfer functions (Pachepsky et al., 2015; Saxton and Rawls, 2006; Vereecken et 

al., 2010; Zhang and Schaap, 2017; Schaap et al. 2001), which lack universal applicability 

because they were developed for specific regions. Arya and Paris (1981) were among the 

first to propose a physico-empirical approach that links the particle-size distribution (PSD) 

and bulk density of soils to SWC parameters based on the assumption of a linear relationship 

between mean pore radius and mean particle radius. To scale the pore lengths of spherical 

particles to pore lengths representative for natural soils, they introduced a constant scaling 

factor. Later, Arya et al. (1999) expressed this scaling factor as a continuous function of the 

PSD parameters via a logistic growth equation and obtained good agreement with 
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experimental data. Nimmo et al. (2007) proposed a general framework based on the Arya and 

Paris (1981) model to transfer the PSD to the SWC and introduced a continuous near-

equivalent formulation and an approximate single equation of the Arya and Paris model. 

Haverkamp and Parlange (1986) also assumed a linear relationship between particle and 

pore-size distributions with a proportionality constant termed packing coefficient. They 

employed the Brooks and Corey (1964) model for the relationship between matric potential 

and soil water content, a van Genuchten (1980) type model for the PSD, and the Parlange 

(1976) hysteresis model to develop a SWC model for both wetting and drying curves, which 

yielded good results for sandy soils with low organic matter contents.  

Assuming a power-law relationship between the normalized particle volume and the 

normalized pore volume, Assouline et al. (1998) derived a new water retention model with 

two parameters. They assumed a Weibull distribution for the normalized particle volume and 

applied their SWC model successfully to different soil textures. Following Lu and Torquato 

(1991, 1992), who studied void and particle size probability densities in monodisperse and 

polydisperse spherical particles, Chan and Govindaraju (2004) assumed a lognormal PSD 

distribution and derived an analytical function for the SWC. The assumed linear relationship 

between effective pore-size and the analytical pore-size with both constant and variable 

proportionality coefficients yielded good PSD-based SWC estimates for sand and loamy 

sand. Mohammadi and Vanclooster (2011) introduced a conceptual model that relates soil 

particle sizes to matric potential for each size fraction via assuming spherical particles and a 

packing state parameter. With the packing state parameter estimated from particle and bulk 
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densities, their SWC model outperformed the Arya and Paris model for some tested soils, 

while underestimating soil water contents at the dry end of the SWC. Meskini-Vishkaee et 

al. (2014) extended this model by introducing a scaling factor for the packing density and 

merged it with the van Genuchten (1980) SWC model. By incorporating the scaling factor, 

which is determined from particle and bulk densities, they improved the model especially at 

the dry end of the SWC curve. Arya and Heitman (2015) in an attempt to derive a physical 

model for the SWC from the PSD studied two assemblages of particles, one with natural soil 

and one with cubic close-packed spherical particles. They accounted for deformation and 

packing density effects when evolving from spherical particles to natural soils by assuming 

proportionality between the ratios of pore radii and the ratios of the total pore areas at the 

surface of two assemblages within each mass fraction.  

Fractal models have also been extensively studied to approximate the SWC. Tyler and 

Wheatcraft (1990) proposed a power-law relationship for the SWC similar to the empirical 

equations of Brooks and Corey (1964) and Campbell (1974). They used the Sierpinski carpet 

to model the properties of pore and solid phases. Rieu and Sposito (1991) developed a self-

consistent fractal SWC model via partitioning the pore-volume distribution and assuming 

perfect wettability and water accessibility. Perrier et al. (1996) proposed a general SWC 

model based on the assumption that soil pore sizes follow the Mandelbrot (1982) distribution 

and considered an upper limit value for the fractal porosity. Based on the concept of the three-

phase model proposed by Perrier et al. (1999), which includes a fractal phase in addition to 

the pore and solid phases, Bird et al. (2000) introduced a general SWC model with the Tyler 
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and Wheatcraft, and Rieu and Sposito models as special cases. Millán and González-Posada 

(2005) presented a piecewise SWC model accounting for both structural and textural pores 

by two fractal regimes. Later Ojeda et al. (2006) derived a similar model but for both drying 

and wetting curves with one less fitting parameter. Deinert et al. (2008) considered a power 

relation between the pressure head and the pore volume to incorporate fluid interfacial area 

instead of the pore diameter in the Young-Laplace equation and combined it with the model 

of Perrier et al. (1996). More recently, Liu and Jeng (2019) by means of theoretical analysis, 

discrete element method simulations, and digital image processing directly measured pore 

structure in different particle packings and derived a two-parameter Weibull SWC model. 

Model parameters are linked to porosity and the fractal dimension via empirical multiple 

regression. 

To provide a scientifically sound basis for a priori elimination of two-component 

substrate mixtures with unfavorable water retention and aeration properties (to avoid costly 

and time-consuming trial and error growth experiments), in this study, we first follow Lu and 

Torquato (1992) and introduce a new SWC model based on PSD parameters, which we 

consequently apply in conjunction with weighted mean averaging schemes to estimate the 

SWCs of two-component soilless substrate mixtures with arbitrary mixing ratios based on 

the SWCs of their pure constituents. Then we evaluate the new model based on independently 

measured SWC data for tuff/coconut coir, perlite/coconut coir, and foamed glass/coconut 

coir mixed at varying ratios and discuss the feasibility of obtained results for application in 

soilless culture production. 
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B.2 Theoretical Considerations 

To extend the statistical mechanics formalism of many-particle systems and to link their 

microscopic and macroscopic properties, Lu and Torquato (1991, 1992) studied polydisperse 

particle systems, which consisted of D-dimensional spherical particles of many sizes that 

were randomly placed in space. To calculate void quantities, they defined the void nearest-

surface distribution function, ℎ (𝛿), such that ℎ (𝛿)𝑑𝛿 is the probability at any random point 

in the system of polydispersed spheres for the nearest particle surface to be located at a 

distance between 𝛿 and 𝛿 + 𝑑𝛿, and the void exclusion probability, 𝑒 (𝛿), as the “probability 

of finding a region occupied by a D-dimensional spherical cavity of radius 𝛿 (centered at 

some arbitrary point) without particle material. The pore-size probability density function 

(PDF), 𝑝(𝛿), and its associated cumulative density function, 𝑃(𝛿), are related to ℎ (𝛿) and 

𝑒 (𝛿) as (Torquato, 2002): 

𝑝(𝛿) =
ℎ (𝛿)

𝜙
 (B-1) 

𝑃(𝛿) = 1 −
𝑒 (𝛿)

𝜙
 (B-2) 

where 𝜙 is the system porosity. Impenetrable hard spheres are a special case of a 

homogeneous system of polydispersed particles that cannot overlap with each other (Figure 

B-1). For such systems 𝑒 (𝛿) can be determined with the 3-dimensional Carnaham-Starling 

approximation (Torquato, 2002):  
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𝑒 (𝛿) = 𝜙 exp −2𝜂𝑆 𝑎
𝛿

2𝑚
+ 𝑎

𝛿

2𝑚

+ 𝑎
𝛿

2𝑚
                   𝛿 > 0 

(B-3) 

where S is the surface area ratio, η is the dimensionless reduced density, and 𝑎 , 𝑎 , and 𝑎  

are coefficients defined as: 

 

𝑎 =
4

𝑚
𝑚

(1 − 𝜂)(1 − 𝜂 + 3𝜂𝑆) + 8𝜂 𝑆

(1 − 𝜂)
 (B-4) 

𝑎 =
6

𝑚
𝑚

(1 − 𝜂)(1 − 𝜂) + 9𝜂𝑆

(1 − 𝜂)
 (B-5) 

𝑎 =
3

1 − 𝜂
 (B-6) 

with 

𝑆 =  
𝑚  𝑚

𝑚
 (B-7) 

𝜂 = 1 − 𝜙 (B-8) 

where 𝑚 …  is the i-th moment of the particle size PDF 𝑓(𝑅), which is calculated as: 

𝑚 =  𝑅  𝑓(𝑅) 𝑑𝑅 (B-9) 

with 𝑅 as the particle radius. 



90 
 

 

 

Figure B-1. Schematic of a system of polydisperse impenetrable hard spheres. 

The particle size distribution PDF 𝑓(𝑅) can be of any form including lognormal 

(Shiozawa and Campbell, 1991; Shirazi and Boersma, 1984) or Weibull (Assouline and 

Rouault, 1997; Rouault and Assouline, 1998). It should be noted that here 𝑓(𝑅) is the PDF 

of particle size numbers in contrast to the particle size masses employed in the 

aforementioned articles. In this study, we assume 𝑓(𝑅) to follow a lognormal distribution: 

𝑓(𝑅, 𝜇, 𝜎) =
1

𝑅𝜎√2𝜋
 𝑒𝑥𝑝 −

(ln 𝑅 − 𝜇)

2𝜎
 (B-10) 

with 𝜇 and 𝜎 as the mean and standard deviation parameters, respectively. Accordingly, the 

i-th moment of 𝑓(𝑅) in Equations (B-3) to (B-7) is calculated as: 

𝑚 =  𝑒𝑥𝑝 𝑖 𝜇 +
𝑖 𝜎

2
 (B-11) 

Because Lu and Torquato (1992) defined the pore radius as the distance from a randomly 

selected point within the void space to the nearest pore-solid interface, pores in their model 

are not the typical pores determined via porosimetry techniques and are biased towards 



91 
 

 

smaller values. Chan and Govindaraju (2004) proposed the effective pore size value rp to be 

linearly related to pore size δ defined in Lu and Torquato (i.e., 𝑟 = 𝛾𝛿). While they have 

successfully applied their derived SWC model to sandy and loamy sand soils, they 

acknowledged that the assumption of a linear δ - rp relationship limits the applicability to 

other soil textures. To add flexibility for relating the PSD and SWC curve, we propose that 

the δ - rp relationship assumes a power form with free parameters a and b: 

𝛿 = 𝑎 𝑟  (B-12) 

To link the pore-size distribution and the SWC curve we follow Kosugi (1994): 

𝑝 𝑟 =
𝑑Θ

𝑑𝑟
 (B-13) 

with relative soil water saturation defined as: 

Θ =
𝜃 − 𝜃

𝜃 − 𝜃
 (B-14) 

where 𝜃  and 𝜃  are the residual and saturated volumetric water contents, respectively. 

Integrating Equation (B-13) and employing Equations (B-2) and (B-12) yields: 

Θ 𝑟 = 𝑝(𝜁) 𝑑𝜁 =  1 −
𝑒 (𝑎 𝑟 )

𝜙
 (B-15) 

where 𝜁 is the dummy integration variable. Relating the effective pore radius to the capillary 

pressure head h via the Young-Laplace equation results in: 
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ℎ =
2𝛾 cos (𝜓)

𝜌  𝑔
∙

1

𝑟
=

𝑐

𝑟
 (B-16) 

where 𝛾 is the interfacial tension between air and water, 𝜓 the contact angel, 𝜌  the density 

of water, and g is the acceleration due to gravity. At the room temperature and for zero contact 

angle 𝑐  equals to 0.149 cm2. The final SWC equation that relates the capillary pressure ℎ 

and soil water content 𝜃 is given as: 

𝜃(ℎ) = 1 −
𝑒 𝑎

 𝑐
ℎ

𝜙
 ∙  (𝜃 − 𝜃 ) + 𝜃  (B-17) 

The parameters of the mixture SWCs are then determined according to the following 

steps. 

