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Abstract

The main objectives of this study were to descsitnéphysical functions in a
mathematically more accurate way, to investigagesttundness of the Staring Series
soil physical database, to develop and apply ah¥®soil moisture flow simulation

model and to expand the Staring Series with datzoarnse textured soils.

It appeared that a cubical splines method usingearDistance from Point to Line
(MDPL) object function significantly increasesifity results of soil moisture and

hydraulic conductivity data compared with otherr@@ghes currently in use.

A detailed analysis of the well-known Staring Semeveals that samples grouped into
a single Staring Series class often show largemrffces in hydrological behaviour.
Furthermore, differences between the Staring Sel&sses are often not statistically
significant, indicating that grouping of samplesusld be done according to other
criteria than texture and organic matter alone.

A new 1-D soil moisture flow model has been devetbpontaining several unique

features, like the cubical splines method and dbffeirrigation criteria.

For a series of coarse sand mixtures soil phypicaderties were determined and
hydrologically evaluated. Small differences in teal composition may lead to large

differences in irrigation requirements.

Additionally, a software package has been developetsualize 2-D soil water
content changes in time as animated movies. The/aad package has been tested and
used for multiple datasets from the Netherlands.
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1 Introduction

1.1 Background

Soil moisture flow is an essential process in owir@nment. It is of importance to us
because i) crops need soil moisture to grow, determines the workability of a sail,

iii) it is the main transport medium for solutetarg nutrition, pesticides and

pollutants, iv) it influences surface runoff andisllooding hazard and the need for
surface water control, and v) part of our drinkungter is obtained from the
groundwater. For all of these reasons, it is ingodrto understand the process of soil
moisture flow and solute transport, both in thealmsated and the saturated part of the
soil. Besides doing laboratory and field studiéso gimulation models are used to

further understand flow and transport behavior tangerform scenario analyses.

1.2 Types of numerical models

Up to the 1990’s the majority of numerical modetaidated one-dimensional (i.e.
vertical) moisture flow only. These one-dimensiomaldels can be divided into two
main categories (see e.g.Bastiaansen et al., Fddigtunga et al., 2008): bucket
models (Smith, 1992; Allen et al., 1998; Droogerale 2001; Prajamwong et al.,
1997; De Laat, 1976), and models based upon tHeaRls’ equation (Hansen et al.,
1990; Khaleel and Yeh, 1985; Simunek et al., 1988) Dam et al., 1997a; Van Dam
et al., 1997b; Belmans et al., 1983; Feddes et1@r8; Vanclooster et al., 1994,
Kroes and van Dam, 2003; Kroes et al., 2008; VamBaal., 2008 ). Nowadays more
and more two- (e.g. Heinen, 1997; Vogel, 1997; Siekuet al., 1999 ) and three-
dimensional models (e.g. Russo et al., 1998) aadadole to potential users. Generally,
these types of models are data input demandingssdch not always applicable in
practice. For instance, when using models, eithe2-lor 3-dimensional ones,
boundary conditions need to be described. Metegitdb data (e.g. precipitation and
evaporation), drainage data (e.g. distance, dapthyesistance), and regional data

(seepage or percolation) should be available ateitpeired temporal scale.



Furthermore, soil systems need to be parametewbed using hydrological
simulation models. The degree of parameterizatepedds upon the complexity of
the soil system and the required accuracy of theeinautput. To parameterize soill
systems, information is needed regarding regulaogphysical properties like the
water retention function and the hydraulic condatticharacteristic of the

distinguished soil layers.

1.3 Description of soil physical properties

Knowledge of soil hydraulic properties is esserftialproper understanding and
evaluation of the physical and chemical processesived in flow of water and
transport of dissolved salts and pollutants thhosgjl systems (Al-Jabri et al., 2002;
Si et al., 1999). Reliable results from numericaldels of water flow and solute
transport are critical for use by regulatory agesacirhe accuracy of predictions is
often limited by, among other things, the adequafdyydraulic property estimations
(Mertens et al., 2005; Sandhu, 2003; Wesselind},62@08c). These relationships are
strongly non-linear and different for each soildagonsidered. Many analytical
equations have been developed to describe theg®nships in a simple way (see
Wesseling et al., 2008b for more details) whildetdént closed-form expressions are
summarized by Leijj et al. (1997), Leong and Rahaid®97) and many others.

The most-widely used method is the one where tlatioaships are described by the
Mualem-Van Genuchten equations (Van Genuchten,)198@ Mualem — Van
Genuchten equations describe both the soil moisateation curve and the hydraulic
characteristics with six parameters: a fitted miagipoint for the hydraulic
conductivity at saturation @[L.T™]), the saturated moisture cont@g{L>3L™?], the
residual moisture conter8, [L3L"], a parametes [L™*] which is related to the inverse
of the air entry suction value; a parameter n wiscl measure of the pore-size
distribution; and |, a pore connectivity factor tieanormally assumed to be 0.5.
Usually there is a discrepancy between the measatedated value ¥;and the fitted

value of Ky, indicating that preferably the measureg¢¥alue should be used.



The sensitivity of soil moisture flow to the sollysical parameters has been studied
by several authors using numerical models (e.gdi8ar2003; Simunek and van
Genuchten, 1996). Usually a sensitivity analysigadormed by varying just one or
two parameters and evaluating the effect on mouatglut, see e.g. Hari Prasad et al.
(2001). Rocha et al. (2006) showed that calcutatimn subsurface flow in furrows
was most sensitive to changes in n anékinn a study by Lu and Zhang (2002) it was
discovered that n was the most sensitive paranfetEwed byo and K. Others have
applied a Monte-Carlo analysis to study the effe€tsoil physical parameters on

moisture flow (e.g. Lu and Zhang, 2002; Mertenalgt2005).

1.3.1 Measuring and estimating soil physical properties

To obtain the parameters of the Mualem-Van Genucbtgiations from laboratory
data, the curves should be fitted through a nurabareasured points of the soil
moisture retention and hydraulic conductivity rilaships. One of the most
commonly used fitting programs is RETC (Van Genenldt al., 1991), which is
based upon the Marquardt-algorithm (Marquardt, J9B8e to the strong non-linear
form and the complexity of the Van Genuchten equatit is difficult to estimate in
advance the influence of each parameter on thersmgdture retention and hydraulic

conductivity curves, and thus on the computedwsatkr content or pressure head.

Different methods exist to measure the soil phys@ationships in the field or in the
laboratory (Ahuja et al., 1980; Boels et al., 19B8uma and Denning, 1972; Bouma
et al., 1971; Bresler et al., 1978; Kool and ParkéB87a; Kool et al., 1987; Stolte and
Veerman, 1990; Wind, 1966). The laboratory or fieldasurements are often tedious
and time consuming, and involve considerable uacsst due to spatial heterogeneity
of the soil system, disturbances during samplirgj@elicate measurement procedures
(Bodhinayake et al., 2004; Shani, 1995).

There are also many in situ methods for directregtion of the soil hydraulic
functions. Examples include the crust method, wikezady flux is imposed at the soil

surface (Hillel and Gardner, 1970), the instantasgmofile method (Watson, 1966),



and the unit gradient internal drainage approadbafidi et al., 1980). Although
relatively simple in concept, such direct methodgeha number of limitations that
significantly limit their use in practice. The mdimitation is that they tend to be very
time consuming due to the need to adhere to relgtstrict initial and boundary
conditions (Simunek and van Genuchten, 1996). Aerdimitation, especially in soils
with low potential values, is that steady-statedittons are reached only after a
significant amount of time due to flow dependenaégdraulic conductivity (Zhang,
1998). Measured values of saturated conductivity beaup to 30% below the actual

value due to air entrapment (Zlotnik et al., 2007).

Another way is to use parameter estimation metbodgtermine soil hydraulic
properties (Russo et al., 1991). Inherent to paranastimation is the assumption that
soil hydraulic properties may be described by atnetly simple deterministic model
containing a small number of unknown parameters¢Bet al., 1991; Shani and
Gordin-Katz, 1998). Contrary to the previously mem¢d direct methods, parameter
estimation with a predefined hydraulic model doessimpose any strict requirements
on the initial and boundary conditions of the meadisystem. Experimental methods
based on the parameter estimation approach usegllyre less time and labour than
direct methods and thus enable a larger numberakorements. This is especially
important for the in situ characterization of lageheterogeneous sites (Russo et al.,
1991). Inverse modelling is a parameter estimadgproach frequently used in soil
physical studies, for instance to estimate valua® finverse modeling of soil moisture
flow (Butters and Duchateau, 2002; Jhorar et 8012 Roulier and Jarvis, 2003;
Sonnleitner et al., 2003; Yeh, 1986; Thomassomh €2@06). In some publications the
inverse modelling includes both moisture flow antlite transport (e.g. Abbasi et al.,
2003; Bumgarner and McCray, 2007). Another exaraplaverse modeling is
presented by Bumgarner and McCray (2007) who catledIthe hydraulic

conductivity of a waste water zone using the Hydrdsnodel.



Also, soil physical characteristics can be obtaimetthe field by application of
infiltrometer measurements and a numerical modebmbination with optimization
techniques as described by Schwartz and Evett j2068by Lazarovitch et al.
(2007).

1.3.2 Use of pedotransfer functions

Alternatively, soil physical relationships can lexided on the basis of other related
soil properties using pedotransfer functions, esgng particle size distribution, bulk
density and/or organic matter content data (Ahup.e1988; Alexander and Skaggs,
1987; Bloemen, 1980; Bruce, 1972; Minasny and Muaigrg, 2007; Schuh and
Bauder, 1986; Wosten et al., 2001a, Zacharias aeskdlek, 2007). Pedotransfer
functions can be categorized into two main groipdass pedotransfer functions and
i) continuous pedotransfer functions. Class pedwfer functions calculate hydraulic
properties for a textural class (e.g. sand) byragsyithat similar soils have similar
hydraulic properties. Continuous pedotransfer fiomstuse measured grain size
distributions to provide continuously varying hydlia properties across the textural
triangle (Wosten et al., 2001a). Some researchpgly aeural networks to obtain
pedotransfer functions (Manyame et al., 2007; Sulaaa Leij, 1998).

Although pedotransfer functions are sometimes ssdahe bridge between pedology
and hydrology and are gaining in popularity (Elssgr, 2001; Minasny et al., 1999;
Nemes, 2003; Pachepsky et al., 2006; Schaap apdLRéB; Schaap et al., 2001,
Stolte et al., 1996; Van Alphen et al., 2001) astbeen shown that pedotransfer
functions developed for one location are not alwagygslicable for other locations (Li
et al., 2007). Arya et al. (1999) show that itasgible to obtain the soil water
retention curve from the particle-size distributmmve. New techniques have been
introduced, e.g. by Nemes et al. (2006) who shatlvatithe Nonparametric Nearest
Neighbour Technique can be used to derive soilwatention data from textural
data. Rasiah and Aylmore (1998) show that the pat@nm of the Mualem-Van
Genuchten equation is strongly determined by tlhie density of the soil. A



comparison of the results of three different peaiwdfer functions applied on a Niger
soil has been presented by Manyame et al. (2003hould be recognized that the
usefulness of any statistical function is limitediie data population used in the
development of this function. Therefore, the engairnature of PTFs warrants their
best use as starting points for quick and econasticnations of necessary model
input parameters, particularly when a large nunabérydraulic property data are
required, making then more suitable for regionalesstudies rather than site-specific

applications (Lin et al., 1999).