(1) First, Equation (B-17) is simultaneously fitted to the measured SWC data points of 

the two mixture constituents, substrate 1 (e.g., tuff) and substrate 2 (e.g., coconut 

coir), to obtain the δ - rp relationship parameters 𝑎 and 𝑏, which are invariant for the 

sole constituents and the mixtures, 𝜇 , 𝜎 , 𝜃 , and 𝜃  for substrate 1 and  𝜇 , 𝜎 , 𝜃 , and 

𝜃  for substrate 2 via minimizing the objective function Φ: 

Φ = 𝜃∗
, − 𝜃 , ℎ , , 𝜇 , 𝜎 , 𝑎, 𝑏, 𝜃 , 𝜃  (B-18) 

where 𝑁  is the total number of measured SWC data for substrate j, 𝜃∗
,  is the i-th 

measurement of the volumetric water content of substrate j, 𝜃 ,  is its model estimated 

volumetric water content associated with the matric head ℎ , , and 𝜇 , 𝜎 , 𝑎, 𝑏, 𝜃 , and 

𝜃  are the model input parameters for the j-th substrate. The parameter optimization 
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was performed with the “GlobalSearch” function contained in the MATLAB 2019b 

(Mathworks, Natick, MA) Global Optimization Toolbox. The function searches for a 

global minimum via initiating a vast number of initial guesses and applies the 

“fmincon” function to perform the optimization. 

(2) Second, the moments of the particle size PDF 𝑓(𝑅) of the mixture are determined 

based on the moments (Equation (B-10)) of substrates 1 and 2 (𝜇 , 𝜎 , 𝜇 , and 𝜎  are 

known from step 1) using the weighted geometric mean 𝑀 with the volumetric mixing 

ratio as weight 𝑤:  

𝑚 = 𝑀 𝑚
 

 , 𝑚
 

, 𝑤  (B-19) 

(3) Third, the mixture saturated and residual water contents 𝜃  and 𝜃  are 

approximated via the weighted arithmetic mean of the corresponding constituents’ 

values with the mixing ratio as the weight.  

(4) The final step comprises of the parameterization of Equation (B-17) for estimation of 

the mixture SWC with the determined 𝑎, 𝑏, 𝑚 … , 𝜃  and 𝜃  parameters. 

B.3 Materials and Methods 

To investigate the applicability of the proposed model for the estimation of soilless 

substrate SWCs, perlite, volcanic tuff, coconut coir, and binary mixtures thereof were 

considered. Perlite and coconut coir as well as tuff and coconut coir were mixed at volumetric 

ratios of 1:3, 1:1, and 3:1 following the procedure developed by Gohardoust et al. (2020). 

Reference measurements for model testing were obtained with the Tempe cell pressure 
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desaturation method discussed in Tuller and Or (2004). In addition, a 1:1 vol-% foamed glass 

(Growstones®, Earthstone LLC., USA) and coconut coir mixture from Chamindu 

Deepagoda et al. (2013) was investigated. A comprehensive overview about the origin and 

physicochemical properties of all investigated substrates is provided in Gohardoust et al. 

(2020) and Chamindu Deepagoda et al. (2013). 

B.4 Results and Discussion 

The substrate mixtures were prepared following the procedure developed in Gohardoust 

et al. (2020) with the volumetric mixing ratios, dry mass ratios, and target bulk densities 

listed in Table B-1. The averages of the triplicate SWC measurements for tuff, perlite, and 

coconut coir and their standard deviations are shown in Figure B-2. 

Table B-1.Volumetric mixing ratios, dry mass ratios, and target dry bulk densities applied 

for preparation of the soilless substrate mixtures. 

Substrate 
Volumetric 

Mixing Ratio 

Oven-Dry Mass 

Ratio (λ) 

Dry Bulk Density 

(g cm-3) 

Perlite - - 0.076 

Perlite/Coir (75-25) 3:1 2.078 0.091 

Perlite/Coir (50-50) 1:1 0.693 0.099 

Perlite/Coir (25-75) 1:3 0.231 0.106 

Coconut Coir - - 0.110 

Tuff/Coir (25-75) 1:3 3.485 0.425 

Tuff/Coir (50-50) 1:1 10.455 0.686 

Tuff/Coir (75-25) 3:1 31.364 0.994 

Tuff - - 1.150 

 

Following the steps discussed in section B.2, first Equation (B-17) was fitted 

simultaneously to the measured SWC data of the mixture constituents. This was done 
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separately for tuff and coconut coir as well as for perlite and coconut coir assuming that the 

pore scaling parameters 𝑎 and 𝑏 are invariant. Figure B-2 depicts the measured data for 

perlite, coconut coir, and tuff together with fitted Equation (B-17) (the obtained 𝜇, 𝜎, 𝑎, 𝑏, 

𝜃 , and 𝜃  parameters are listed in Table B-2) and the fitted van Genuchten (1980) equation 

(VG), which is one of the most widely applied empirical SWC models. The VG model is 

given as: 

𝜃(ℎ) = 𝜃 + (𝜃 − 𝜃 )[1 + |𝛼ℎ| ]  (B-20) 

where 𝜃, 𝜃 , and 𝜃  are the actual, residual, and saturated volumetric water contents (cm3 cm-3), 

respectively, ℎ (cm) is the water pressure head, and 𝛼 (cm-1) and 𝑛 (-) are scaling and shape 

parameters of the van Genuchten model. The obtained VG parameters are displayed in Table B-3. 

From visual inspection and based on the RMSE values it is apparent that the new model 

well matches the measured SWC data. When compared to the VG model, the new model 

yielded slightly lower RMSEs for tuff and coconut coir, and a slightly higher RMSE for 

perlite (Figure B-2).  While both the empirical VG model and the new model exhibit the 

flexibility to accurately capture the measured SWC data, the VG model is not amenable for 

estimation of mixture SWCs based on the steps outlined in section B.2. Furthermore, 

mechanistic models based on physics such as the proposed new model are commonly 

superior to empirical models. 
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Figure B-2. Measured SWCs for the mixture constituents perlite, tuff, and coconut coir (red 

symbols) displayed together with fitted Equation (B-17) (solid lines) and the fitted VG 

model (dotted line). The error bars represent the standard deviations of the triplicate 

measurements. 

Table B-2. Parameters of the new SWC model for tuff – coconut coir and perlite – coconut coir. 

Substrate 𝜇 (µm) 𝜎 (µm)  𝑎 𝑏 𝜃  (cm3 cm-3) 𝜃  (cm3 cm-3) 

Tuff 0.912 2.439 7327 0.139 0.049 0.483 

Coconut Coir 0.063 2.396 7327 0.139 0.001 0.874 

Perlite 4.854 1.771 9959 0.139 0.199 0.818 

Coconut Coir 1.381 2.252 9959 0.139 0.001 0.874 

Table B-3. VG model parameters for tuff, perlite, and coconut coir. 

Substrate 𝛼 (cm-1) 𝑛 (-) 𝜃  (cm3 cm-3) 𝜃  (cm3 cm-3) 

Tuff 2.130 1.263 0.019 0.483 

Perlite 1.207 1.237 0.147 0.818 

Coconut Coir 0.063 1.290 0.001 0.874 
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To estimate the SWC of a substrate mixture, first the moments of the particle size PDF 

of the mixture  𝑚 …  were determined based on the moments (Equation (B-10)) of the 

mixture constituents using the weighted geometric mean (Equation (B-19)). Then the residual 

and saturated mixture water contents 𝜃  and 𝜃  (Table B-4) were calculated using the 

weighted arithmetic means of the constituent 𝜃  and 𝜃  values (Table B-2). 

Table B-4. Residual and saturated mixture water contents. 

Substrate Mixtures 𝜃  (cm3 cm-3) 𝜃  (cm3 cm-3) 

Tuff/Coir (1:3) 0.013 0.776 

Tuff/Coir (1:1) 0.025 0.678 

Tuff/Coir (3:1) 0.037 0.581 

Perlite/Coir (1:3) 0.051 0.860 

Perlite/Coir (1:1) 0.100 0.846 

Perlite/Coir (3:1) 0.150 0.832 

 

Finally, with the 𝑎, 𝑏, 𝑚 … , 𝜃 , and 𝜃  parameters known, the mixture SWC 

was calculated based on Equation (B-17). As evident from Figure B-3a, the model-estimated 

SWCs for the tuff/coconut coir mixtures captured the measured SWC data well. The highest 

RMSE (0.042 cm3 cm-3) was observed for the 3:1 vol.-% tuff/coconut coir mixture. It is also 

apparent that the new model slightly overestimated the water contents close to saturation. As 

expected, the estimated mixture SWCs fall in between the SWCs of the constituents.  

For the perlite/coconut coir mixtures (Figure B-3b) the new model yielded reasonable 

results, albeit a slight consistent overestimation of water contents can be observed for all 

mixing ratios. For the 3:1 vol.-% perlite/coconut coir mixture, the volumetric water contents 
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fall below that of pure perlite within the pressure head range from -200 to -1000 cm. This 

also holds for the 1:1 vol.-% mixture for pressure heads exceeding -600 cm. This behavior, 

which is more pronounced at the dry-end of the SWCs, is attributable to the water storage 

within the small intra-aggregate pores of the perlite aggregates, which causes a shift towards 

the SWC of pure perlite even when more coconut coir is added. For the tuff/coconut coir 

mixtures, adding even small amounts of coconut coir enhances the mixture water holding 

capacity and shifts the SWC towards that of pure coconut coir. This can be observed at the 

dry-end of the SWCs for the 3:1 vol.-% tuff/coconut coir mixture and to a lesser extent for 

the 1:1 vol.-% mixture (Figure B-3a).  
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Figure B-3. Estimated (Equation (B-17)) and independently measured SWCs for (a) 

tuff/coconut coir, and (b) perlite/coconut coir mixtures. 
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Chamindu Deepagoda et al. (2013) investigated gas diffusivity in soilless substrates as 

a function of pore structure and moisture content. They measured SWCs for coconut coir, 

foamed glass, and a 1:1 volumetric mixture thereof from saturation to very dry conditions 

(i.e., -105 cm H2O). Here, we apply the new SWC model (Equation (B-17)) with the 

following assumptions. Because the SWCs for foamed glass and the foamed glass/coconut 

coir mixture exhibit bimodal water retention behavior, we only focus on the unimodal part 

of the SWCs that fall between the matric potentials of -0.1 and -1000 cm H2O. Furthermore, 

the 𝜃  of the mixture corresponds to the water content measured at matric potentials of -0.1 

cm H2O. As evident from Figure B-4a, the large inter-aggregate pores between the foamed 

glass aggregates have already drained at a matric potential of -0.1 cm H2O. We followed the 

procedure outlined in section B.2, which we applied for the tuff/coconut coir and 

perlite/coconut coir mixtures, to estimate the SWC of the foamed glass coconut coir mixture 

(Figure B-4b). The corresponding model parameters for the constituents and the 1:1 vol.-% 

mixture are displayed in Table B-5. 

Table B-5. Foamed glass/coconut coir mixture and constituent SWC model parameters. 

Substrate 𝜇 (µm) 𝜎(µm) a b 𝜃  (cm3 cm-3) 𝜃  (cm3 cm-3) 

Coconut Coir 8.712 0.805 10001 0.251 0.001 0.849 

Foamed Glass 0.011 2.668 10001 0.251 0.041 0.460 

Foamed Glass/Coir (1:1) - - 10001 0.251 0.021* 0.655* 

*Weighted arithmetic means of constituent parameters. 

As is evident from Figure B-4b the new model well captured the independently measured 

data at the wet-end of the SWC, but underestimated the measured water contents starting at 
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a pressure head of -30 cm. The model estimation can be significantly improved 

(RMSE=0.032 cm3 cm-3) when 𝜃  is adjusted to 0.15 cm3 cm-3 (Figure B-4b). 

 

Figure B-4. (a) Measured and estimated SWCs for coconut coir and foamed glass. The 

dotted line represents the bimodal Durner (1994) model. (b) Estimated (Equation (B-17)) 

and measured SWCs for the 1:1 vol.-% foamed glass/coconut coir mixture. The dotted line 

represents the model estimation with 𝜃 = 0.15. 

B.5 Summary and Conclusions 

A new SWC model derived from PSD information and following the theory of Lu and 

Torquato (1992) was introduced. A lognormal particle size distribution and a power-law 

relationship between the pore size defined in Lu and Torquato (1992) and the effective pore 

size were assumed for model development. The new model is then applied for the estimation 

of the SWC of two-component soilless substrate mixtures with arbitrary mixing ratios based 

on the SWCs of the constituent substrates.  

To examine the applicability of the proposed method, the SWCs of perlite, tuff, coconut 

coir, and perlite/coconut coir and tuff/coconut coir mixed at volumetric ratios of 1:3, 1:1, and 
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3:1 were measured with state-of-the-art laboratory methods. The new SWC model was first 

fitted simultaneously to the pure mixture constituents. Then the relevant mixture model 

parameters were calculated from the constituent parameters via the weighted geometric 

means of the moments of the probability density function of the mixture particle size 

distributions and the weighted arithmetic means of the residual and saturated constituent 

water contents applying the volumetric mixing ratios as weights. A comparison between the 

model estimated and independently measured SWCs revealed good agreement with mean 

RMSE values of 0.030 and 0.034 cm3 cm-3 for the tuff/coconut coir and perlite/coconut coir 

mixtures, respectively. The new model was also tested for a soilless substrate mixture 

composed of foamed glass and coconut coir with relevant data from Chamindu Deepagoda 

et al. (2013). While the model estimated SWC for the 1:1 foamed glass/coconut coir mixture 

matched the independently measured mixture SWC at the wet-end, it underestimated the 

measured water contents at the dry-end. A manual adjustment of the residual mixture water 

content yielded a good match for the entire considered pressure head range. The new model 

can be potentially applied in conjunction with numerical simulations to tailor soilless 

substrate mixtures for specific crop physiological traits and aid with the design of growth 

modules and the selection of optimal irrigation and fertigation practices. 
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Abstract: Numerical simulation of three-dimensional water flow and solute transport in 

containerized variably saturated soilless substrates with complex hydraulic properties and 

boundary conditions necessitates high-resolution discretization of the spatial and temporal 

domains, which commonly leads to several million nodes requiring numerical evaluation. 

Even today’s computing prowess of workstations is not adequate to tackle such problems 

within a reasonable timeframe, especially when numerous realizations are required to 

optimize the geometry, substrate properties, and irrigation and fertigation management of 

soilless plant growth modules. Hence, the parallelization of the numerical code and 

utilization of high performance computing (HPC) are essential. Here, we adapted and 

applied the ParSWMS parallelized code that is amenable to solving the 3D Richards 

equation for water flow and the convection-dispersion equation for solute transport subject 

to linear solute adsorption. The code was modified to allow for nonlinear equilibrium solute 

adsorption with new boundary conditions and applied to simulate water flow and nitrogen 

and phosphorus transport in containerized soilless substrates. Multi-solute transport 
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simulations with the modified Linux ParSWMS code were first performed on a workstation 

and referenced to the Windows-based HYDRUS (2D/3D) numerical code. After confirming 

the agreement between the modified ParSWMS code and HYDRUS (2D/3D), various 

preconditioners and iterative solvers were evaluated to find the computationally most 

efficient combinations. The performance of the modified ParSWMS code and its stability 

were compared to HYDRUS (2D/3D) simulations for three soilless substrates consisting of 

horticultural perlite, volcanic tuff, and a volcanic tuff/ coconut coir mixture. Considering 

the solute mass balance error as a stability measure, ParSWMS outperformed HYDRUS 

(2D/3D). Moreover, simulations with the modified ParSWMS code were about 22% faster 

than simulations with HYDRUS (2D/3D) on the workstation. Tests of the modified 

ParSWMS on two HPC clusters with 28 and 94 cores revealed a potential computational 

speedup of 94% relative to the HYDRUS (2D/3D) simulations performed on the 

workstation. 

Keywords: Soilless culture, Water flow and solute transport, Numerical simulations, High 

performance computing, HYDRUS (2D/3D), ParSWMS 

C.1 Introduction 

Because of the urgent need to secure and sustain the food and water supply for an ever-

growing human population, especially in underdeveloped arid and semiarid regions of the 

world, and an increasing demand for out-of-season fruits, vegetables, and ornamentals in the 

industrial world, there is a momentous incentive to shift from soil-based crop production to 

more resource-efficient containerized soilless production systems (Raviv et al., 2019). 

Soilless substrates exhibit major advantages over soils. Besides the alleviated risk for 

spreading soilborne pathogens, their physical and hydraulic properties (i.e., plant water 

availability after irrigation and the aeration characteristics) are superior to those of arable 

soils (Savvas, 2003; Savvas and Gruda, 2018). Furthermore, the nutrient availability to plant 
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roots can be better controlled in soilless substrates, which commonly leads to healthier plants 

and higher yields than in soil-based production (Raviv et al., 2019). It is even possible to 

tailor (i.e., engineer) substrates that exhibit specific physical and hydraulic properties 

beneficial for the growth of different crops. Though the same physical principles apply to 

both soilless substrates and soils, their physical and hydraulic properties are vastly different.  

In addition, there are fundamental differences with regard to dynamic water, air, and 

nutrient distribution processes and root growth and development between spatially confined 

growth containers and unconfined field soils. While an impermeable container bottom (with 

drainage holes) restricts water flow and nutrient transport in growth containers, water drains 

and redistributes to much deeper layers in agricultural soils unless natural impediments exist. 

This leads to vastly different infiltration and redistribution dynamics, requiring more 

intensive management of soilless systems (Gohardoust et al., 2020). 

Taking into consideration that currently most of the soilless culture plant growth 

experiments are based on trial and error, three-dimensional (3D) numerical flow and transport 

simulations can provide a scientifically sound basis for a priori elimination of substrates with 

unfavorable growth potential, as well as guidance for growth module design and irrigation 

and fertigation management, thereby preventing costly mistrials. 

Today, numerical computer codes that solve the governing 3D water flow and solute 

transport equations are indispensable for advancing the understanding of complex porous 

media processes. However, intricate hydraulic properties and boundary conditions demand 

high-resolution discretization of the spatial and temporal domains, often leading to several 

million nodes requiring numerical evaluation (Šimůnek et al., 2016). Even the current 
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computing prowess of workstations is not adequate to tackle such simulations within a 

reasonable timeframe, especially when numerous realizations are desired to optimize the 

geometry, soilless substrate properties, and irrigation and fertigation management of plant 

growth modules. Hence, parallelization of the numerical codes and utilization of high 

performance computing (HPC) clusters are vital.  

Hardelauf et al. (2007) were among the first to develop a parallelized code for 3D 

simulation of water flow and solute transport that they termed ParSWMS. The code is based 

on the SWMS-3D model of Šimůnek et al. (1995), which numerically solves the Richards 

equation for saturated/unsaturated water flow and the convection-dispersion equation (CDE) 

for solute transport using a Galerkin-type linear finite element scheme. The resulting 

nonlinear partial differential equation (PDE) for water flow and the linear PDE for the CDE 

(i.e., assuming linear adsorption isotherms) are solved in SWMS-3D with preconditioned 

conjugate gradient and Orthomin (Vinsome, 1976) methods, respectively. In ParSWMS, 

Hardelauf et al. (2007) employed ParMETIS, an open source MPI-based library, to distribute 

the simulation to multiple processing nodes, and the Portable, Extensive Toolkit for Scientific 

Computation (PETSc) library (https://www.mcs.anl.gov/petsc/) for preconditioning and 

solving the resulting system of linear equations. 

Driven by the need to execute a vast number of 3D flow and transport simulations to aid 

with the design and management of containerized plant growth modules, we adopted 

ParSWMS and modified the code to: (1) permit the simultaneous application of time-variable 

flux and free drainage boundary conditions (BCs) and allow for the time-variable flux BC to 

be treated as an atmospheric BC; and (2) enable multi-solute transport simulations with 
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nonlinear equilibrium adsorption. These modifications are essential for the simulation of 

surface drip irrigation and to account for the nonlinear adsorption behavior of phosphorus 

and ammonium. 

Using HYDRUS (2D/3D) version 3.02.0560 (Šimůnek et al., 2018) as a reference, we 

first meticulously verified the modified ParSWMS code for a simple, yet realistic, soilless 

growth module setup. Thereafter, we focused on computational efficiency and evaluated a 

vast number of preconditioner/solver combinations for both water flow and solute transport 

based on a real growth module used in production scale greenhouse experiments. 

Subsequently, we benchmarked the soilless substrate flow and transport simulation results 

against HYDRUS (2D/3D) on a workstation with both Windows and Linux OS installed. As 

a final step, we executed the modified ParSWMS code on two HPC clusters to demonstrate 

the significant computational speedup relative to the HYDRUS (2D/3D) simulations 

performed on the workstation. Please note that for brevity we refer to HYDRUS instead of 

HYDRUS (2D/3D) in the following. 

C.2 Modifications to ParSWMS 

C.2.1 Boundary Conditions 

In the ParSWMS water flow simulation each node is assigned an integer code ranging 

from -6 to 6. While positive values are allocated to nodes with prescribed pressure heads, 

zero and negative values represent nodes with prescribed volumetric water fluxes. In the 

original ParSWMS code (Hardelauf et al., 2007) both time-variable flux and free drainage 

boundary nodes are assigned -3. Hence, these BCs cannot be used simultaneously. To resolve 
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this issue, the free drainage boundary condition code was set to -6, similar as in HYDRUS, 

which was not allocated in the original ParSWMS. The discharge rate at a free drainage node 

n is determined as 𝑄(𝑛) = −𝑤𝑖𝑑𝑡ℎ(𝑛) ∙ 𝐾(ℎ), where 𝑤𝑖𝑑𝑡ℎ(𝑛) is the surface area associated 

with node 𝑛, and 𝐾(ℎ) is the hydraulic conductivity.  

To account for stage-I (i.e., potential evaporation rate controlled by atmospheric 

demand) and stage-II (i.e., falling evaporation rate limited by the ability of the substrate to 

transmit water to the surface) evaporation, it is necessary to treat the variable flux BC 

imposed for simulating surface drip irrigation as an atmospheric BC. The atmospheric BC 

that is implemented in both HYDRUS and ParSWMS is expressed as (Neuman et al., 1974): 

−𝐾
𝜕ℎ

𝜕𝑧
− 𝐾 ≤ 𝐸

𝐴
  ℎ𝐶𝑟𝑖𝑡𝐴 ≤ ℎ ≤ ℎ𝐶𝑟𝑖𝑡𝑆

 (C-1) 

where K is the hydraulic conductivity, E is the maximum potential evaporation rate, and 

hCritS and hCritA are two limiting values for the surface pressure head. While the hCritS 

value specifies the maximum allowed pressure head at the soil surface (usually 0.0), the 

hCritA value represents the minimum allowed surface pressure head defined based on 

equilibrium conditions between soil water and atmospheric vapor. The modified ParSWMS 

code now automatically switches between Dirichlet and Neumann boundary conditions for 

nodes with a variable flux BC if one of these limiting points is reached. 