1.3.3 Available soil physical databases

Both raw data of soil physical relationships andengeneric pedotransfer functions
can be found in different databases like the SgaBieries (Wdsten, 1987; Wdsten et
al., 2001b), the Priapus database (Stolte et@D.7;2Stolte et al., 2009), the UNSODA
database (Nemes et al., 2001) and the Hypres da&télvavw.macaulay.ac.uk/hypres/;
Wodsten et al., 1998). As these databases are bhsethby many researchers in many
different projects and studies (De Vries et alQ&Qit is of the greatest necessity that
these databases provide accurate information wreissifficient quality and reliability

for the end-users.

1.4 Objectives of the study and outline of this thesis

The main objectives of this study were: to descsiiéphysical functions in a
mathematically more accurate way, to investigagesttundness of the Staring Series
soil physical database, to expand it with dataaarse textured soils, and to develop
and apply a new 1-D soil moisture flow simulationdal. For this purpose, the

following research activities were defined:

» Describing the soil physical relationships in a mathematically more accurate way
As mentioned earlier, the (physically based) Mualam Genuchten equations are
probably the most widely-used method of descriliregsoil physical relationships for

use in numerical modeling. They describe the soiksiare retention curve and the soil
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hydraulic conductivity with six parameters. A fiij procedure is required to obtain
the parameter values of the equations from the mnedslata. However, so far it is not
always possible to fit satisfactory curves throtigdhmeasured data derived in the
laboratory or the field. Therefore, another mathgcahapproach is needed to describe
a continuous function through the measured datsulReof this work are presented in
Chapter 2.

» Investigating the validity of clustering data from soil samples into soil physical

classes
Up to now, soil samples with similar soil textupabperties are often combined into a
single soil physical class. All raw data from theséd samples are then used to derive
averaged soil physical functions for this specfd class. While this may seem to be
a logical procedure, enabling people to quicklglfand use soil physical properties for
a standard soil physical unit, uncertainty exisggrding the reliability of the results
from this approach. Therefore, a critical invedigahas been executed to evaluate
the effects of this procedure upon computed hydjiold regimes of individual

samples versus “averaged” soil physical classesulBeare described in Chapter 3.

* Model development

To simulate flow in high spatial and temporal resioin in (non-structured, rigid)
porous media, a model is needed that is capalderoputing one-dimensional water
flow with i) high accuracy; ii) the ability to desiee soil physical relationships
accurately and in different ways; iii) the use gfremely small time intervals; iv) the
ability of storing model output efficiently, and the ability to tabulate and graphically
visualize model output. As none of the availabledgils in our working environment
fulfilled all of these requirements, an alternatsiulation model was built. The new

software package for simulating moisture flow ifss presented in Chapter 4.
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» Determining soil physical properties of coarse textured mixtures

While much research has been devoted to the hygloobehavior of relatively fine-
textured soils, little attention has been paid &aexw movement through coarse-textured
soils, such as those found on sand dunes and ighati@ash plains. These deposits
can be found around the world, sometimes havingduhpossibilities for agricultural
production due to their usually poor fertility aloav water holding capacity. A search
for scientific papers and data of soil physicalganies of coarse materials did not
yield any significant results. Therefore, a seaksoil samples were prepared in the
laboratory to determine the related soil physicapprties and compare the different
mixtures from a hydrological point of view usingethewly developed simulation

model. Results of these activities are describechapter 5.

« Computing irrigation requirements of golf greens

Coarse-textured soils are frequently used for gresttuction of golf greens because of
their good drainage characteristics and low riskavhpaction. Golf greens are very
often constructed using sand brought in from else/with properties according to
United States Golf Association (USGA) specificaiomhese specifications contain
requirements on sand fractions to be used as weti@zone construction guidelines
(USGA Green Section Staff, 2004). Even thoughtssiture and potential
amendments greatly affect soil water movementethesommendations were never
hydrologically evaluated using advanced simulatradels. Depending on the
geographical location of a golf course and the atioconditions, water required for
irrigation can be as high as 50.000 to 100.06@mTherefore, an urgent need exists
to study effects of different root zone mixture®nhe irrigation requirements of golf

greens. Obtained results are discussed in Chapter 6

» Visualizing measured moisture contents in two dimensions
Despite the improvement of numerical models, frakasurements remain of great
importance for researchers. The reasons are twajatl models should be calibrated

and validated, and ii) field measurements give taalthl and new insights in physical

12



processes affecting water flow, e.g. the effectsodflayering, hysteresis, water
repellency, and swelling and shrinking. Nowadaysrerand more researchers use
multiple measurement devices to unravel proceshamems related to infiltration

and movement of water through soils. Large datasetslifficult to interpret at once,

so visualization can be very effective. For thatpese, a special software package has

been developed which is described in Chapter 7.
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2 Describing the soil physical characteristics of soil samples with

cubical splines

The Mualem-Van Genuchten equations have becomepagnylar in recent decades.
Problems were encountered fitting the equatiornsirpaters through sets of data measured in
the laboratory: parameters were found which yieleesdllts that were not monotonically
increasing or decreasing. Due to the interactidwéen the soil moisture retention and the
hydraulic conductivity relationship, some data s&t4d a fit that seems not to be optimal. So
the search for alternatives started. The cubidalesppproximation of the soil physical
characteristics appears to yield good approximatiSoftware was developed to fit the
spline-based curves to sets of measured datadifeeent objective functions have been
tested and their results compared for four diffedata sets. It is shown that the well-known
least-square approximation does not always perfmest. The distance between the measured
points and the fitted curve, as can be evaluatedenigally in a simple way, appears to yield
good fits when applied as a criterion in the optation procedure. Despite an increase in
computational effort, this method is recommendeer @thers.

Adapted from

Wesseling, J.G., C.J. Ritsema, J. Solte, K. Oostindie and L.W. Dekker, 2008.
Describing the soil physical characteristics of soil sampleswith cubical splines.
Transport in Porous Media, 71:289-309

15



2.1 Introduction

The capacity of digital computers has increasedreaosly in recent years. This
means more computations can be performed in lless tfNow it becomes possible to
design and run programs on a personal computermacamputer that previously
could run only on a mainframe. In the field of unisated soil moisture flow this has

resulted in models getting more and more detailed.

Up to a decade ago the majority of numerical moslietailated one-dimensional (i.e.
vertical) moisture flow only (see e.g. Hansen gtl90; Simunek and van
Genuchten, 1996; Van Dam et al., 1997a; Van Daah £1997b). Nowadays more
and more two- (e.g. Heinen, 1997; Vogel, 1997; Siekuet al., 1999) and three-
dimensional models (e.g. Russo et al., 1998) aadadle for potential users. See the
website of the International Groundwater Modeliren@r
(http://www.mines.edu/igwmc/software/) for more natglon groundwater flow and
their availability. Most of these models simulai@sient moisture flow based upon

the Richards' equation.

Whatever number of dimensions is considered andevbaequation is applied, some
soil physical relationships should be known. Inecakthe Richards' equation, these
relationships are the soil moisture retention ciaveelationship between pressure
head and moisture content) and the hydraulic cdndiyccharacteristic (a relationship
between the hydraulic conductivity and the presheid). Many researchers do not
take soil samples themselves but depend on data fioditerature or in available
databases such as the Staring Series (Stolte 20@ll; Wosten, 1987; Wdsten et al.,
2001b), the UNSODA database (Nemes et al., 200theoHypres database (see
http://www.macaulay.ac.uk/hypres/; Wosten et1#198). Therefore it is of the

greatest necessity to describe the measured reshijus the best way possible.

A lot of attempts have been made to describe th@Isgsical relationships with
analytical equations. Nowadays one of the moselyidsed methods is the so-called

Mualem-Van Genuchten equation (Van Genuchten, 198@escribes both the soill

16



moisture retention curve and the hydraulic conditgtrelationship using only 6
parameters. This simplicity is at the same timewbkakness of the method: not all
combinations of curves can be approximated adelyu&eftware is available to
estimate the 6 parameters of the equations usenghdasured points (Stolte, 1997,
Van Genuchten et al., 1991). This software is uglsed upon the least square
approximation and some second order optimizatiohrtigue. The main disadvantage
of the least square approximation is that it ugualkes into account the vertical
distance between the measured point and the Gitiece. The second order
optimization techniques yield a fast way to a (gagdocal) minimum. This requires
quite some numerical calculations since the seooder derivative of a function, the
Hessian matrix, should be evaluated numericalijyl, Btoften appears that not all
combinations of soil water retention curves andnydraulic conductivity relationship

can be adequately approximated.

Therefore, several authors have presented thexappation of the relationships using
polynomials or cubical splines (e.g. Bitterlichagt 2004; Erh, 1972; Kastanek and
Nielsen, 2001; Prunty and Casey, 2002). Despitéatiethat these publications show
the power and capability of the spline functiormlecation has not yet been very
popular in research. Therefore this study showshenspline approximation of the
soil physical relationships. For this purpose safewvas written to fit curves through
the points measured in the laboratory. This so#vwsbased upon some simple direct-
search optimization techniques. In most publicatithre spline-functions are fitted
using the least square of deviations criterion.dieghe usefulness of this method,
there are other and better criterions known in ewthtics. In this chapter five
different objective functions are described ante®n four soil samples. Results are
also compared to approximations obtained with traraonly-used RETC-program
(Van Genuchten et al., 1991).
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2.2 Material and methods

To understand the importance of reliable soil ptglsielationships, one should be
familiar with the equations governing soil moistéi@v in the unsaturated zone of the
soil. This partial differential equation is presashin the next paragraph. The
individual points of these relationships are usuaikasured in the field or the
laboratory, yielding a collection of points. Plagithese points in a graph usually
results in some 'clouds' of points. Several atterhpve been made to develop
equations that are generally applicable to dest¢hbeelationships. Some of these are
mentioned in the following paragraph. The paransetéthese relationships should be
estimated in such a way that the curve fits thesmesl points in the best possible
way. We choose to describe the curve by cubicaleplbecause it can be expected
that the accuracy of the derived approximation wontrease. These splines are
described in detail. In order to obtain the bastffithe spline-approximation through
the measured points, some optimization proceduenjsired. The general theory of
these procedures is presented. An optimizationgohae can work only if there is
some function it has to optimize, or in this cas@imize. Five different types of these
functions are described. The optimal points ofgpkne curves are calculated by using

these functions.

2.2.1 Soil moisture flow

Soil moisture flow in a N-dimensional system cardescribed by the following

partial differential equation

%zD[ﬂKDH)—S (2.1)
where
N
d
0= — 2.2
2 3% (2:2)
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and H = total head [L]; > coordinate in direction;0 = volumetric moisture
content [’L™3]; t = time [T]; K = prevailing hydraulic conduciiy [LT ]; S = sink

term representing drainage flow or root extracfibh.
Introduction of anisotropy (for 3-dimensional floleads to

K K Ky
K=Ky =Ky Ky Ky (2.3)
a Ka K

~

and the total head H can be written as
H =h+x, (2.4)
where h = pressure head [L] angxvertical position [L].

Introducing the differential moisture capacity C'[lthen yields

H &S oH
C—= —) K.—-8 2.5
t ;&q JZ:;‘ Y ox, (2.5)
with ¢ =99 99 (2.6)
dH  dn

Both K and C-values depend on the prevailing pmeskaad h. To solve eq. (2.5), the
C(h), K(h) and H) relationships should be known. Here we focushenkt(h) and
h(0) relationships.

2.2.2 Analytical approximations of soil moisture retention and hydraulic

conductivity functions

The relationships between moisture content, predsead and hydraulic conductivity
are very important to obtain a correct descriptbansaturated moisture flow. They
can be measured in the field or in the laboratesiggidifferent methods (e.g.Ahuja et
al., 1980; Boels et al., 1978; Bouma and Denni8g21i Bouma et al., 1971; Bresler et
al., 1978; Kool and Parker, 1987a; Kool and Park@87b; Stolte and Veerman, 1990;
Van Dam et al., 1990; Wind, 1966). Several auttiyrso derive these relationships
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from other known soil physical data, e.g. partgilee distribution and organic matter
content (Ahuja et al., 1988; Alexander and Ska§8,7; Bloemen, 1980; Bruce,
1972; Schuh and Bauder, 1986). Several analytizaitions have been developed to
describe the soil-physical relationships. Excellardrviews and comparison of a lot
of closed-form expressions can be found in liteeafleij et al., 1997; Leong and
Rahardjo, 1997).

One of the most frequently used closed-form desorip of the soil physical
relationships is the one introduced by (Van Gererght980) who describes the K(h)-
and hg)-relationships as S-shaped curves with only 6rpatars. It appears however
that this closed-form approximation can still beoreved (Fuentes et al., 1992;

Fuentes et al., 1991). These equations state

9=6+ g,-6 (2.7)
+latf
1
1 \n
0.-6.\"_,
-9
a
2
n n-1
() e 0
- o n \m(1+2) .
ot
with
m=1-+ (2.10)
n
Differentiation also yields an equation for thefeli€ntial moisture capacity:
C, _g—g_nﬁmmthﬁl ko (2.11)

+lahl"]”
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where h = pressure head (cth); moisture content (ctom®), K = hydraulic

conductivity (cm &) and C = differential moisture capacity (&ma (>0, in cnmi') is
related to the inverse of the air entry suctiofr1) is a measure of the pore-size
distribution; K; is a fitted matching point at saturation (cf) dnd | is an empirical

parameter that is normally assumed to be 0.5.

Parameters for the closed-form expressions cantsoegebe determined by inverse
modelling (Jhorar et al., 2001; Yeh, 1986), butriegority is still derived from
laboratory data. Relationships between soil physiearacteristics and other soll
properties (e.g. organic matter content, partide distribution, texture etc.) are
getting more and more popular as well (Elsenbed]12Minasny et al., 1999; Nemes,
2003; Schaap and Leij, 1998; Schaap et al., 20@1teSet al., 1996; Van Alphen et
al., 2001; Wosten et al., 2001b). These are thealied pedotransfer functions.

Instead of using a closed-form description of thi€ghysical relationships, sometimes
the soil physical characteristics in numerical medee described by tables with data-
couples, e.g.6(h)- and (h,K)-points. To obtain the correspondmatues for data
between the specified nodes, linear interpolatospplied (sometimes after taking the
Yog of the values). This may be the cause of sonmecessary iterations because
these functions may cause ’jumps’: the value ofdifferential moisture capacity of a

point may not be continuous across such a point.

In the following sections it is assumed that weehasnumber of measured points of a
soil-physical relationship. At this point it doestrmatter how these data are obtained,
they are just available and assumed to be cofflety can be presented as a cloud of
points in a graph. To be able to use the relatipnsihnumerical modeling, it should

be described by some function.

2.2.3 Splines

One of the most powerful mathematical methods stdking a function is the one

applying splines. These are piecewise-continuolgpmials. Several types of

21



splines have been applied in soil science, e.gc@ghnes (Hampton, 1990; Kastanek
and Nielsen, 2001; Prunty and Casey, 2002 ) andrgtia B-splines (Bitterlich et al.,
2004). Though nowadays spline interpolation isuded in mathematical and
statistical packages like MathLab (http://www.mathmks.com) and Statistica
(http://www.statsoft.com), these packages are anernlly available for researchers.
Beside that, it appears that most researchersrdaendiar with the theory of splines.
Therefor this section will describe the theory obical splines in a general way.
Splines are described by defining only a few daiats. These points are sometimes
called Virtual Data Points (see Kastanek and Niel2801). The function-values for
points located between these Virtual Data Poirggtaen calculated by computing the
value of the spline function. Now suppose we hasergs of (virtual) data pairs
(xi,¥i), i=1..N. We assume the series is ordered bexxi< x., and we focus on the

interval [%,X+1]. Then linear interpolation in that interval givie® interpolation

formula

y=ay, + ., (2.12)

where

g =Jm"X (2.13)
X~ X

B=1-a= X=X (2.14)

XX
Since it is piecewise linear, the equation abowseaisecond derivative of zero in the
interior of each interval and an undefined secogmvdtive at the abscissas Mow
the goal of cubic spline interpolation is to getiaterpolation formula that is smooth
in the first derivative and continuous in the setderivative, both within an interval
and at its boundaries. It is required that the sdaterivative varies linearly from a
value y on the left to a value of y; on the right. In order to fulfill all these
requirements, we have to introduce a cubic polyabmstead of a linear relationship.

Doing so, we will have the desired continuous ddnxe. The polynomial should be
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constructed in such a way it has zero values atd y,.; so adding it will disagree
with the values yand y,; at X and x.;. Some elementary calculus now yields the new

interpolation formula:

Y= ay,+ Bt 5, + (2.15)
where

y=2(a*-a)xa-x) (2.16)
and

n=2 (8~ Bxax) (2.17)

It is easy to check that y” is the second derivab¥ the interpolating polynomial.
Remembering that, B, y andn are functions of x, it is possible to find the igdative

of y with respect to x:

d LY _3a°-1 . 3p67-1 :
o (5= %)y; + 0 =x (2.18)

aX X, =X 6 6
and the second derivative
d’y . .
=ay + (2.19)

dX2 i+1
The problem now is that the values of thes/are supposed to be known but are not.
However, up to now it wasn’t required for the fidgrivative to be continuous across

the boundary between two intervals. The key ideagabubic splines is to require this

continuity and to use it to get equations for theasid derivatives.

The required equations are obtained by settinditstederivative for x=xin [Xi.1, X]

equal to the same equation for x#x[X;, Xi+1]. After some rearrangement this gives

for each iJ [2..N-1]:
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X X X" Xa o Xa =X _YiaTY _YiTYa
y .+ y + Vi = - (2.20)
6 7 3 6 T xuTX %Xy
These are N-2 linear equations in the N unknowpnss1..N. For a unique solution
we need to specify two further conditions, typigaken as boundary conditions at x
and %,. The most common ways to do this are either t@setor both of the
boundaries to zero or calculate the first derivativ have a specified value on either or

both boundaries.

After calculating the second derivatives once,rtiaalues should be stored and the
interpolation between points can rapidly be periairaccording to Eqg. (2.15), see also
Press et al. (1986) and Erh (1972).

2.2.4 Parameter estimation

In the previous section the spline approximatios Ikeen described. But how can we
obtain the values of the Virtual Data Pointsy(xthat fit the measured data in the best
possible way? For that purpose we need the paraesimation or optimization

techniques. These will be presented in generdlignsiection.

2.2.4.1 Theproblem

Most systems and relationships in soil physicsleadescribed by a mathematical
function f, having some parameters p. Dependinthervalue of the parameter setap
series of input data (state variablegpwector), applied to the system described by f
and assuming some initial and boundary conditipraguces a series of output data y

(a vector as well). Written in a mathematical form
§="f(p.x) (2.21)

where_x= vector with independent (state) variables; parameter vectoft y vector
with output data obtained from the combinationhe vector with state variablesaxd
the vector with parameters N, = number of state variables (dimension JpfN, =

number of output data (dimension of vectyirly, = number of parameters
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(dimension of vector)p f = mathematical function that describes thevession of

input data x to output data y, depending on tharmater set p

In this context the function f may vary from a simpelation to a very complex set of
equations. See e.g. (Vrugt et al., 2002) and (Mert2003) for more details about

parameter identificability and parameter estimatirategies in subsurface hydrology.

In some cases the parameter vectw known beforehand. Then the output vector y
of the function f can be seen as an accurate resporithe data in the input vector x
presuming the system is described correctly byolweler, this is not always the case.
Presuming again that f presents a correct desmnijfi the system under
consideration, one has to vary the values in tharpater vector po obtain an output
vector’y that approximates the vectomyth measured values as closely as possible
(calibration of parameter values). Often the patameector prepresents physical
characteristics which may be measured in laboegar in the field, e.g. saturated
hydraulic conductivity or the slope of the soil ematetention curve. Usually the
measurements of physical characteristics are tomewming and expensive. When f
describes the system under consideration corrgbtyparameter vectorgan
sometimes be derived from simple input-output mesments, (e.g. the one-step
outflow method (Kool et al., 1985) or the multifsteethod (Van Dam et al., 1990) in
case of soil physical parameters). In these casemput to the system is fully
controlled and the output is measured. Knowingnpet- and output vectors of the
system by measurement, an attempt can be madwadtthg vector pThe values of the
parameter vector ghould be set in such a way that the calculatétegan the output
vector’y approximate the measured values in vectas yell as possible. This is
called an indirect inverse problem. The solutiothaf problem depends on several
factors, e.g. the type of function f and the amafrgarameters N Several authors
presented solutions of the inverse problems (B&@6; Press et al., 1986; Spriet and
Vansteenkiste, 1982; Tarantola, 1987). The invpreblem can be solved by one of

the known optimization techniques (e.g. Baker, 2@&sari, 1983; Gill et al., 1981,
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Luenberger, 1973; Press et al., 1986; Rust anduBui©972; Van Beek and Hendriks,
1983). The problem discussed above can be statell@ss:

Minimize

=a(p.y.3) (2.22)

where g is the objective function. The value o$ got only depending on the
measured_(yand the calculated (youtput values, but one can implicitly take calre o
constrains as well. If only positive values arewatd for a parameter, negative values
will yield a high value of the function (in caseaminimization procedure). Stating
the problem this way, the function g should be ehasuch that its value gets smaller

when the calculated values approximate the measalads.

Translating the theory above to our spline probléra,vector ps considered as
consisting of the x- and y-coordinates of the \attData Points and the function g as
being some function considering the goodness afié objective function. This

function will be described later.