. 
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C.2.2 Multi-Solute Transport with Nonlinear Equilibrium Adsorption  

To allow realistic simulations of phosphorus and ammonium transport processes in 

containerized soilless substrates, an option for nonlinear equilibrium solute adsorption was 

added to the modified ParSWMS code. The underlying CDE in ParSWMS is given as: 

𝜕𝜃𝑐

𝜕𝑡
+

𝜕𝜌𝑠

𝜕𝑡
=

𝜕

𝜕𝑥
𝜃 𝐷

𝜕𝑐

𝜕𝑥
−

𝜕𝑞 𝑐

𝜕𝑥
+ 𝜇 𝜃𝑐 + 𝜇 𝜌𝑠 + 𝛾 𝜃 + 𝛾 𝜌 − 𝑆𝑐 (C-2) 

where 𝜃 is the volumetric substrate water content [L3 L-3], 𝑐 is the solution concentration [M 

L-3], 𝑠 is the concentration adsorbed to the solid phase [M M-1], 𝜌 is the bulk density of the 

substrate [M L-3], 𝐷  is the dispersion coefficient tensor [L2 T-1], 𝑞  is the i-th component of 

the volumetric flux [LT-1], 𝜇  and 𝜇  are first-order rate constants for solutes in the liquid 

and solid phases [T-1], respectively, 𝛾  and 𝛾  are zero-order rate constants for the liquid [M 

L-3 T-1] and solid [T-1] phases, respectively, 𝑆 is the sink term in the water flow equation [T-

1], and 𝑐 is the concentration of the sink term [M L-3] with potential 𝑖 and 𝑗 values of 1, 2, 3.  

The equilibrium adsorption isotherm in its general form can be written as: 

𝑠 =
𝑘 𝑐

1 + 𝜂𝑐
 (C-3)  

where 𝑘  [L M ] is the distribution coefficient, and 𝛽 [-] and 𝜂 [L M ] are coefficients 

of the nonlinear Freundlich and Langmuir adsorption isotherm models, respectively. For 

linear adsorption 𝛽 = 1 and 𝜂 = 0 with units of [L3 M-]), for nonlinear Langmuir adsorption 

𝛽 = 1, and for nonlinear Freundlich adsorption 𝜂 = 0. 

Substituting Equation (C-3) into (C-2) yields a nonlinear differential equation that can 

be solved with nonlinear iterative schemes. Picard iteration was chosen for the nonlinear 
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CDE in the same fashion as for the Richards equation. Note that numerical solvers and 

preconditioners specific for nonsymmetric matrices are required for the discretized CDE (see 

Section C.3 below). To increase the computational efficiency, simultaneous multi-solute 

transport simulations (i.e., phosphorus and ammonium) were enabled in the modified 

ParSWMS code – again, similar as in the current version of HYDRUS. 

C.3 Hydraulic and Chemical Soilless Substrate Properties 

The selection of the three soilless substrates that were considered for the simulations was 

guided by production scale greenhouse tomato growth experiments at the Volcani Center in 

Israel. The substrates included perlite, volcanic tuff, and a 70/30 vol.-% volcanic tuff/coconut 

coir mixture. 

Horticultural perlite (Figure C-1a) is a natural amorphous volcanic glass that is formed 

through the hydration of obsidian. Perlite is commonly heated to 1000˚C, which causes 

structural water to evaporate and the volume to expand to about 4 to 20 times of its original 

size when rehydrated (Bar-Tal et al., 2019). The sieved perlite aggregates are light weight, 

inert, and pathogen free (Noland et al., 1992). 

Tuff (Figure C-1b) is a pyroclastic volcanic material with high porosity and surface area. 

The mineral composition and weathering stage, in conjunction with physical alterations (i.e., 

grinding and sieving), determine its physicochemical properties (Silber et al., 1994). Tuff 

possesses a high buffering capacity and may adsorb and release nutrients throughout the 

growing season, especially phosphorus (Silber et al., 1999; Silber and Raviv, 1996). It 
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exhibits bulk densities between 0.8 and 1.5 g cm−3 and a total porosity ranging from 60 to 

80%. 

Coconut coir consists of short and medium-length fibers of the mesocarp of Cocos 

nucifera L. that are left from various industrial applications. It exhibits remarkable physical 

and chemical characteristics such as high water holding capacity, good drainage and aeration 

properties, and high cation exchange capacity (Evans et al., 1996; Abad et al., 2005). It is 

commonly used as a surrogate for peat moss and mixed with mineral substrates such as tuff 

(Figure C-1c). 

 

Figure C-1. Soilless substrates considered for flow and transport simulations. (a) Perlite, (b) 

tuff, and (c) 70/30 vol.-% volcanic tuff/coconut coir mixture. 

The substrate water characteristics (SWC) were measured with Tempe cells (Soil 

moisture Equipment Corp., Santa Barbara, CA) connected to a pressure manifold with a high-

resolution pressure/vacuum regulator and gauge. Initially saturated samples were 

sequentially desaturated via application of increasing pressures after each equilibration 

phase. The saturated hydraulic conductivities (𝐾 ) were measured with an automated 

constant head permeameter. Details about the SWC and 𝐾  measurements are provided in 

Gohardoust et al. (2020).  
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After thoroughly testing several SWC models comprising the van Genuchten (1980) 

model, a modified version of the van Genuchten model (Vogel and Císlerová, 1988; Vogel 

et al., 2000), and the Brooks and Corey (1966) model, we found that the latter was best suited 

for mitigation of numerical instability issues caused by the extreme nonlinearity of the 

hydraulic conductivity function near saturation for all considered soilless substrates (Figure 

C-1). The Brooks and Corey (BC) SWC model is given as:   

𝜃(ℎ) = 𝜃 + (𝜃 − 𝜃 )
ℎ

ℎ
     ℎ < ℎ

𝜃(ℎ) = 𝜃                                          ℎ ≥ ℎ

 (C-4) 

𝐾(ℎ) = 𝐾
ℎ

ℎ
 (C-5) 

where ℎ is the pressure head, ℎ  is the air entry pressure (i.e., pressure threshold related to 

the onset of drainage of the largest pore in the system – a transition from fully to partially 

saturated conditions), 𝜃 is the water content expressed as a function of ℎ, 𝜃  is the saturated 

water content, 𝜃  is the residual water content, 𝜆 is an empirical shape parameter, and 𝐾 is 

the hydraulic conductivity expressed as a function of ℎ. 

The parameters of the BC model were determined via least-square fitting to the measured 𝜃 − ℎ 

data pairs (Figure C-2), with SWC parameters and 𝐾  listed in Table C-1. 
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Figure C-2. The Brooks and Corey (1964) SWC model fitted to the measured data for tuff 

(left), the 70/30 vol.-% tuff/coconut coir mixture (center), and perlite (right). 

 

Table C-1. Parameters of the Brooks & Corey SWC model and measured 𝐾 . 

Substrate 
𝜃  

(cm3 cm-3) 

𝜃  

(cm3 cm-3) 

ℎ  

(cm) 

𝜆  

(-) 

𝐾   

(cm h-1) 

Perlite 0.818 0.001 0.458 0.149 305.1 

Tuff 0.483 0.014 0.382 0.247 304.2 

Tuff/Coconut Coir 0.549 0.014 1.102 0.219 110.7 

The phosphorus and ammonium adsorption isotherms were measured with a 

combination of calorimetric spectrometry and inductively coupled plasma mass 

spectrometry. Details are provided in Gohardoust et al. (2020). The derived isotherm 

parameters are listed in Table C-2. 
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Table C-2. Nonlinear adsorption isotherm parameters for phosphorus and 
ammonium. 

Substrate 

Nonlinear Langmuir 

Phosphorus Ammonium 

𝑘  

(cm3 g-1) 

𝜂 

(cm3 mg-1) 

𝑘  

(cm3 g-1) 

𝜂 

(cm3 mg-1) 

Perlite 17.71 984 147.19 3376 

Tuff 17.86 66 58.43 135 

Tuff/Coconut Coir 24.66 102 42.94 83 

 Nonlinear Freundlich 

 
𝑘  

(cm g ) 

𝛽 

(-) 

𝑘  

(cm g ) 

𝛽 

(-) 

Perlite 9.12 0.28 27.66 0.16 

Tuff 39.19 0.41 85.23 0.36 

Tuff/Coconut Coir 23.10 0.62 72.34 0.43 

 

C.4 Verification of the Modified ParSWMS Code 

Using HYRUS version 3.02.0560 (Šimůnek et al., 2018) as a reference, we meticulously 

verified the modified ParSWMS code using a simple domain representative of a 

containerized growth module (Figure C-3). We note that HYDRUS has been extensively 

tested for specific flow or transport problems based on analytical solutions and measured data 

(e.g., Cook et al., 2006; Kandelous and Šimůnek, 2010; Karlsson et al., 2015; Lassabatere et 

al., 2014; Luo and Sophocleous, 2010; Neumann et al., 2011; Vanderborght et al., 2005), and 

code-to-code validation is a scientifically accepted approach (e.g., Greenwald, 2010; 

Hardelauf et al., 2007; Kačur and Minár, 2013; Orgogozo et al., 2014).  

To mimic irrigation and fertigation with drip emitters, water, phosphorus, ammonium, and 

nitrate were applied to the surface within two circles with variable flux BCs. When no water or solutes 
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were applied, the variable flux BC was treated as an atmospheric BC to conform with the remaining 

evaporating substrate surface. The 70/30 vol.-% tuff/coconut coir mixture (see Table C-1 for 

hydraulic parameters), which was dry (i.e., -5000 cm pressure head) at the start of the simulation, was 

used for validation. While nonlinear Langmuir adsorption was considered for ammonium (𝑁𝐻 ) and 

phosphorus (𝐻 𝑃𝑂 ) (see adsorption isotherm parameters in Table C-2), nitrate (𝑁𝑂 ) did not 

interact (i.e., adsorb) with the solid phase. The applied concentrations for 𝐻 𝑃𝑂 , 𝑁𝐻 , and 𝑁𝑂  

were 20 mg l-1, 20 mg l-1, and 80 mg l-1, respectively. Water was applied every 8 hours at a rate of 1.0 

l h-1 for 4 minutes with one-fourth allowed to evaporate. The longitudinal and transverse dispersivities 

were assumed to be 2.0 and 0.2 cm, respectively. The diffusion coefficients of 𝐻 𝑃𝑂 , 𝑁𝐻 , and 

𝑁𝑂  in water were assumed as 0.032, 0.063, and 0.068 cm2 h-1, respectively. Similar values have 

been reported in Buffle et al. (2007) and Hashitani and Tanaka (1983). The water content tolerance 

was set to 2×10-5 cm3 cm-3, and the absolute and relative concentration tolerances were set to 10-6 

mmol cm-3 and 10-3, respectively. The flow and transport domains were discretized with finite 

elements of 1.4-cm in the horizontal direction and 0.7-cm in the vertical direction. Mesh refinements 

for the top 1-cm layer (i.e., using half of the finite element size) led to a total of 25,264 spatial nodes. 

The temporal discretization was dynamically calculated throughout the simulation based on the 

specified initial time step of 2.4E-7 hr. The total simulation time was ten days. 

Input files for the modified ParSWMS code were generated with the “Export to 

ParSWMS” function in HYDRUS. To extract and analyze ParSWMS simulation results, 

dedicated MATLAB® – Version R2019b (MathWorks, Natick, MA, USA) scripts were 

created. The simulations were performed on a workstation with two 2.40GHz Intel® Xeon® 

E5-2630 v3 processors. The hard drive was partitioned with Windows 10 Pro (Version 1909, 
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OS Build 18363.1016) as well as Ubuntu 18.04.5 LTS installed to run the HYDRUS and 

modified ParSWMS codes, respectively. 

 

Figure C-3.  Flow domain geometry with water flow (top) and solute transport (bottom) 

BCs. The Cauchy-1 BC is used for the solute concentrations at the top atmospheric and 

bottom free drainage boundaries. The Cauchy-2 BC is used for the solute concentrations at 

the drip irrigation boundaries.  

The modified ParSWMS and HYDRUS water flow and solute transport simulation 

results were compared at the end of the simulations based on the normalized root mean 

squared error (NRMSE) given as:   

𝑁𝑅𝑀𝑆𝐸 =  

1
𝑁

∑ 𝐶 − 𝐶

𝐶 − 𝐶
 

C-6) 

where 𝐶 is the specific output quantity to be compared, and 𝑁 is the number of spatial nodes. 
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The comparison of the modified ParSWMS and HYDRUS volumetric water content (𝜃) 

and 𝐻 𝑃𝑂 , 𝑁𝐻 , and 𝑁𝑂  concentration simulation results after 10 days are depicted in 

Figure C-4. The coefficients of determination for 𝜃 and 𝐻 𝑃𝑂 , 𝑁𝐻 , and 𝑁𝑂   

concentrations exceeded 0.999 with associated NRMSEs of less than 1%, which indicates 

excellent agreement between HYDRUS and the modified ParSWMS code. This is further 

solidified by the very low mass balance errors of less than 0.3% for water and less than 2.5% 

for the solutes (Table C-3). Notably, the mass balance errors of the modified ParSWMS code 

are below the errors of HYDRUS.  

 

Figure C-4. Comparison of the modified ParSWMS and HYDRUS volumetric water 

content (𝜃) (a) and H2PO4
- (b), NH4

+ (c), and NO3
- (d) concentration simulation results for 

the 25264 spatial nodes after 10 days. 
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Table C-3.  Cumulative water fluxes and mass balance information. 

 
Irrigation 

(cm3) 

𝐸 ∗ 

(cm3) 

𝐸  

(cm3) 

𝐹𝐷‡ 

(cm3) 

ΔS ¶ 

(cm3) 

Mass Balance Error (%) 

Water 𝐻 𝑃𝑂 𝑁𝐻  𝑁𝑂  

ParSWMS 4001.86 902.8 49.13 912.5 2147.41 0.249 1.806 1.401 0.451 

HYDRUS  4001.88 902.7 48.88 912.9 2147.41 0.250 2.421 2.439 0.514 

* Water evaporation from areas with an atmospheric BC. 

† Water evaporation from areas with a variable flux BC when not irrigated. 

‡ Water loss from the free drainage boundaries. 

¶ Change in water storage. 

C.5 Evaluation of Preconditioners and Solvers 

To simulate water flow and solute transport, separate sets of linear equations need to be 

solved. To assure computational efficiency, it is imperative to apply the optimal 

preconditioner/solver combinations, which differ for flow and transport. The discretization 

of the associated partial differential equations via finite element or finite difference methods 

yields linear systems of the form: 

𝐴𝑥 = 𝑏 

 

(C-7) 

 

with 𝐴 ∈ ℝ ×  is the coefficient matrix, 𝑏 ∈ ℝ  is the right-hand side vector, and 𝑥 is the 

vector of unknowns.  

Depending on the extent of the problem, direct or iterative solvers may be employed to 

solve Equation (C-7). To enhance the numerical robustness and stability of ill-posed 

problems with very high condition numbers, sparse direct solvers are preferred despite their 

high memory usage and extended computation times, especially for large three-dimensional 

problems (Kwack et al., 2016; Duff and Scott, 2004; Benzi, 2002). On the other hand, sparse 
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iterative solvers such as preconditioned Krylov subspace solvers can most efficiently handle 

massive linear equation systems (Dongarra and Sullivan, 2000). To resolve Equation (C-7)  

iteratively, the solution is approximated via constructing a sequence of 𝑥 , starting with an 

initial guess 𝑥 , by moving in an affine subspace 𝑥 + 𝒦 ⊂ ℝ . In order to create suitable 

subspaces 𝒦, methods containing efficient operations such as matrix-vector products (e.g., 

Krylov subspaces) are of great value (Del Corso et al., 2015). Assuming the residual of the 

𝑛  iteration 𝑟 = 𝑏 − 𝐴𝑥 , Krylov subspace projection methods can be separated into three 

main categories (Golub and van der Vorst, 1997): (1) Ritz-Galerkin methods in which 𝑥  is 

constructed such that the residual is orthogonal to the current subspace – examples are 

conjugate gradients (CG), the full orthogonalization method (FOM) (Saad, 1981), and 

generalized conjugate gradients (GENCG) (Eisenstat et al., 1983); (2) minimum residual 

methods in which 𝑥  minimizes the second norm of the residual over 𝒦  – the generalized 

minimal residual (GMRES) (Saad and Schultz, 1986), the minimum residual (MINRES), 

ORTHOMIN (Vinsome, 1976), and ORTHODIR (Young and Jea, 1980) methods fall within 

this category; and (3) Petrov-Galerkin methods in which 𝑥  is determined so that the residual 

is orthogonal to some other n-dimensional subspace – the biconjugate gradient (Bi-CG) 

(Fletcher, 1975) and quasi-minimal residual (QMR) methods (Freund and Nachtigal, 1991) 

are part of this category. In addition, there are hybrids of the above categories such as the 

conjugate gradient squared (CGS) (Sonneveld, 1989), biconjugate gradient stabilized (Bi-

CGSTAB) (van der Vorst, 1992), transpose-free quasi-minimal residual (TFQMR) (Freund, 

1993), and flexible generalized minimal residual (FGMRES) (Saad, 1993) methods. 
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In brief, preconditioning is applied to convert a given problem into a form that is more 

amenable for numerical solution (Herbst et al., 2008). This means that Equation (C-7) is 

transformed to the form: 

𝑀 𝐴 𝑀  𝑦 = 𝑀  𝑏,          𝑦 = 𝑀  𝑥 (C-8) 

where 𝑀  and 𝑀  are nonsingular matrices with inverses that can be rapidly and accurately 

solved. This leads to faster convergence and requires much less memory (Simoncini and 

Szyld, 2007).  

To find optimal preconditioner/solver combinations with regard to both robustness and 

computational efficiency, we consider a realistic flow and transport simulation applicable for 

soilless culture growth modules. Note that the optimal preconditioner/solver combinations 

differ for water flow and solute transport simulations as they exhibit symmetric and 

asymmetric coefficient matrices, respectively. Hence, they are evaluated separately. 

C.5.1  Preconditioners and Solvers for Water Flow 

Computational efficiency is essential when simulating flow and transport processes in 

complex porous systems, where intricate hydraulic properties and boundary conditions 

demand high-resolution discretization of the spatial and temporal domains, often leading to 

several million nodes requiring numerical evaluation. This holds true for soilless plant growth 

modules, especially when numerous realizations are desired to optimize container geometry, 

soilless substrate properties, and irrigation and fertigation management.  

To evaluate potential preconditioner/solver combinations for water flow, we considered a typical 

growth module for greenhouse tomato production at the Agricultural Research Organization (ARO) 
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Volcani Center in Israel (Figure C-5a), where water and nutrients are applied via surface drip emitters 

and the solution drains through circular openings in the bottom of the concrete containers (Figure 

C-5b). The 70/30 vol.-% tuff/coconut coir mixture with its hydraulic properties listed in Table C-1 

was used as the substrate for the test case. The applied water flow and solute transport BCs are 

consistent with the flow domain depicted in Figure C-3. For water flow, this means an atmospheric 

BC at the top with ten circular inclusions with variable flux BCs to mimic surface drip irrigation (i.e., 

two angle arrow drippers per tomato plant) and seven openings at the bottom to allow for free 

drainage. For root water uptake, a simple root distribution model (Vrugt et al., 2001a, 2001b) was 

considered for each of the five tomato plants (Šimůnek et al., 2018). While uptake conforms with the 

Feddes et al. (1978) water stress response function, the potential uptake rate was constrained at 13% 

of the evapotranspiration rate. Nutrients were applied together with irrigation water (see Section C.4 

for concentrations). Drip irrigation occurred every two hours for 2.75 minutes at a rate of 1.0 liter per 

hour per angle arrow dripper (i.e., a total of 5.5 liters were applied per day).    

 

Figure C-5. Greenhouse tomato growth trial at the ARO Volcani Center in Israel (a). 

Rendering of a concrete growth module used in the greenhouse trial (b). 
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To consider heterogeneity, independent scaling factors for the pressure head and 

hydraulic conductivity function were introduced. The scaling factors were generated via 

sequential Gaussian simulation with the VISIM program (Hansen and Mosegaard, 2008) in 

the open source mGstat MATLAB® toolbox (Hansen, 2020) with a variance of 0.05, a mean 

value of 1.0, and correlation lengths of 4 and 2 cm in the horizontal and vertical directions, 

respectively. The spatial distribution of the hydraulic conductivity scaling factors within the 

flow domain is depicted in Figure C-6. 

The flow domain was discretized with finite elements of 1.0-cm in the horizontal 

direction and 0.5-cm in the vertical direction. Mesh refinements for the top 1-cm layer, and 

in areas with variable flux and free drainage BCs, led to a total of 408,848 nodes and 

2,315,763 3D mesh elements. 

 

Figure C-6. Spatial distribution of the scaling factor (𝛼 ) for the hydraulic conductivity 

function within the flow domain. 

To solve Equation (C-7) with its symmetric sparse coefficient matrix for water flow, a 

total of 15 preconditioners and 13 solvers were considered  (Table C-4). All preconditioners 

and solvers, but two, were extracted from the Portable, Extensible Toolkit for Scientific 

Computation (PETSc) library (https://www.mcs.anl.gov/petsc/). Two preconditioners were 
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incorporated from the High Performance Preconditioners (HYPRE) library 

(http://www.llnl.gov/CASC/hypre/) via the PETSc interface. The sparsity pattern of the 

coefficient matrix associated with the water flow simulation is depicted in Figure C-7. 

Because of the large number of considered preconditioner/solver combinations, the total time 

for each simulation was limited to 10 hours. The simulations were performed on the 

University of Arizona Puma HPC cluster with system specifications provided in Table C-8. 

The number of cores (NC) utilized were 12, 24, 48, and 94, respectively. 

Table C-4. Preconditioners and solvers considered for the water flow simulations. 

Preconditioner Abbr. Solver Abbr. 