Sometimes one is forced to apply weight functianshitain reasonable results. Then

each point is assigned a valuand the function is calculated as
NV
A.9)=> @g(v.9) (2.23)
i=1

wherey is the resulting objective function. Usuadlyis determined by expert
judgment or by trial and error. To find the optimwalues of the weight function, a
separate optimization procedure should be develdpdtie remainder of this chapter

values of the weight functions will be set to 1 fadints are equally important).

2.2.4.2 Theminimization procedure

From literature many optimization procedures arevkm These procedures can be

divided into two main classes:

» Direct search methods. When applying these metbolysthe function g(y9 ) has
to be evaluated.
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» Line search methods. In all of the methods belangrthis group a search for the
minimum is performed where the minimum of g is eotpd. In most cases this

direction is found by calculating the derivativéyg), where

g'@,y){a_g,a_g ....... 29 } @.22)

Some line search methods take into considerat®migtrix with second
derivatives (the Hessian matrix) H as well. In mmetes the function g can not be
described analytically, so g’ and H have to be @at@d numerically, requiring a

large amount of function evaluations.

To obtain the results presented in the remaindérisfchapter, two different direct
search optimization techniques were investigatezl Simplex method (Nelder and
Mead, 1965; Press et al., 1986) and the Contr&adom Search algorithm or CRS
(Price, 1979). The Simplex method was chosen bedaisa well-known method that
has been applied in a wide range of problems. TR8-@ethod is known for its
simplicity and has been applied with good reststéelaar, 1999). As both methods

yielded very similar results, only the results wiitle CRS-method are discussed.

2.2.4.3 The objective functions

In the previous sections the optimization probleas been stated and some
optimization procedures have been mentioned. Buat Winction do we have to
optimize? And how do we calculate this functionP®af the many possible

objective functions will be described below.

It is assumed that a number of measured data Wagpjo be approximated By=y
f(x,p). The function y= f(x;,p) is graphically represented by a geometricalrgg2 in
space R This may be either a straight line or some kihdamplex curve (See Figure
2.1).
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(Xi’yi) 6((Xi’yi)!Q)

Yi

(Xiyi):

X

X

Figure 2.1 A schematic representation of a measurqubint (x;,y; ), a calculated point (x¥ ;)
and the distanced between the measured point and the calculated Brf.

The simplest objective function is the sum of thedute deviation between the

measured value wnd the calculated valug for a specified x This is written as
Ny

oy, 9)=Y Iy -9 (2.25)
i=1

The main advantage of this equation is its simiglievhile one of its drawbacks is

that large deviations have an extremely big infaeean the results.

The most widely used objective function is the safrthe squares of deviations:

g@'ﬁ):%(yi -9 (2.26)

i=1

Complete optimization theories have been develdyased upon this objective

function (e.g. Marquardt, 1963). The disadvantagationed before is even
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stronger in this case. This least square functambdeen applied regularly when
describing soil physical properties (e.g. Brucldeal., 1987; Kool and Parker,
1988; Stephens and Rehfeldt, 1985).

If the values of y differ some magnitudes it is igdble to consider the relative
error instead of the absolute error that was takeine previous 2 functions. Then

g can be written as in

g@&)=§|yi|;|9i| (2.27)

A disadvantage of this method is the fact that jeois arise when; approaches 0.

In that case an exception should be made andexreiiff function should be taken

for this point.

Another possibility is to calculate the differermstween the absolute values of the
guotients of measured and calculated values

oly.9)= ('y'| |y'|—2j (2.28)

9]

The main advantage of this method is that it dadsmatter if the calculated value
Is a certain fraction higher or lower than the nuead value: the contribution to the
objective function is the same. This can easilgé@n when the value of g is
plotted against the percentage of deviation. Thesdwo disadvantages to this
method: the first one occurs when eitheory§; approaches 0 (division by zero),
the second problem is that the possibility of defe signs of yand ¥; is not taken
into account. If this sign difference occurs, atr&xlarge) value has to be added to

the objective function to avoid this sign differena the final solution.

The objective function that is intuitively seenthe most correct one represents the

sum of the distances from the point} to Q.

oly.9)= 25[9(&,%)] (2.29)
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This would yield the best approximation of a liheaugh a series of points. In
practice it is hardly applied, due to the fact tihad difficult to calculate the
distance between a point and a line if the lingeiscribed by a complex equation.
If this is the case, calculating the distance caribwed at as another problem of
optimization: find the coordinates of the elemein@avhere the distance to the
point under consideration is at minimum. Applicatif this criterion may take a
lot of extra programming. It can be considered @stal Least Squares approach

used when both x and y contain errors in a regragsioblem.

2.2.4.4 Goodness of fit

The most widely spread indicator for the goodnddg s the root-mean-square error
(see e.g. Prunty and Casey, 2002). This valuessdapon the sum of the squares of

deviations between measured and calculated vatigegigen x-value, mathematically

written as:

sQ(p)= NZl(y - t(p.x)) (2.30)
and

RMSE = SSI\? b (2.31)

As we stated before, the sum of the distances thenmeasured point to the calculated
line is a better criterion for the goodness ofHan the root of squares of deviations.
Therefore we want to introduce a new criteriontf@ goodness of fit, the Mean

Distance of Points to Line (MDPL). This can simpky calculated by

MDPL =Ni%5(9(>g,yi)) (2.32)

y i=l
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2.2.4.5 Calculating the distance between a point and a line

From mathematics many equations are known to Gakethe distance from a point to
a straight line. Equations for some simple oths tiypes can be found as well. But
what to do with a set of spline functions fittedaingh a number of Virtual Data

Points? This complex problem was solved numerically

e Suppose we have data points in the range X\ Each x-value has a
corresponding y-value.

« Divide the range into a large number (N, say 1@30ntervals. In this way we
obtain N+1 values on the x-axis, sgyFor each of these values we can calculate a
corresponding function valug by spline-interpolation.

» For each measured point,{¥ the distance to the line can now be found as the
minimum value of the measured point to one of thieegated points, or in an

equation:

e (x.y )= min,(o((x. ). (o, )= min (b - 2,F + (v, -0/} ) (2.33)

2.2.5 Software to estimate the points of the optimal spline functions

In this Chapter methods are developed to approxitet soil physical characteristics
by means of a number of cubical splines. Only almemof points of the line have to
be found. Values for other points can be calculatetheans of a simple cubical
interpolation. Assuming the splines are describgdduation (2.15), then we may
consider this equation as a special form of theegdrequation (2.21). From the
laboratory we have a number of combinations ofnd g-valuesq and h in case of
soil moisture retention, h and K in case of hydacbnductivity). The optimization
techniques can now be applied to this equatiomtbthe optimal fit for the data. Any
of the objective functions described above (EQRFPto (2.29)) may be used.

The equations and methods described earlier arslétad into some computer

programs (all developed in Delphi 7 and runningarmdindows XP):
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* Optim.exe is a program to i) fit a polynomial of aitrary degree through a
number of points and ii) fit the Mualem - Van Gehtan parameters for a set of
K(h) and h) data.

» Spline.exe is a program to manually fit cubicalrsggs through a dataset. The
Virtual Data Points have to be entered and theraragshows the interpolated
values as a graph.

» Splop.exe automatically fits a spline function tigh a set of data.

It is essential that the fitted line is monotor$everal authors (Bitterlich et al., 2004;

Hampton, 1990) applied piecewise cubic Hermiterputation to insure monaocity. In

general, one can indicate the requirement of a mommmincreasing or monotonic

decreasing line. The check of being monotonic réopmed by dividing the range of
the x-values into a large number of intervals amecking if the corresponding y-value

is higher (resp. lower) than the one correspontbre previous x-value.

It would go too far to describe the programs in endetail here. Only results of

applying Splop.exe will be discussed here.

2.3 Results and discussion

Five objective functions were tested on four def@rdata sets. The methods described
above were applied on the hydraulic conductivitgtienship of two soil samples.

Both the hydraulic conductivity function and thel snoisture retention curve of a soll
sample were approximated. This sample was alsotosgtbw the influence of the
number of Virtual Data Points on the optimal vatdiehe objective function. Finally a
comparison of the results obtained with the diffiéi@bjective functions is presented.
Wherever applicable, the Mualem-Van Genuchten agmration of the data obtained
by the program RETC (Van Genuchten et al., 1998havn as well. All runs with
RETC were made with the same initial values (Stettal., 2007) and the measured
points of both the soil moisture retention curvd #re hydraulic conductivity

characteristic were taken into account, implyingt e points of the soil moisture
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retention curve may influence the fit of the hydimaonductivity curve and vice

versa.

2.3.1 Fitting K(h)-relationships

From a site in The Netherlands, a sandy soil safeee referred to as 'Tox’) was
collected at 30-38 cm depth for soil physical deieation in the laboratory. Using the
evaporation method (Halbertsma and Veerman, 199ddV1966), a series of K(h)-
points was obtained. These data are used hereatio dpproximation with splines. All

objective functions were applied and the resultingyes are presented in Figure 2.2.

It can be seen that the results obtained with289] represent the best fit.

1000
100
- Measured
10 — Eq. (2.25)
5 1 Eq. (2.26)
£ Eq. (2.27)
< 01
< : Eq. (2.28)
0.01 - — Eq. (2.29)
— RETC
0.001
0.0001
1 10 100 1000 10000
|h| (cm)

Figure 2.2 Measured hydraulic conductivity K (cm d") as a function of the pressure head h (cm) and
the optimal fits for the Tox-sample.

The quotient objective function yields a ratheastre exception. It appeared that
before optimizing the curve, first tH8og of the y-values was taken. In this case the
value is 0.1, yielding a log-value of -1. The pragrgets a y-value of 10, yielding a
log-value of 1. Inserting these values in Eq. (2y8lds an exact equality as the
absolute values are considered. At the area withyrpaints, the different object

functions yield slightly different results alsoidtclear that the RETC-fit is nowhere
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near the measured point for values of h > -100Tdme.conductivity at saturation
(h=0) is not well approximated either. When zoommgn the range between -200

cm and -40 cm, the differences become visible ({€Qu3).

1
0.1 - Measured
— Eq. (2.25)
’-.'c Eq. (2.26)
g 0.01 Eq. (2.27)
; Eqg. (2.28)
—Eq. (2.29)
0.001 __RETC
0.0001 ‘ ‘ ‘
40 80 120 160 200
lh| (cm)

Figure 2.3 Measured hydraulic conductivity K (cm d") as a function of the pressure head h (cm) and
the optimal fits for the Tox-sample in the range ofh|=40 to |h|=200 cm pressure head.

During the past decades the soil physical chanatitsr of quite a lot of soil samples
have been determined at Alterra, Wageningen, Thiadands. All these data were
colllected into the Priapus database recently aftvare was developed to make the
data accessible via internet (Stolte et al., 20BiOm this database another soil sample
was selected to use in this study. It was a safnmbe Glanerbrug in The Netherlands.
The sample will be referred to as kh61. This sam@ae selected because, at first
sight, both the soil moisture retention curve aralhydraulic conductivity curve

seemed to show a good fit through the measuredsp@tigure 2.4).
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Figure 2.4 Measured hydraulic conductivity K (cm d*) as a function of the pressure head h (cm) and
the optimal fits for the kh61-sample.

However, when you plot only the values in the raofjpressure head values between
-200 and -40 cm (Figure 2.5), it becomes clearetien difference between the lines

and that the RETC-fit will produce lower K-valuésh the other fits.

1
- Measured
01 == —Eq. (2.25)
dl Eq. (2.26)
5 Eq. (2.27)
™ Eq. (2.28)
0.01

— Eq. (2.29)

— RETC

0.001 T T T T T T T

40 60 80 100 120 140 160 180 200
Ih| (cm)

Figure 2.5 Part of the fitted curves through the masured hydraulic conductivity data of sample kh61
between pressure head values |h| =40 and |h| =200.c
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The optimization was performed for 10 spline paiiitse values between these points

were interpolated applying equations (2.25) togR.Rlow an interesting question is

how do these spline points differ for each objexfinction? In all cases we used 10

points (0..9). The values for the points of tharpt curves are presented in Table 2.1.

Table 2.1 (K-h)-points of the spline-interpolationfunction for each objective function with h in cm,K in
(cm d™). The subscript of the h’s and k’s refer to the dferent objective functions described earlier.

hos
2.29
125
53.7
83.1
96.0
102.0
111.0
136.0
249.0
980.0

©CoOoO~NOOOUILA~AWNE O™

k25

1.0€10-!
1.0Z10-!
9.6C 10
7.6110-:
6.3€10-:
6.2510-:
5.6€10-:
3.5Z10-:
6.5€10-2
6.6410-1

hoe
2.27
3.15
52.7
7.7
89.5
99.8
111.0
128.0
213.0
916.0

k26

1.0710-!
1.0710-!
9.9710-=
7.5C10-=
6.6Z10-:
6.4110-:
6.1210-:
4.1Ci0-:
9.5Z 102
6.4C1 -1

h27 k27

2.25 1.14:
1.06 1.1530
47.1 1.1Z:0
63.8 1.0€.
73.8 9.97.-:
84.9 9.3110-=
91.8 7.9110-:
105.0 7.5Z:-:
128.0 4.5Cio-:
962.0 6.3€i0-1

hes
2.31
6.44
17.3
112.0
113.0
116.0
509.0
566.0
826.0

k28

1.1Z20
1.1Z20
1.1Z:0
6.4C10-=
6.3C10-=
5.8€10-=
1.5E -2
1.2€10-¢
1.0€10-2

1180.0 4.530-1

heg
2.29
8.14
58.4
80.1
83.1
90.2
151.0
592.0
654.0
844.0

k29

1.1C0
1.1C0
1.1Cio
1.1Cio
1.0€10-
8.0110-=
2.1€ 0=
1.2€10-¢
1.0710-2
1.4€ -1

The first column presents the point number. Thenvéilues of the (h,k) point are

presented where the subscript indicated the apphgzttive function described earlier

in this chapter (deviation, squared, relative, gprdtand distance respectively). From
this table it can be seen that, though the cumvals similar, both the h and the k-

values differ quite a lot between the objectivections.

2.3.2 Fitting h(#) and K(h)

The sample considered next is one from a loamynsait Catsop in the south-eastern
part of The Netherlands (Code Cat3_0-8B, nr. 80®@nPriapus database (Stolte et

al., 2007)). The hydraulic conductivity fit and tfieof soil moisture retention curve

will be called kh809 en pF809 in this chapter. Mugalem - Van Genuchten

parameters for this sample can be obtained fronddtebase as well. These

parameters are calculated with the default setifigise computer program RETC
(Van Genuchten et al., 1991). The curves obtaindd RETC do not fit the data very

well. Therefore this was an excellent example wlrato Splop and see what fits
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would be generated by that program. The resultthisoil-moisture retention curve

are shown in Figure 2.6.

1000

- Measured

100 —Eq. (2.25)

Eq. (2.26)

Eq. (2.27)

Eq. (2.28)

10 3 — Eq. (2.29)
: — RETC

I (cm)

1 T T T
0.2 0.25 0.3 0.35 0.4 0.45 0.5

Moisture content (cm® cm3)

Figure 2.6 Measured and fitted relationships betweepressure head h (cm) and moisture conteré
(cm’cm®) for soil sample 809.

From this figure it can be seen again that all ctibje functions yield nearly the same
result. Only at the wet side of the curve the aiste’ function shows a slight
difference. This is caused by the fact that thediare almost vertical here. On the
other hand the difference with the results of RES €onsiderable. This difference is
probably caused by taking the measured hydrauhdwctivities into account as well.
These measured hydraulic conductivity values aogvehn Figure 2.7, together with

the computed results using the different objedtivestions.

Considerable differences exist between the resiilise various objective functions
due to the presence of only 2 points in the wegeaimplying a lot of freedom in this
zone. Again the objective function with the quotgeils most divergent. As in the other
example the values of 1 and -1 are yielding theesaatue of the objective function. In
this figure the difference with the RETC-soluti@even more pronounced than in the

previous figure
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Figure 2.7 Measured and fitted relationships betweehydraulic conductivity K (cm d™*) and pressure
head h (cm) for soil sample 809.

2.3.3 How many points are required?

In the optimizations described in the previousisestwe assumed the spline-
functions were described with 10 Virtual Data Psifito investigate the influence of
the number of spline-points on the minimum valu¢hef objective function, a number
of optimizations were performed with different atijge functions and different
number of points. The data were taken from the &lamig example again. The
minimum value that was reached is presented in€el2la Considering the decrease
in the value of the objective functions when thenber of points increases, it may be
decided that 7 points is sufficient for the datagented here. This is just an indication.
When the number of points increases beyond 8, themam reached does not
significantly decrease, indicating that the introiion of more spline points will not
yield a better fit, only additional computationfloets. The same conclusion can be

found in literature (Bitterlich et al., 2004).
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Table 2.2 Minima of objective functions g for diffeent numbers of spline-points.

Points EQ.(2.25) Eq.(2.26) Eq.(2.27) Eqg.(2.28) Eq.(2.29)
105.17 26.55 82.25 20.80 24.06
96.34 18.44 72.34 12.93 21.75
88.26 16.09 65.10 12.08 19.51
88.22 16.00 64.70 11.70 19.47
87.96 15.49 65.07 11.45 19.47
87.90 15.49 64.78 11.44 19.12
87.86 15.48 64.63 11.44 19.10

O©CoOoO~NOOLh~hW

2.3.4 The influence of the objective function

As was said before, the objective function with slh@ared deviation between
measured and fitted values for a specified x (nregispoint) is most widely used.
Intuitively however, the function that uses thetaige between the (measured) point
and the (calculated) line looks more reliable. Tgtoat first sight all of the
optimizations described in the previous sectioefdygood results, there are
differences. These differences are hard to quahtfyever. One possible
quantification is Mean Distance from Point to Leggoroach (MDPL, eq. (2.32)). This
yields the function values ihable 2.3 It can be seen that the optimization procedure
using the sum of distances as the objective fungtields the best result and the
RETC-fits yield the worse approximations. For tpE809’-case there are only slight
differences between the objective functions. Heeedrder of accuracy is deviation,

relative, quotient and squared.

Table 2.3 MDPL-values for the different optimizatian problems and with various objective functions.

Case Eq.(2.25)Eq.(2,26) Eq, (2.27) Eq. (2.28) Eg. (2.29) RETC

pF809 0.00257 0.00261 0.00256  0.00260 0.00246 0624

Kh809 0.01135 0.01152 0.01124 0.01298 0.01108 0.02967
Tox 0.00213 0.00213 0.00216  0.00218 0.00208  0.00446
hk61 0.02480 0.02481 0.02394 0.02375 0.02064 03274

For the kh809-data the relative deviation and #naation method yield almost the

same result as the distance-method. The valueedghared method is a little higher
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and the one of quotient is much larger. For the data the order is deviation,
squared, relative and quotient. In case of khéd gewiation and squared method do
yield nearly equal results. So do the relative tnedquotient method. The relatively

large difference between the distance and the otle¢nods was already shown in
Figure 2.3.

Figure 2.8 shows the percentages the MDPL is hitftaar the value obtained with the
distance method for all other methods, as welhasaverage deviation. It can be seen
that the deviations of the different spline appnaiions vary quite a bit. For the
hk61-case all values are surprisingly high (15%20The deviations of the RETC-fits
vary between 33% and 881%. The figure also showstlerage deviation per object-

function. These values are around 7%, except fgtlotient method where it is 16%
and 299% for RETC.

1000 -

< - mEq. (2.25
S 100 n 9. (2.25)
= B Eq. (2.26)
% [ Eq. (2.27)
= m Eq. (2.28)
al ORETC

pF809  kh809 Tox kh61 Aver

Figure 2.8 The deviation of the results of each ojphization case and objective function from the onealculated
with the sum of distances.

2.4 Conclusions

« Using either the Simplex or the CRS optimizatioagadure, the objective
functions 'deviation’, 'squared’, 'relative’ andistance’ achieved satisfactory
results for pF and K(h)-data. The 'quotient’ fuoctiin its basic form did not

satisfy our requirements. It yields excellent resak long as the y-values remain
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positive all the time. The best results were olgdiwith the 'distance’ objective
function, however, this method requires more comptitne.

The spline approximation works very well to deseribe soil physical
relationships.

The results of the different objective functionsyaeld differences in function
values. They all yield some optimal curves, butdpg#ma may differ from one
another.

The number of Virtual Data Points of a spline appration is of some
importance: if too few points are taken, the optivadue may not be
approximated. If too many points are considereelelis no improvement of the
optimal function compared to less points, in tredecthere is only an increase in
computational efforts.

The frequently used RETC fitting code can be imprbisy using the 'distance’

function instead of using the present 'squaredéctiye function.
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3 Soil physical classes: an evaluation of the Staring Series and

directions for improvement

When simulating soil moisture flow with numericabdels, information on the water
retention characteristic and the (un)saturateddyar conductivity relation is required as
input. In many cases these data are either noaéeior they are not representative for the
soil horizon under consideration. Then one oftessisome ‘averaged’ soil physical
characteristics from an existing soil physical date. Frequently these characteristics are
related to soil units with a certain texture ana/aanic matter content. In this chapter the
effects are investigated of taking these ‘averaged’physical properties to compute steady-
state and transient flow instead of using direstBasured data belonging to this soil physical
class. Results indicate that large differences thaghur between using averaged soil physical
properties versus directly measured data. More rtapg it became also clear that the way
soil physical databases have been developed, dtanoe the well-known Staring Series, on
basis of soil texture and organic matter differenemt necessarily result in significantly
distinguishable soil physical classes. Better gdtare needed to group individual soll
samples into unique soil physical classes.