JACOBI (diagonal scaling) JACOBI Conjugate Gradient CG 

Block JACOBI* BJACOBI Conjugate Gradient Squared CGS 

Additive Schwarz (Restrict) ASM-R Flexible Conjugate Gradient FCG 

Additive Schwarz (Interpolate) ASM-I Pipelined FCG PIPEFCG 

Additive Schwarz (Basic) ASM-B 

Generalized Minimal 

Residual§ GMRES 

Additive Schwarz (None) ASM-N Deflated GMRES DGMRES 

Shared Blocks ASM (Restrict) GASM-R Loose GMRES§ LGMRES 

Shared Blocks ASM (Interpolate) GASM-I Biconjugate Gradient BICG 

Shared Blocks ASM (Basic) GASM-B 

Biconjugate Gradient 

Stabilized BCGS 

Shared Blocks ASM (None) GASM-N Improved Stabilized BICG IBCGS 

Successive Over Relaxation† SOR Enhanced BICG BCGSL 

Symmetric SOR (Eisenstat) EISEN Minimum Residual MINRES 

Classical Algebraic Multigrid‡ BOOMERAMG Chebyshev Iterative Method CHEBYSHEV 

Sparse Approximate Inverse‡ PARASAIL   

Geometric Algebraic Multigrid¶ GAMG   

*  Inner preconditioner for each block is ILU(0), i.e., incomplete lower-upper factorization with zero level fill. 
†  Equivalent to the block Jacobi with SOR on each block. 
‡  From the HYPRE library. BOOMERAMG with “HMIS” coarsen type, “ext+I” interpolation type, zero 

number of levels of aggressive, and 0.5 threshold value for being strongly connected. 
¶ GAMG with type ‘aggregate’ and one smoothing step. 
§ With restart parameter 60. 



129 
 

 

 

Figure C-7.  Sparsity pattern of the symmetric coefficient matrix for water flow simulations. 

To compare the computational efficiency of various preconditioner/solver combinations, 

the wall clock time, which includes preconditioner setup and application time, as well as the 

time for solver application, was used as a metric. Figure C-8 depicts the ten fastest 

preconditioner/solver combinations together with the ideal speedup line that is defined as the 

ratio of utilized cores and the number of cores used for the base case (i.e. 12): 

𝑇 =
𝑝

𝑝
 𝑇  (C-9) 

where 𝑇  is the simulation time when 𝑝 processors are utilized, and 𝑝  and 𝑇  are the 

number of processors used for the base case and the associated simulation time, respectively. 

The inset in Figure C-8 shows all successful combinations. As apparent, the choice of the 

preconditioner/solver combination significantly impacts computational efficiency, as the 

determined wall clock times vary by more than one order of magnitude. Note that some of 
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the simulations with the GAMG preconditioner did not converge when 94 cores were utilized. 

The reported wall clock times represent the median of 5 separate simulation runs. The 

simulation speedup follows the ideal speedup line up to 48 cores, beyond which the 

performance starts to degrade. This is attributable to the increase of the communication to 

computation ratio (Hammond et al., 2014). For the executed simulations, the average number 

of nodes for each core was about 8500 and 4400 when utilizing 48 and 94 cores, respectively. 

This suggests that for optimal scalability, the minimum number of nodes per processor should 

fall within this range. 

 

Figure C-8. Wall clock times for the ten most efficient preconditioner/solver combinations 

for simulation of water flow. The five most efficient combinations are represented by solid 

lines and symbols, the remaining five by dashed lines. The inset depicts all successful 

preconditioner/solver combinations. 

Because the order of the most efficient combinations is dependent on the number of 

cores (NC), the wall clock times were normalized by the smallest value for each NC group 
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(i.e., 12, 24, 48, and 94) and then averaged. The five fastest combinations and their associated 

normalized times are listed in Table C-5. Although the DGMRES solver applied in 

conjunction with the BJACOBI preconditioner performed better than other widely used 

solvers such as CG, the differences are minor between the five computationally most efficient 

combinations (Table C-5). This leads to the conclusion that BJACOBI, which performs the 

incomplete lower-upper factorization in each block (with zero level fill), is the preconditioner 

of choice for our water flow simulations. This finding in general concurs with Herbst et al. 

(2008), who investigated the performance of five preconditioners in combination with the 

CG solver for simulation of one- and three-dimensional water flow (i.e., Richards equation) 

in porous media. In contrast to their results, the algebraic multigrid preconditioner 

(BOOMERAMG) did not work well for our simulations, which is most likely because of the 

more complex water distributions within our flow domain due to the implementation of 

surface drip irrigation, root water uptake, and free drainage from the bottom boundary. 

Table C-5. The most efficient preconditioner/solver combinations for the water flow 

simulations. 

Rank Preconditioner/Solver Combination Normalized Time 

1 BJACOBI/DGMRES 1.0128 

2 BJACOBI/GMRES 1.0276 

3 BJACOBI/LGMRES 1.0450 

4 BJACOBI/CG 1.0704 

5 SOR/DGMRES 1.1407 
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C.5.2  Preconditioners and Solvers for Solute Transport 

The test case for solute transport is identical to the test case in Section C.5.1 with regard 

to water flow. In addition, 𝐻 𝑃𝑂 , 𝑁𝐻 , and 𝑁𝑂  were applied with the irrigation water 

at concentrations of 20 mg l-1, 20 mg l-1, and 80 mg l-1, respectively. While nonlinear 

Langmuir adsorption was considered for ammonium (𝑁𝐻 ) and phosphorus (𝐻 𝑃𝑂 ), 

nitrate (𝑁𝑂 ) did not interact with the solid phase. Fifteen preconditioners and 12 solvers 

were evaluated  (Table C-6). 

Table C-6. Preconditioners and solvers considered for the solute transport simulations. 

Preconditioner Abbr. Solver Abbr. 

JACOBI (diagonal scaling) JACOBI Transpose Free QMR§ TFQMR 

Block JACOBI* BJACOBI A Variant of QMR TCQMR 

Additive Schwarz (Restrict) ASM-R Generalized Minimal Residual|| GMRES 

Additive Schwarz (Interpolate) ASM-I Flexible GMRES|| FGMRES 

Additive Schwarz (Basic) ASM-B Deflated GMRES DGMRES 

Additive Schwarz (None) ASM-N Pipelined GMRES PGMRES 

Shared Blocks ASM (Restrict) GASM-R Pipelined Flexible GMRES PIPEGMRES 

Shared Blocks ASM (Interpolate) GASM-I LGMRES|| LGMRES 

Shared Blocks ASM (Basic) GASM-B Conjugate Gradient Squared CGS 

Shared Blocks ASM (None) GASM-N 

Stabilized Biconjugate 

Gradient BCGS 

Successive Over Relaxation† SOR Enhanced BICG BCGSL 

Symmetric SOR (Eisenstat) EISEN Improved Stabilized BICG|| IBCGS 

Classical Algebraic Multigrid‡ BOOMERAMG   

Sparse Approximate Inverse‡ PARASAIL   

Geometric Algebraic Multigrid¶ GAMG   

* Inner preconditioner for each block is ILU(0), i.e., incomplete lower-upper factorization with zero level fill. 
† Equivalent to BJACOBI with SOR on each block. 
‡ From the HYPRE library. The BOOMERAMG with “HMIS” coarsen type, “ext+i" interpolation type, zero 

number of levels of aggressive, and 0.5 threshold value for being strongly connected. 
¶ GAMG with type ‘aggregate’ and zero smoothing steps. 
§ QMR: Quasi Minimal Residual method. 
|| With restart parameter 60. 
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The ten computationally most efficient preconditioner/solver combinations for solute 

transport are depicted in Figure C-9 together with the ideal speedup line. The inset shows all 

successful combinations, which vary over two orders of magnitude. As for water flow, the 

simulation speedup follows the ideal speedup line up to 48 cores and then the performance 

starts degrading. Combinations with the GAMG preconditioner were the least efficient. 

Although the BOOMERAMG preconditioner performed better for solute transport, it is not 

among the top-ranked. These results differ from Sbai and Larabi (2020), who simulated field 

scale chemical transport in groundwater. The deviations can be attributed to the consideration 

of adsorbing solutes in our simulations as well as the generally better performance of the 

GAMG preconditioner for large transport domains (Sbai and Larabi, 2020). The most 

efficient combinations consisted of preconditioners of the successive over relaxation 

category (i.e., SOR and EISENSTAT) and variations of the GMRES solver. It should be 

noted that the parallel SOR and EISENSTAT preconditioners are equivalent to BJACOBI 

with SOR on each block and are therefore not true parallel preconditioners. As evident from 

Figure C-9 and Table C-7, the SOR/FGMRES combination is best suited for our application.  
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Figure C-9. Wall clock times for the ten most efficient preconditioner/solver combinations 

for simulation of solute transport. The five most efficient combinations are represented by 

solid lines and symbols, the remaining five by dashed lines. The inset depicts all successful 

preconditioner/solver combinations. 

Table C-7.  The most efficient preconditioner/solver combinations for the solute transport. 

Ranking 
Preconditioner/Solver 

Combination  
Normalized Time 

1 SOR/FGMRES 1.0056 

2 EISENSTAT/DGMRES  1.0186 

3 EISENSTAT/GMRES 1.0312 

4 EISENSTAT/LGMRES  1.0421 

5 JACOBI/FGMRES 1.0810 

C.6 Computational Efficiency and Stability of HYDRUS and the Modified 
ParSWMS 

As already indicated in Section C.5, computational efficiency and stability are essential 

when simulating flow and transport processes in soilless plant growth modules, especially 

when a vast number of realizations is required. Hence, it is of interest to compare the 

Windows OS based HYDRUS with the Linux OS based modified ParSWMS. Because 



135 
 

 

workstations and HPC clusters are not intercomparable, such comparison is only viable on a 

workstation, with both Windows (i.e., Windows 10 Pro Version 1909, OS Build 18363.1016) 

and Linux (i.e., Ubuntu 18.04.5 LTS) installed on a partitioned hard drive. A workstation 

with two 2.40GHz Intel® Xeon® E5-2630 v3 Dual 8-Core processors and 32GB RAM was 

used for the comparison.  

HYDRUS benefits from a powerful GUI with numerous advanced features such as the 

ability to create or import complex domain geometries or to specify various spatially variable 

properties such as materials, initial conditions, boundary conditions, and domain properties 

either directly on the finite element mesh or on geometric objects independent of the mesh 

(Šimůnek et al., 2016). To utilize parallel computing and the computing prowess of the latest 

multicore workstations, HYDRUS relies on the HYdrus PARallelized (HYPAR) module and 

the Microsoft Parallel Patterns Library to numerically solve Equation (C-7) for water flow 

and solute transport with the CG and ORTHOMIN solvers, respectively. Equation (C-7) is 

preconditioned with the incomplete lower upper factorization method. Both the solvers and 

the preconditioner are from the ORTHOFEM library (Mendoza et al., 1991).  

The test case for the stability and efficiency comparison conforms with the descriptions in 

Sections C.5.1 and C.5.2, except that the SWC and hydraulic conductivity functions were not scaled 

for the considered tuff, tuff/coconut coir, and perlite substrates (see hydraulic properties in 

Table C-1). The simulation duration was 14 days (336 hrs). The flow domain was discretized with 

finite elements of 1.90-cm in the horizontal direction and 0.95-cm in the vertical direction. Mesh 

refinements for the top 1-cm layer and in areas with variable flux and free drainage BCs, led to a total 
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of 132,570 nodes and 726,264 3D mesh elements. Note that the hydraulic characteristics are 

calculated directly from the hydraulic functions by setting the lower and upper limits of the internal 

interpolation tables to zero in both HYDRUS and the modified ParSWMS code. The 

BJACOBI/DGMRES and SOR/FGMRES preconditioner/solver combinations were used for 

ParSWMS water flow and solute transport simulations, respectively.  