Adapted from
Wesseling, J.G., C.J. Ritsema, K. Oostindie, L.W. Dekker, C.R. Soof and H.R.J.
Vroon. 2009. Soil physical classes: an evaluation of the Staring Series and directions

for improvement. Submitted to Geoderma

43



3.1 Introduction

Due to the increasing capacity of computers, maceraore numerical models for the
simulation of both saturated and unsaturated soisture flow are being developed
and applied. Most of these models are based u@oRitthards’ equation. This is a
partial differential equation which requires theotutedge of two soil physical
relationships: the soil moisture retention curve (telationship between moisture
content and pressure head) and the hydraulic camdycurve (the relationship
between hydraulic conductivity and pressure heHagse relationships are strongly
non-linear and different for each soil-layer. Tlaag very important for obtaining an
accurate description of unsaturated moisture flod’@n be measured in the field or
in the laboratory using different methods (e.g. jahet al., 1980; Boels et al., 1978;
Bouma and Denning, 1972; Bouma et al., 1971, Breglal., 1978; Kool and Parker,
1987a; Kool and Parker, 1987b; Stolte and Veerrh@80; Van Dam et al., 1990b;
Wind, 1966).

A description of the most commonly used methods$etermine the unsaturated
hydraulic conductivity of a soil has been preseittge.g. Dirksen (1990). A review of
applied methods of calculating the unsaturateddydr conductivity from the degree
of saturation has been presented by Brutsaert j196metimes the hydraulic
conductivity function and the soil moisture retentcurve are measured at the same
time, e.g. by the evaporation method (Wind, 196&lpbErtsma and Veerman, 1994;
Wendroth et al., 1993). One of the methods of ettimg the hydraulic conductivity
for high pressure heads (close to saturation)erfitid is by means of infiltrometers
(Logsdon and Jaynes, 1993). Rawls et al. (1995¢ented a review of methods to
obtain soil moisture retention curves from soil i@l properties such as texture and
bulk density.

In addition, several authors have tried to dermiéghysical relationships from
measured soil properties such as particle sizalwision and organic matter content

using pedotransfer functions (Ahuja et al., 198&xander and Skaggs, 1987,
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Bloemen, 1980; Bruce, 1972; Minasny and McBrat2&§)7; Schuh and Bauder,
1986). These pedotransfer functions can be regasladbridge between pedology and
hydrology and are gaining in popularity (Elsenb@@&)1; Minasny et al., 1999;
Nemes, 2003; Pachepsky et al., 2006; Rasiah anudkgl, 1998; Wdsten et al.,
2001a). On the other hand, it has been shown laddg@edotransfer functions
developed on basis of sample characteristics addddamcertain sites or regions are not

necessarily applicable in other areas (Li et &Q73.

To derive continuous soil physical functions, figfiprocedures are applied to
measured data obtained in the laboratory or ifidghe. The quality of the fitted
hydraulic properties strongly determines the rdlitgiof flow and transport
simulations. Many analytical equations have beemldped to describe these
relationships in a simple way, however, the mostelyj used method is the one where
the relationships are described by the Mualem-Vanughten equations (Van
Genuchten, 1980). These equations describe bosothmoisture retention curve and
the hydraulic characteristics with six parametBecently, Wesseling et al. (2008b)
showed that fitting results can be improved by gisircubical spline method instead of

the often used Mualem — Van Genuchten method.

During the last decade, soil physical propertiegeiaeen brought together in soil
physical databases like the Staring Series (Sevlat., 2009; Wdsten, 1987; Wosten et
al., 2001b), the UNSODA database (Nemes et al1Pa0d the Hypres database (see
http://www.macaulay.ac.uk/hypres/, Wosten et &98). Some of these databases
provide “average” soil physical properties for e@rtsoil classes, meant for use in
modeling studies and applications. The StaringeSegresent average soil physical
properties for 36 different textural classes. Hgprentains both the “raw” measured
data, parameters of the Mualem-Van Genuchten emsafitted through these raw
data of individual samples and equations obtainitd pedotransfer functions for 11
different textural classes. In UNSODA “raw” soilysical data is stored and 11 soll

physical classes are distinguished.

45



The main objectives of this Chapter are i) to eatdithe performance of using such
“averaged” soil physical properties compared togisheasured data of individual
samples and ii) to statistically analyse the hyaly@al differences between the soil

physical classes of the Staring Series.

3.2 Theory

A number of analytical functions have been devealdpedescribe the soil moisture
retention and hydraulic conductivity relationshgmsectly for individual samples
without using the pedotransfer approach. Overviamgcomparisons of different
closed-form expressions can be found in the liteeafe.g. Leij et al., 1997; Leong and
Rahardjo, 1997).

One of the most frequently used closed-form expoasf the soil physical
relationships is the one introduced by Van Genucfi¥an Genuchten, 1980) who

describes the K(h)- andf)frelationships as S-shaped curves with just siampaters:

0.~ 6

6=6 + (3.1)
o)

h= (3.2)

0(@+|ah|”f—|ah|”‘l)2

77 (3.3)
oo

with

1

m=1- (3.4)

Differentiation of equation (3.2) with respect talso yields an equation for the

differential moisture capacity:
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Ce=—h=nﬁn@fﬂlbh| 1W (3.5)

where h = pressure head (ch); moisture content (ctom®), K = hydraulic
conductivity (cm &) and C = differential moisture capacity (&ma (>0, in cnm') is
related to the inverse of the air entry suctio(r 1) is a measure of the pore-size
distribution; K is a fitted matching point at saturation (cif) dnd | is an empirical
parameter that is normally assumed to be 0.5. Bhea\of Ky is often replaced by the
saturated hydraulic conductivityslsince K can be measured in a relatively simple
way. Ky is generally one order of magnitude lower tharf®chaap and Leij, 2000),
and as such not really usable for model applicati®@veral improvements of this
closed-form approximation have been proposed (fegegttal., 1992; Fuentes et al.,
1991), especially near saturation (Schaap and euchten, 2006; Vogel et al.,
2001). Parameters for the closed-form expressiande determined with several
approaches. One of them is inverse modelling dfrsoisture flow (Butters and
Duchateau, 2002; Jhorar et al., 2001; Roulier ands] 2003; Sonnleitner et al.,
2003; Yeh, 1986). In some publications the invenselelling includes both solute
transport and moisture flow (e.g. Abbasi et al020Methods have also been
developed to estimate some of the Van Genuchtempaers taking into account their

uncertainty (e.g. Abbaspour et al., 1997).

As mentioned before, both steady-state and transeinmoisture flow depends on the
soil physical properties of the respective soikldy Several methods have been
applied to investigate the sensitivity of soil ntore flow to one or more soil physical
parameters. Studies have been performed using raaherodels (e.g. Sandhu, 2003;
Simunek and van Genuchten, 1996). Other authors &pplied a Monte-Carlo
analysis for this purpose (e.g. Lu and Zhang, 260&tens et al., 2005).

Most authors only perform a sensitivity analysisviayying just one or two parameters

and evaluating the effect on model output (e.gi Reasad et al., 2001). Rocha et al.
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(2006) showed that calculations of subsurface flofurrows was most sensitive to
changes in n and . A study by Lu and Zhang (2002) reported that 8 i@ most

sensitive parameter, followed byand K.

To obtain the parameters of the Mualem-Van Genucbtgiations from laboratory
data, the curves should be fitted through a nurabpoints. One of the most
commonly used fitting programs is RETC (Van Genenldt al., 1991), which is
based upon the Marquardt-algorithm (Marquardt, J9B8e to the strong non-linear
form and the complexity of the Van Genuchten equatit is difficult to estimate the
influence of each parameter on the soil moistutenteon and hydraulic conductivity
curves, and thus on the computed soil water cowieptessure head. In the UNSODA
database and the HYPRES database, samples ardbéds@ing the Mualem - Van
Genuchten parameter sets as fitted by RETC. The§t&eries only presents the

parameters of the considered textural classes.
3.3 Materials and methods

3.3.1 The Staring Series

As an example, in this study we focus on two shitgical databases developed in The
Netherlands: the Staring Series (Wosten, 1987; #ist al., 2001b), developed in the
past, and Priapus (Stolte et al., 2007) which vea®lbped recently. Over the last few
decades a large number of soil samples has begzaaan the soil physical
laboratory of Alterra Wageningen, The Netherlaridsnost cases, the soil physical
properties (soil moisture retention curve and hyticaconductivity relationship) were
determined, as well as the soil texture and orgamatter content. In first instance,
these samples were used to create the StaringsQ@riEsten, 1987; Wosten et al.,
2001b), a dataset of soil hydraulical propertiediatch soils. Eighteen different soil
physical classes were distinguished for both tdpsmid subsoils. Samples were
grouped in these classes based upon informatidexture and organic matter content
(Table 3.1). The program RETC (Van Genuchten eil8P1) was applied to
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determine the six parameters of the Mualem-Van Gatem equations for each soll
sample. With these six parameters, the soil mastantent and hydraulic
conductivity were computed for a set of 13 spedifieessure heads (-1, -10, -20, -31,
-50, -100, -250, -500, -1000, -2500, -5000, -10800 -16000 cm). Within each soil
physical class the average value of hydraulic cotidity and moisture content were
computed at each of the 13 pressure heads. Thereaporve was fitted through
these averaged 13 points of each relationshipdipigla set of six parameters for each
soil physical class. As an example, Figure 3.1 shiwe soil physical relationships of
all the samples of class B8. The black line reprissthe average properties of this
particular soil physical class. In the remaindethis Chapter these ‘averaged’ soll
physical data will be referred to as the ‘Stariagatias they are used in other studies
most frequently. The soil physical characterisgies soil physical class were
published and referred to in several reports @.@sten, 1987; Wosten et al., 2001b).
Although these reports mention limitations of tlusgible application of these data,
numerous calculations on the flow of both moistamd dissolved compounds were
performed in The Netherlands using these derivedesties (Massop et al., 2005;
Massop et al., 2000; Wesseling et al., 2006; Wdil.e 2003), amongst others leading
to recommendations and governmental regulatiorsrdagg nutrient and pesticide use

on agricultural land.

3.3.2 The Priapus database

More recently, an attempt has been made to retoliecriginal laboratory
measurements of all individual soil samples thaehazeen used to create the Staring
Series. The data that has been found has been sionein a database called Priapus.
Data from more recently analyzed soils were adddtd database also (Stolte et al.,
2007; Stolte et al., 2009). In total 860 sampleseveelded to Priapus, of which only

204 samples provided complete information on sargdbcation and depth, texture,

49



Table 3.1 The definition of the soil physical textte classes of the Staring Series with, if availahl¢heir
ranges in percentages of clay, loam, organic mattend the median value of the particle size of theasd

fraction, and number of soil samples (after Wostert al., 2001b).

Class Name

Topsoils

Bl Non-loamy sand
B2 Loamy sand

B3 Very loamy sand
B4 Extremely loamy sand
B5 Coarse sand

B6 Boulder clay

B7 Sandy loam

B8 Silt loam

B9 Clayey loam

B10 Light clay

B11l Heavy clay

B12 Very heavy clay
B13 Loam

B14 Heavy loam

B15 Peaty sand

B16 Sandy peat

B17 Peaty clay

B18 Clayey peat
Subsoils

o1 Non-loamy sand
02 Loamy sand

OK] Very loamy sand
04 Extremely loamy sand
05 Coarse sand

06 Boulder clay

o7 River loam

08 Sandy loam

09 Silt loam

010 Clayey loam
O11 Light clay

012 Heavy clay

013 Very heavy clay
014 Loam

015 Heavy loam

016 Oligotrophic peat
017 Eutrophic peat
018 Peaty layer

Clay Loam
(<2pm) (2-50pum)
% %
0-10
10-18
18-33
33-50
0-50
8-12
12-18
18-25
25-35
35-50
50-100
50-85
85-100
0-8
0-8
8-100
8-100
0-10
10-18
18-33
33-50
0-50
33-50
8-12
12-18
18-25
25-35
35-50
50-100
50-85
85-100

Org. matter M50

%

0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-15
15-25
25-100
16-45
25-70

0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-15
0-15
35-100
35-100
15-35

Samples
pum
105-210 32
105-210 27
105-210 14
105-210 9
210-20026
50-2000 8
6
43
29
12
13
9
10
67
10
20
25
20
105-210 109
105-210 14
105-210 23
105-210 9
210-20Q0D7
50-2000 15
50-150 15
14
30
25
11
25
19
9
53
16
36
7
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Figure 3.1. The soil moisture retention (left) andydraulic conductivity (right) relations of the

individual soil samples corresponding to Staring S@&s class B2. The black lines show the average

relationships for class B2 as can be found in the&ing database (Wdsten et al., 2001b)
organic matter content, dry bulk density, saturdmgdraulic conductivity, raw data
from the evaporation method, and fitted Mualem n\Genuchten parameters. Each
sample has been assigned again to one of the slaktee Staring Series based upon
textural and organic matter information as donéiexaalso when constructing the

Staring Series originally.

Table 3.2 presents the distribution of the soil gl@siover the original Staring Series
soil classes together with the ranges of clayasitt organic matter contents and the
bulk densities. Unfortunately, eight classes of$ktering Series are currently not
represented in Priapus because the original sasiapdegot lost somehow. This
concerns the classes B3, B14, O4, 05, 06, O7, @d44.5.

An intranet application was created to make thalzkde available for users within

Alterra and Wageningen University at first instan&s the database contains samples
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from all over The Netherlands, it is the intenttormake the Priapus database
available for other users in and outside The Né&ihds as well in a later stage, and to
continuously update it whenever new samples aentakd determined in the

laboratory.

3.3.3 Steady-state moisture flow

To evaluate the effects of using averaged soil ighl/properties instead of data from
individual samples upon steady-state moisture flosimple program to compute

steady-state situations for heterogeneous soillesoivas developed.

During the computations described in this Chaélow domain consisting of a
homogeneous soil profile with a fixed groundwagarel at 150 cm depth has been
considered. The program was applied to i) computevesualize the pressure head
profiles, and ii) find the maximum value of theXlthat could reach the soil surface
under steady-state conditions (i.e. the moistunre dit the top of the profile is kept
constant until equilibrium is reached). These cotafons were performed for all 204
samples of the Priapus database in order to eeatlifdéérences in soil hydrological
behaviour between the samples, and between trexatiff classes distinguished in the
Staring Series.

3.3.4 Transient moisture flow

To investigate the differences in transient flouws®en different samples and classes,
the numerical model SWAP (Van Dam et al., 1997871 was applied. SWAP
simulates transient moisture flow in a saturatestturated 1-dimensional soil profile,

and has been widely used in other studies also.

For this particular study, a homogenous soil pepfl.l5 m deep, was used, covered
with grass. A set with measured daily precipitatonl evaporation fluxes from the
meteorological station of Wageningen University wpplied to compute the moisture
flux at the top boundary for the 40 year period 854-1993. The bottom boundary

considered was free outflow, and no irrigation wpplied. Maximum water
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Table 3.2 The range of available soil textural dataf the samples in the Priapus database grouped imthe Staring Series classes. The last columngN
shows the number of soil samples in each class. Hdhat no information could be obtained for the clases B3, B13, B14. 04, O, 06, O7, 014 and O15.

Class Name <2 pum 2-50 pm Org. Matter (%)50 Dry bulk density (g ci) Ng
Min Max Min Max Min Max Min Max Min Max
Topsoils
Bl Non-loamy sand 3.2 98 04 12.0 163 180 0.91 711 20
B2 Loamy sand 10.018.4 2.0 6.8 145 180 1.21 1.71 25
B4 Extremely loamy sand 17.7 28.0 6.0 9.9 135 163 1.17 1.52 8
B5 Coarse sand 50 124 03 3.3 56 282 1.30 150 11
B6 Boulder clay 24.843.6 0.9 2.5 350 505 151 1.64 4
B7 Sandy loam 85 10.2 1.6 11.1 0.88 1.62 7
B8 Silt loam 12.2 17.3 0.5 3.2 0.87 1.58 38
B9 Clayey loam 17.824.9 1.9 2.4 1.28 1.63 28
B10 Light clay 27.7 34.8 2.1 6.3 1.23 1.68 10
B11 Heavy clay 39.145.9 3.9 5.7 1.09 1.21 3
B12 Very heavy clay 51.482.9 2.9 12.1 0.89 1.35 31
B15 Peaty sand 26 26 6.4 18.6 0.96 0.96 1
B16 Sandy peat 51 5.1 30.0 31.2 0.56 0.56 1
B17 Peaty clay 8.0 61.2 31.7 0.48 0.97 8
B18 Clayey peat 52.480.1 39.2 61.7 0.38 0.62 6
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Table 3.2 Continued

Class Name <2 um 2-50 um Org. Matter (%)50 Dry bulk density (g cif) Ng
Min Max Min Max Min Max Min Max Min Max
Subsoils
O1 Non-loamy sand 28 81 0.1 2.3 117 190 1.50 80 1. 16
02 Loamy sand 10.2145 6.2 4.4 123 175 1.45 1.77 3
03 Very loamy sand 20.031.9 0.3 12.4 125 160 1.47 1.78 5
08 Sandy loam 8.8 11.9 2.6 1.2 1.45 1.69 7
09 Silt loam 12.2 17.4 0.4 13.0 0.74 1.69 16
010 Clayey loam 18.022.8 0.2 6.3 1.09 1.55 7
011 Light clay 25.0 30.0 4.8 0.96 1.45 6
012 Heavy clay 37.246.7 4.7 13.7 0.78 1.33 8
013 Very heavy clay 51.677.1 1.3 9.5 0.86 1.29 19
016 Oligotrophic peat 0.1 96.3 0.11 0.19 4
017 Eutrophic peat 82.2 81.8 0.14 0.39 10
018 Peaty layer 38.3 7
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ponding on the soil surface was set to 5 mm, autdhtiwater was considered to be

surface runoff. Results were analyzed regardinggesf the overall water balance.
3.4 Results and discussion

3.4.1 Steady-state moisture flow

As an example, Figure 3.2 presents pressure heéiteprfor all 25 soil samples in
soil physical class B2 of the Staring Series ireazfs4 mm d capillary rise and a
groundwater level at 150 cm below the soil surfdde solid black line represents the
pressure head profile computed with the paramefeise (averaged) B2 class of the
Staring Series. Figure 3.2 clearly shows that tapirise for only a few samples
transports water up to the soil surface with thec#ped rate, other profiles barely
yield a 20 cm capillary rise. This indicates thlaistering of samples based on similar
texture and organic matter classes not necess$aaitis to comparable capillary
behavior. A second characteristic compared is theimmum value of the soil moisture
flux that is able to reach the surface under stesate conditions for each sample in
class B2 using a fixed groundwater level of 100b&iow the soil surface. The
distribution of these maximum fluxes is presente#igure 3.3. For 9 of the 25
samples the moisture flux could not reach thesoilace. These calculations were
repeated for all samples of each of the StaringeSetasses and for the averaged
Staring data. The results are presented in TaBlesBowing the median and average
fluxes, amongst others. The median value is theialue whereby half of the
considered values is lower. If the median valuewser than the average value, most
of the samples show fluxes lower than the averafigev This is exhibited for 20 of

the 36 Staring Series classes.
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Figure 3.2 Computed pressure head profiles of theasmples corresponding to the B2-class for a
homogeneous 1.5 meter deep soil profile and an upwiadirected steady-state flux of 4 mm &. The
black line represents the profile computed with theaverage Staring relationships of class B2.

The columns Qshow the maximum values computed with the aver&jadng data.
The differences between the mean of the valuesileddd with the individual samples
and the values computed with the averaged Staatayate considerable. The
averaged flux-values of the individual samples @nadfluxes from the Staring Series
are presented in Figure 3.4. Note that the numbsaraples in each class{)Ns

lower in Table 3.3 than in Table 3.2 for some a@asJhis is due to the fact that both
soil moisture retention curve and hydraulic contlitgt functions were required to

perform the calculations presented here.
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Figure 3.3 The distribution of the maximum values bthe (steady-state) flux that reaches the soll
surface for all samples of textural class B14 in c& of a homogeneous soil profile and a groundwater
level of 100 cm below soil surface.

3.4.2 Transient moisture flow

This section presents simulation results of trarisieoisture flow computations for
individual samples and averaged Staring data #fy gear period. Results presented
focus on differences in plant evaporation ratidl, seaporation, surface runoff and the

flux through the bottom of the profile as averagkthe annual values.

The computed average surface runoff amounts f@taling Series classes are shown
in Figure 3.5. Although these values are not spediy relevant in practice for the
subsoil classes, they are presented here as welitate the variation between all
classes. Variation in computed values of surfaceffus larger for topsoils than for

subsoils. For the topsoils the largest variatiofoisd for textural classes B12 and
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Table 3.3 Fluxes (mm.d) for all samples in the different Staring Serieslasses that can, under stationary circumstances, aeh the surface of a

homogeneous soil profile with a groundwater leveltal00 cm depth. N = number of samples, Min = minimum of calculatedlfixes, Max = maximum of
calculated fluxes, Median = median value of calcutad fluxes, s.d. = standard deviation of fluxes, M= average value of calculated fluxes and Qs the
maximum flux calculated with the averaged parametes as presented in the original Staring Series (W& et al., 2001b).

Class
Bl
B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
B12
B13
B14
B15
B16
B17
B18

N
14

21

8
10
4
7
37
28

oONRP R

Min
0.19
0.44

1.29
3.61
0.07
0.44
0.19
0.19
0.07
0.07
0.07

0.32
3.25
0.07
0.07

Mean
2.09
19.25

15.24
29.47
0.90
1.57
3.26
1.05
0.42
0.07
0.11

0.32
3.25
0.35
0.23

Max
5.69
83.69

57.08
134.59
2.27
5.56
16.43
3.49
1.17
0.07
0.32

0.32
3.25
0.80
0.68

Median S.d.
1.11 1.97
11.06 21.12
3.37 23.28
5.02 44.85
0.62 1.01
0.80 1.85
1.17 413
0.80 0.82
0.19 0.44
0.07 0.00
0.07 0.09
0.32
3.25 .