Figure C-10 shows the temporal evolution of mass balance errors for water flow and 

𝐻 𝑃𝑂 , 𝑁𝐻 , and 𝑁𝑂  transport. The water mass balance errors are below 0.15% for all 

substrates for both the HYDRUS and ParSWMS simulations, which we consider quite 

accurate. The mass balance errors for solute transport are higher for both HYDRUS and the 

modified ParSWMS. An extreme error of about 80% for 𝑁𝑂  is evident for the HYDRUS 

simulation for tuff, which can be attributed to simulation instability issues starting at around 

48 hrs. This is likely due to very localized increases in 𝑁𝑂  concentrations at the 

atmospheric BC because of evaporation (Figure C-11, bottom right). In comparison, the 

maximum mass balance error for 𝑁𝑂  and tuff simulated with the modified ParSWMS is 

0.54%. Note that the instability issues experienced with HYDRUS can be potentially 

resolved by increasing the density of the 3D mesh close to the surface at the cost of 

computational efficiency. Notably, the ParSWMS solute mass balance errors are significantly 

lower than the HYDRUS errors. 
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Figure C-10. Temporal mass balance error evolutions for water flow (left) and H2PO4
-, 

NH4
+, and NO3

- transport (right) simulated with both HYDRUS and the modified ParSWMS 

code. 
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 Figure C-11. Water content and NO3
- concentration distributions at the end of the 

HYDRUS and modified ParSWMS simulations. Note the localized very high NO3
- 

concentrations depicted in the bottom right graph for HYDRUS. 

Figure C-12 shows a comparison of computational efficiencies of the HYDRUS and 

modified ParSWMS codes. Besides the simulations performed on the workstation, we ran 

ParSWMS on the Ocelote HPC (28 cores) and the recently installed Puma HPC (94 cores) 

clusters (for specifications see Table C-8) to demonstrate the massive increase in scalability 

when HPC environments are utilized. The simulation speedup expressed in terms of 

normalized wall clock times (see values on top of the bars in Figure C-12), of the modified 

ParSWMS code is about 22% faster than that of HYDRUS on the workstation, and about 

94% faster on the Puma HPC cluster with 94 cores. Note that while an increase in the number 

of processing cores generally speeds up the simulations, beyond a certain core threshold, the 
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computational efficiency starts to decline due to an increase of the communication to 

computation ratio. 

 

Figure C-12. Comparison of computational efficiencies of the HYDRUS and the modified 

ParSWMS codes for perlite (left), tuff (center), and tuff/coconut coir (right). The values on 

top of the bars represent the clock times normalized with the HYDRUS clock times. 

C.7 Conclusions 

With the goal of performing a vast number of flow and transport simulations on HPC 

clusters to aid the design and management of soilless culture growth modules, we modified 

the open-source 3D ParSWMS code to not only enable nonlinear equilibrium solute 

adsorption and multi-solute transport simulations but also the application of boundary 

conditions to realistically represent typical soilless culture systems. The modified ParSWMS 

code was thoroughly tested using HYDRUS as a reference. To optimize the computational 
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efficiency of the modified ParSWMS, numerous preconditioner/numerical solver 

combinations were tested for both the water flow and solute transport equations. While the 

BJACOBI/DGMRES preconditioner/solver combination was the most efficient for water 

flow, SOR/FGMRES worked best for solute transport. In general, GMRES-type and CG 

solvers applied in conjunction with the BJACOBI preconditioner were very efficient for 

water flow simulations. The most efficient combinations for solute transport consisted of 

preconditioners of the successive over relaxation category (i.e., SOR and EISENSTAT) and 

variations of the GMRES solver. To compare the stability and computational efficiency of 

modified ParSWMS with HYDRUS, a real growth module from a production scale 

greenhouse experiment at the ARO Volcani Center in Israel was simulated considering three 

soilless substrates and 𝐻 𝑃𝑂 , 𝑁𝐻 , and 𝑁𝑂  transport. The simulations were performed 

on a workstation and two HPC clusters. The results revealed that the modified ParSWMS 

was about 22% more efficient than HYDRUS when the simulations on the workstation were 

compared. Simulations on the HPC clusters were up to 94% more efficient when 94 cores 

were utilized. If the full computational power of the HPC clusters (i.e., no competing projects 

and up to 23616 available cores) was to be utilized, simulation times would again be 

drastically reduced to a very small fraction of the HYDRUS wall clock time. While we 

experienced some stability issues for tuff and 𝑁𝑂  with HYDRUS, leading to an 

unrealistically high mass balance error, all modified ParSWMS simulations were stable on 

both the workstation and HPC clusters. In general, all water and solute mass balance errors 

generated with the modified ParSWMS where bellow the mass balance errors of HYDRUS. 
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The availability of the modified and tested ParSWMS code opens new avenues for 

streamlining 3D water flow and solute transport simulations for complex porous media via 

the utilization of HPC environments. Simulations that took days to complete can now be 

resolved within a matter of a few hours, allowing for a vast number of realizations within a 

short period of time.   

Availability of Software  

All computer codes and Matlab scripts created for this project are available from the corresponding 

author upon reasonable request. 

Acknowledgments 

This research was funded by The United States - Israel Binational Agricultural Research and 

Development Fund (BARD), grant number US-4764-14 R, and by the United States Department of 

Agriculture (USDA) National Institute of Food and Agriculture (NIFA), Hatch/Multi-State project 

number ARZT-1370600-R21-189. We thank Dr. Asher Bar-Tal from the ARO Volcani Center in 

Israel for providing details about the design and management of the tomato growth experiment that 

was simulated in this study. 

 

 

 

 

 

 

 



142 
 

 

C.8 References 

Abad, M., Fornes, F., Carrión, C., Noguera, V., Noguera, P., Maquieira, Á., & Puchades, R. 
(2005).   Physical Properties of Various Coconut Coir Dusts Compared to 
Peat. HortScience, 40(7), 2138–2144. 

Bar-Tal, A., Saha, U.K., Raviv, M., & Tuller, M. (2019). Inorganic and Synthetic Organic 
Components of Soilless Culture and Potting Mixtures. In M. Raviv, H.J. Lieth, & A. 
Bar-Tal (Eds.), Soilless Culture – Theory and Practice, 2nd Ed. (pp. 264–267). London: 
Academic Press (Elsevier). 

Benzi, M. (2002). Preconditioning Techniques for Large Linear Systems: A Survey. J. 
Comput. Phys., 182(2), 418–477. https://doi.org/10.1006/jcph.2002.7176.  

Brooks, R.H., & Corey, A.T. (1966). Properties of Porous Media Affecting Fluid Flow. J. 
Irrig. Drain. Div., Am. Soc. Civ. Eng., 92(2), 61–88. 

Buffle, J., Zhang, Z., & Startchev, K., (2007). Metal Flux and Dynamic Speciation at 
(Bio)interfaces. Part I: Critical Evaluation and Compilation of Physicochemical 
Parameters for Complexes with Simple Ligands and Fulvic/Humic Substances. 
Environ. Sci. Technol., 41, 7609–7620. https://doi.org/10.1021/es070702p. 

Cook, F.J., Fitch, P., Thorburn, P.J., Charlesworth, P.B., & Bristow, K.L. (2006). 
Modelling trickle irrigation: Comparison of analytical and numerical models for 
estimation of wetting front position with time. Environ. Model. Softw., 21, 1353–1359. 
https://doi.org/10.1016/j.envsoft.2005.04.018.  

Del Corso, G.M., Menchi, O., & Romani, F. (2015). Krylov Subspace Methods for Solving 
Linear Systems. Technical Report, University of Pisa, Department of Computer 
Science, Pisa, Italy. 

Dongarra, J., & Sullivan, F. (2000). Guest Editors' Introduction: The Top 10 Algorithms. 
Comp. Sci. Eng., 2(1), 22–23. https://doi.org/10.1109/MCISE.2000.814652 . 

Duff, I.S., & Scott, J.A. (2004). A Parallel Direct Solver for Large Sparse Highly 
Unsymmetric Linear Systems. ACM T. Math. Software, 30(2), 95–117. 
https://doi.org/10.1145/992200.992201  

Eisenstat, S.C., Elman, H.C., & Schultz, M.H. (1983). Variational Iterative Methods for 
Nonsymmetric Systems of Linear Equations. SIAM J. Numer. Anal., 20(2), 345–357. 

Evans, M.R., Konduru, S., & Stamps, R.H. (1996). Source Variation in Physical and 
Chemical Properties of Coconut Coir Dust. HortScience, 31(6), 965–967. 

Feddes, R.A., Kowalik, P.J., & Zaradny, H. (1978). Simulation of Field Water Use and 
Crop Yield. New York: John Wiley & Sons. 



143 
 

 

Fletcher, R. (1975). Conjugate Gradient Methods for Indefinite Systems. In G.A. Watson 
(Ed.), Numerical Analysis (pp. 73–89). Berlin: Springer Verlag.       

Freund, R.W., & Nachtigal, N.M. (1991). QMR: A Quasi-Minimal Residual Method for 
Non-Hermitian Linear Systems. Numer. Math, 60, 315–339. 

Freund, R.W. (1993). A Transpose-Free Quasi-Minimal Residual Algorithm for Non-
Hermitian Linear Systems. SIAM J. Sci. Comput., 14(2), 470–482. 
https://doi.org/10.1137/0914029.  

Gohardoust, M.R., Bar-Tal, A., Effati, M., & Tuller, M. (2020). Characterization of 
Physicochemical and Hydraulic Properties of Organic and Mineral Soilless Culture 
Substrates and Mixtures. Agronomy, 10(9), 1403. 
https://doi.org/10.3390/agronomy10091403. 

Golub, G.H., & van der Vorst, H.A. (1997). Closer to the Solutions: Iterative Linear 
Solvers. In I.S. Duff, & G.A. Watson (Eds.), The State of the Art in Numerical 
Analysis, (pp. 63–92). Oxford: Clarendon Press. 

Greenwald, M. (2010). Verification and validation for magnetic fusion. Phys. Plasmas, 17, 
058101. https://doi.org/10.1063/1.3298884.  

Hammond, G.E., Lichtner, P.C., & Mills, R.T. (2014). Evaluating the performance of 
parallel subsurface simulators: An illustrative example with PFLOTRAN. Water 
Resour. Res., 50, 208–228. https://doi.org/10.1002/2012WR013483.  

Hansen, T.M., & Mosegaard, K. (2008). VISIM: Sequential Simulation for Linear Inverse 
Problems. Comput. Geosci., 34(1), 53–76. https://doi.org/10.1016/j.cageo.2007.02.003.  

Hansen, T.M. (2020). mGstat: A Geostatistical Matlab toolbox. 
http://mgstat.sourceforge.net/ Accessed 4 September 2020. 

Hardelauf, H., Javaux, M., Herbst, M., Gottschalk, S., Kasteel, R., Vanderborght, J., & 
Vereecken, H. (2007). PARSWMS: A Parallelized Model for Simulating Three‐
Dimensional Water Flow and Solute Transport in Variably Saturated Soils. Vadose 
Zone J., 6(2), 255–259. https://doi.org/10.2136/vzj2006.0156. 

Hashitani, T., & Tanaka, K. (1983). ChemInform Abstract: measurements of self-diffusion 
coefficients of the nitrate ion in aqueous solutions of potassium nitrate and calcium 
nitrate. Chem. Informationsd., 14. https://doi.org/10.1002/chin.198346019.   

Herbst, M., Gottschalk, S., Reißel, M., Hardelauf, H., Kasteel, R., Javaux, M., 
Vanderborght, J., & Vereecken, H. (2008). On preconditioning for a parallel solution 
of the Richards equation. Comput Geosci., 34(12), 1958–1963. 
https://doi.org/10.1016/j.cageo.2008.02.020. 



144 
 

 

Kačur, J., & Minár, J. (2013). A Benchmark Solution for Infiltration and Adsorption of 
Polluted Water Into Unsaturated–Saturated Porous Media. Transp. Porous Media, 97, 
223–239. https://doi.org/10.1007/s11242-012-0119-5.   

Karlsson, S.C., Langergraber, G., Pell, M., Dalahmeh, S., Vinnerås, B., & Jönsson, H. 
(2015). Simulation and verification of hydraulic properties and organic matter 
degradation in sand filters for greywater treatment. Water Sci. Technol., 71, 426–433. 
https://doi.org/10.2166/wst.2015.003. 

Kandelous, M.M., & Šimůnek, J. (2010). Comparison of numerical, analytical, and 
empirical models to estimate wetting patterns for surface and subsurface drip irrigation. 
Irrig. Sci., 28, 435–444. https://doi.org/10.1007/s00271-009-0205-9.   

Kwack, JH., Bauer, G.H., & Koric, S. (2016, May). Performance Test of Parallel Linear 
Equation Solvers on Blue Waters – Cray XE6/XK7 system. Conference paper, 
Proceedings of the Cray User Group Meeting (CUG 2016), London, England. 

Lassabatere, L., Yilmaz, D., Peyrard, X., Peyneau, P.E., Lenoir, T., Šimůnek, J., Angulo-
Jaramillo, R. (2014). New Analytical Model for Cumulative Infiltration into Dual-
Permeability Soils. Vadose Zone J., 13. https://doi.org/10.2136/vzj2013.10.0181.   

Luo, Y., & Sophocleous, M. (2010). Seasonal groundwater contribution to crop-water use 
assessed with lysimeter observations and model simulations. J. Hydrol., 389, 325–335. 
https://doi.org/10.1016/j.jhydrol.2010.06.011.  

Mendoza, C.A., Therrien, R., & Sudicky, E.A. (1991). ORTHOFEM User’s Guide, Version 
1.02. Waterloo, Ontario, Canada: Waterloo Centre for Groundwater Research, 
University of Waterloo. 

Noland, D.A., Spomer, L.A., & Williams, D.J. (1992). Evaluation of Pumice as a Perlite 
Substitute for Container Soil Physical Amendment. Commun. Soil Sci. Plan., 23(13-
14), 1533-1547. https://doi.org/10.1080/00103629209368685.  

Neuman, S. P., Feddes, R. A., & Bresler, E. (1974). Finite element simulation of flow in 
saturated-unsaturated soils considering water uptake by plants, Third Annual Report, 
Project No. A10-SWC-77, Hydraulic Engineering Lab., Technion, Haifa, Israel. 

Neumann, L.E., Šimůnek, J., & Cook, F.J. (2011). Implementation of quadratic upstream 
interpolation schemes for solute transport into HYDRUS-1D. Environ. Model. Softw., 
26, 1298–1308. https://doi.org/10.1016/j.envsoft.2011.05.010. 

Orgogozo, L., Renon, N., Soulaine, C., Hénon, F., Tomer, S.K., Labat, D., Pokrovsky, O.S., 
Sekhar, M., Ababou, R., & Quintard, M. (2014). An open source massively parallel 
solver for Richards equation: Mechanistic modelling of water fluxes at the watershed 
scale. Comput. Phys. Commun., 185, 3358–3371. 
https://doi.org/10.1016/j.cpc.2014.08.004.   



145 
 

 

Raviv, M., Lieth, H.J., & Bar-Tal, A. (2019). Significance of Soilless Culture in 
Agriculture. In M. Raviv, H.J. Lieth, & A. Bar-Tal (Eds.), Soilless Culture – Theory 
and Practice, 2nd Ed. (pp. 3–14). London: Academic Press (Elsevier).       

Saad, Y. and Schultz, M.H., 1986. GMRES: A Generalized Minimal Residual Algorithm 
for Solving Nonsymmetric Linear Systems. SIAM J. Sci. Stat. Comput., 7(3), 856–869. 

Saad, Y. (1981). Krylov Subspace Methods for Solving Large Unsymmetric Linear 
Systems. Math. Comput., 37(155), 105–126. 

Saad, Y. (1993). A Flexible Inner-Outer Preconditioned GMRES Algorithm. SIAM J. Sci. 
Comput., 14(2), 461–469. https://doi.org/10.1137/0914028.  

Savvas, D. (2003). Hydroponics: A modern technology supporting the application of 
integrated crop management in greenhouse. J. Food Agri. Environ., 1, 80–86.  

Savvas, D., & Gruda, N. (2018). Application of soilless culture technologies in the modern 
greenhouse industry – A review. Eur. J. Hortic. Sci., 83, 280–293. 
https://doi.org/10.17660/eJHS.2018/83.5.2 

Sbai, M.A., & Larabi, A. (2020). On Solving Groundwater Flow and Transport Models 
with Algebraic Multigrid Preconditioning. Groundwater. 
https://doi.org/10.1111/gwat.13016. 

Silber, A., & Raviv, M. (1996). Effects on Chemical Surface Properties of Tuff by Growing 
Rose Plants. Plant Soil, 186, 353–360. 

Silber, A., Bar-Yosef, B., & Chen, Y. (1999). pH-Dependent Kinetics of Tuff Dissolution. 
Geoderma, 93(1-2), 125–140. https://doi.org/10.1016/S0016-7061(99)00048-8.  

Silber, A., Bar-Yosef, B., Singer, A., & Chen, Y. (1994). Mineralogical and Chemical 
Composition of Three Tuffs from Northern Israel. Geoderma, 63(2), 123–144. 
https://doi.org/10.1016/0016-7061(94)90002-7.  

Simoncini, V., & Szyld, D.B. (2007). Recent Computational Developments in Krylov 
Subspace Methods for Linear Systems. Numer. Linear Algebra Appl., 14, 1–59. 

Šimůnek, J., Huang, K., & van Genuchten, M.Th. (1995). The SWMS-3D Code for 
Simulating Water Flow and Solute Transport in Three-Dimensional Variably-Saturated 
Media. Riverside: USDA ARS U.S.  Salinity Laboratory, (Research Report No. 139). 

Šimůnek, J., van Genuchten, M.Th., & Šejna, M. (2016). Recent Developments and 
Applications of the HYDRUS Computer Software Packages. Vadose Zone J., 15(7). 
https://doi.org/10.2136/vzj2016.04.0033 

Šimůnek, J., M. Šejna, and M. Th. van Genuchten, (2018). New features of version 3 of the 
HYDRUS (2D/3D) computer software package, J. Hydrol. Hydromech., 66(2), 133-
142. https://doi.org/10.1515/johh-2017-0050  



146 
 

 

Sonneveld, P. (1989). CGS, A Fast Lanczos-Type Solver for Nonsymmetric Linear 
Systems. SIAM J. Sci. and Stat. Comput., 10(1), 36–52. 
https://doi.org/10.1137/0910004.  

van Genuchten, M.Th. (1980). A Closed‐form Equation for Predicting the Hydraulic 
Conductivity of Unsaturated Soils. Soil Sci. Soc. Am. J., 44, 892–898. 

van der Vorst, H.A. (1992). Bi-CGSTAB: A Fast and Smoothly Converging Variant of Bi-
CG for the Solution of Nonsymmetric Linear Systems. SIAM J. Sci. and Stat. Comput., 
13(2), 631–644. https://doi.org/10.1137/0913035.  

Vanderborght, J., Kasteel, R., Herbst, M., Javaux, M., Thiery, D., Vanclooster, M., Mouvet, 
C., & Vereecken, H. (2005). A Set of Analytical Benchmarks to Test Numerical 
Models of Flow and Transport in Soils. Vadose Zone J., 4, 206–221. 
https://doi.org/10.2113/4.1.206.  

Vinsome, P.K.W. (1976, February). Orthomin, an Iterative Method for Solving Sparse Sets 
of Simultaneous Linear Equations. Conference paper, Society of Petroleum Engineers 
(SPE) Symposium on Numerical Simulation of Reservoir Performance, Los Angeles, 
CA. https://doi.org/10.2118/5729-MS.  

Vogel, T., & Císlerová, M. (1988). On the Reliability of Unsaturated Hydraulic 
Conductivity Calculated from the Moisture Retention Curve. Transp. Porous Media, 
3(1), 1–15. 

Vogel, T., van Genuchten, M.Th., & Císlerová, M. (2000). Effect of the Shape of the Soil 
Hydraulic Functions Near Saturation on Variably-Saturated Flow Predictions. Adv. 
Water Resour., 24(2), 133–144. https://doi.org/10.1016/S0309-1708(00)00037-3. 

Vrugt, J.A., Hopmans, J.W., & Šimůnek, J. (2001a). Calibration of a Two-Dimensional 
Root Water Uptake Model. Soil Sci. Soc. Am. J., 65(4), 1027–1037. 

Vrugt, J.A., van Wijk, M.T., Hopmans, J.W., & Šimůnek, J. (2001b). One-, Two-, and 
Three-Dimensional Root Water Uptake Functions for Transient Modeling. Water 
Resour. Res., 37(10), 2457–2470. 

Young, D.M., & Jea, K.C. (1980). Generalized Conjugate-Gradient Acceleration of 
Nonsymmetrizable Iterative Methods. Linear Algebra Appl., 34, 159–194. 

 

  



147 
 

 

C.9 Supplementary Materials 

Table C-8.  Specifications of the Ocelote and Puma HPC clusters. 

Ocelote HPC  

Model Lenovo NeXtScale nx360 M5 

Year 2016 (2018 P100 nodes) 

Node Count 400 

Total System Memory (TB) 82.6TB 

Processors 

2x Xeon E5-2695v3 14-core (Haswell) 

2x Xeon E5-2695v4 14-core (Broadwell) 

4x Xeon E7-4850v2 12-core (Ivy Bridge) 

Cores/Node (schedulable) 28c (48c-high-memory node) 

Total Cores 11528 

Processor Speed 2.3GHz (2.4GHz - Broadwell CPUs) 

Memory/Node 192GB (2TB-high-memory node) 

Accelerators 
46 NVIDIA P100 (16GB) 

15 NVIDIA K80 

/tmp ~840 GB spinning (/tmp is part of root filesystem) 

HPL Rmax (TFlop/s) 382 

OS CentOS 6 

Interconnect FDR InfiniBand node-node; 10Gb Ethernet node-storage 

Puma HPC  

Model Penguin Altus XE2242 

Year 2020 

Node Count 236 CPU, 8 GPU, 2 High Memory 

Total System Memory (TB) 128TB 

Processors 2x AMD EPYC 7642 48-Core (Rome) 

Cores/Node (schedulable) 94c 

Total Cores 23616 

Processor Speed 2.4GHz 

Memory/Node 512GB (3TB - High-memory nodes) 

Accelerators 29 NVIDIA V100S 

/tmp ~1640 GB NVMe (/tmp is part of root filesystem) 

OS CentOS 7 

Interconnect 
1x 25Gb/s Ethernet RDMA (RoCEv2) 

1x 25Gb/s Ethernet storage 

 