0.25 0.32
0.13 0.24

9]
2.02

1.78

7.03
0.93
12.89
1.78
1.90
2.63
0.93
0.44
0.19

2.27
2.27
0.32
0.56

Class
o1
02
O3
04
05
06
o7
08
09
010
O11
012
013
014
015
016
017
018

N

5

14

Min Mean Max
16 0.19 4 3.413.13
3 0.07.41 2.76

Median
251
1.41

032 29.61 7490 4.95
7 0.32 6216.05 1.90
16 0.32 32.910.08 2.09
7 044 6217.03 0.80
6 0.19 80.51.54 0.25
6 0.07560. 1.17 044
0.00 0.12 032 0.07
1 8.98 8.98.988 8.98
2 0.32 60.50.80 0.56

Std.dev.

3.61

1.34
37.92

1.84
2.85
2.57
0.57
0.42
0.08

0.35

Q
1.29

1.41
2.88

3.25
2.27
1.29
1.05
0.44
0.19

0.93

1.29

58



£ 10° T
£
g 10 T
=
g
n 100 -
ks 1l
S 1 -
g 10 T 11T 1 T BN
o
102 ‘ ‘
10° 10t 10° 10°

Qu (mmd™)

Figure 3.4 The maximum fluxes that reach the soillsface, assuming a groundwater level at 100 cm
depth. Vertically the range of the maximum fluxes alculated with the individual samples are drawn
together with the average value, horizontally the &lues obtained with the soil physical data of the
corresponding Staring classes are presented.

B10. For the subsoils the largest variations oéauthe textural classes 013, O11 and
010. In general, runoff values obtained with tharigg data are on the (very) low side

compared with the computed amounts for the indeidamples.

A possible indicator for plant related soil moigtstress is the ratio between actual
plant evaporation and potential plant evaporafidrese ratios, averaged over the
respective 40 year period, are presented in FiguixeThis figure shows a large range
of values. The largest variation occurs for cla8sant evaporation ratios range

from 60 to 97%. The subsoils show a similar pateesthe topsoils do. In this case the
largest differences occur for texture class O11to6%6%. For both top and subsoils it
is striking that in some cases (B5, B6, B10, B18, O17) there is a large difference
between the ratios obtained with the parametetiseo$eparate samples and the ratio’s

obtained with the averaged Staring data. For oflieesvalues obtained with the
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Staring data fall within the range of the valuetaoted with the individual soil
samples from the Priapus database. For the topheilesults from the Staring data
are generally higher than the results obtained thighindividual samples, indicating
that calculations with the averaged Staring dagghtrpotentially underestimate actual

soil moisture stress.

Also the actual soil evaporation rates appear tg distinctly (Figure 3.7) between 72
and 102 mm Y. For a few soil physical classes the averagedrtaiata results are
lower than the ones calculated with the parametetise individual samples. Nine
values obtained with the averaged Staring datawi#tiin the range of the values from
the individual samples (B2, B4, B7, B10, B13, OB, 011 and O13). The majority of
the values obtained with the averaged Staringiddimher than the ones calculated
on basis of the individual samples. For the sampiése subsoils approximately the
same evaporation range can be observed as fouttkftopsoils. This basically
means that by using averaged Staring data soiloeatipn rates might be

overestimated, at least for several of the Stafiages classes.

The majority of the values obtained with the averh§taring data is higher than the
range of soil evaporation values obtained withitigévidual soil samples from the

Priapus database.
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Figure 3.5 The yearly runoff rates for the individual soil samples as included in the Priapus database
and assigned to the corresponding Staring Seriesasises. The endpoints of the thin lines represent
minimum and maximum values, the top and bottom oftie bar indicate the average + standard
deviation and average — standard deviation. The diaonds indicate the values obtained with the
averaged Staring Series data of the correspondindasses (W&sten et al., 2001b).
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Figure 3.6 The ratios of actual and potential planevaporation for the individual soil samples as
included in the Priapus database and assigned tomresponding Staring Series classes. The endpoints
of the thin lines represent minimum and maximum vales, the top and bottom of the bar indicate the
average + standard deviation and average — standarkviation. Diamonds are ratios obtained with
the average Staring soil physical characteristica/osten et al., 2001b).
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Figure 3.7 The actual soil evaporation for the indiidual soil samples as included in the Priapus
database and assigned to corresponding Staring Sesi classes. The endpoints of the thin lines
represent minimum and maximum values, the top and &ttom of the bar indicate the average +
standard deviation and average — standard deviatiarDiamonds are values obtained with the

average Staring soil physical characteristics (Woéeh et al., 2001b).
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Figure 3.8 The fluxes through the bottom of the sbprofile for the individual soil samples as
included in the Priapus database and assigned todtcorresponding Staring Series classes. The
endpoints of the thin lines represent minimum and raximum values, the top and bottom of the bar
indicate the average +standard deviation and averagy— standard deviation. Diamonds are values
obtained with the average Staring soil physical chracteristics (Wo6sten et al., 2001b).
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In regional studies in The Netherlands often th&tipiele and nutrient loads to the
surface- and groundwater are studied. Besidescaurtmoff, this load is calculated
using the flux through the bottom of a 1-dimensi@ual profile as well as the lateral
flow components to the drains and ditches. Theoboftuxes obtained from our
simulations with both the Staring data and thevildial samples from the Priapus
database are presented in Figure 3.8. The ranipe diottom fluxes is large for some
classes. The largest range is for B12: 0 to 416ymfnClasses B8, B9 and B10 show a
large range as well. The largest variation in tbedm boundary fluxes for the
subsoils is for class 013: 81 to 356 mih y

Computing the nutrient and pesticide loads witlséhgercolation values may vyield
large differences! For the presented yearly flukesugh the bottom of the profile, the
values obtained with the averaged Staring datargiyéall within the range of the
values obtained with the individual Priapus somhpées, except for the B12, O8 and
017 classes.

3.4.3 Statistical analysis

To test if there are significant hydrological difaces between the (texture- and
organic matter content based) classes of the §t&enies the results of the model

simulations were statistically analyzed using SP&Ssion 15.0.1).

Due to the amount of classes and samples, thé ¢dakl not be applied to check for
any significant differences between the classes tlagrefore the Bonferroni test was

applied, which basically is a corrected t-test.

First it was tested whether the values of the atedrhydraulic conductivity showed a
significant difference, as this is an input paranmé&br most numerical flow and
transport models. It appeared there was no sigmfidifference at all between the

conductivities of any of the soil physical clasaea 0.05 level.

Furthermore, the computed surface runoff valuegweraluated, as shown in Table

3.4. In this table (and the following ones), aixdicates there is a significant
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difference (in this case in runoff amounts) (at@devel) between the values of the
Staring Series class in the row and the valuebeftaring Series classes in the
different columns. Table 3.4 shows hardly any gigant differences: only class B12

Is significantly different from the other classes.

Also the plant evaporation ratios were statisticallaluated, as shown in Table 3.5. It
clearly indicates that only the classes B10, B1®2 @&3 are significant different at the
0.05 level from most other classes. There are sodieidual differences (B5 is
different from B8, B9, B10, B12, O1, 010, O11, Gl O13), but in general the

differences are not significant.

In Table 3.6 the results of the analysis of theacsoil evaporation are presented.
Here only O1 differs significantly from most othedasses. Compared to the
transpiration ratio, this table shows considerdédg x’s, so less signicant differences

between the classes are present in this case.

Suprisingly, the values of the moisture flux thrbuge bottom of the soil profile did

not show any significant difference between théedént classes of the Staring Series.

The previous tables clearly show that classifyioiysamples in different categories
on basis of soil texture and organic matter coramte as done previously in the
Staring Series does not necessarily result in fsogimt differences in hydrological
behaviour. It appeared also that little differenerist between the original topsoil and

subsoil classes of the Staring Series.

3.5 Conclusions

« Grouping soil samples into soil physical classesedaupon texture and organic
matter content alone as done earlier in the Staltatgbase, does not yield
satisfying results. Based upon hydrological compotia, it has been shown that
no significant differences occur between many efdhginal Staring Series
classes. Better criteria are needed to group iddalisoil samples into unique

(significantly different) soil physical classes.
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» Use of "averaged" soil water retention and hydcacdinductivity curves as
presented earlier in the Staring database (W6$88Y,; Wosten et al., 2001b)
might lead to deviations in computed moisture flwd transport compared to
results obtained on basis of individual soil saraple

« Itis recommended here to step away from the uskeeodriginal average Staring
Series functions and to use solil physical charesties of individual measured
samples instead. Therefore soil physical charatiesishould be measured more
frequently in future studies and made accessibtlatabases for others as well.

 When adding new samples to a database such asi®regre should be taken that
not only the measured soil physical data is redigbit it should also have the
appropriate metadata associated with it, like cioateés of the sampling position,

sampling depth, type of soil, land use, laboratogthod used, etc.
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Table 3.4 Differences between the runoff values fdhe different soil physical classes of the Starin§eries. A x means there is a significant differeecat the 0.05

level.

Runoff
Bl B2 B4 B5 B6 B7 B8 B9 B10B12 B17 B18 O1 02 03
Bl
B2
B4
B5 X
B6
B7
B8
B9 X
B10
B12 X X X X X
B17
B18
01 X
02
03
08 X
09 X
010
011
012
013
017

X X

Bl B2 B4 B5 B6 B7 B8 B9 B10B12 Bl7 B18 O1 02 O3

08 09 010011 0O12 013 O17

08 09 010011 012 013 017

Bl
B2
B4
B5
B6
B7
B8
B9
B10
B12
B17
B18
o1
02
O3
08
09
010
011
012
013
017
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Table 3.5 Differences between the plant evaporatiomtios for the different soil classes of the Stanig Sseries. A x means there is a significant diffence at the 0.05
level.

Epa/Epp
Bl B2 B4 B5 B6 B7 B8 B9 B10 Bl12 B17 B18 O1 02 O3 08 09 010 011 01230017

Bl X X X Bl
B2 X X X X B2
B4 X X X X X X X B4
B5 X X X X X X X X X B5
B6 B6
B7 X X X B7
B8 X X X X B8
B9 X X X X X B9
B10 x X X X X X X X X X X X X X X X B10
B12 x x Xx X X X X X X X X X X X X X B12
B17 X X B17
B18 X X B18
0o1 X X X X X 01
02 X X 02
03 X X X 03
08 X X X 08
09 X X X 09
010 X X X X 010
011 X X 011
012 X X X 012
013 x X X X X X X X X X X X 013
017 X X 017

Bl B2 B4 B5 B6 B7 B8 B9 B10 B12 Bl7 B18 O1 02 O3 08 09 010 0O11 01230017
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Table 3.6 Differences between the actual soil evagion values for the different soil classes of th&taring Series. A x means there is a significantfference at the

0.05 level.
Esa
Bl B2 B4 B5 B6 B7 B8 B9 B10B12 B1l7 B18 O1 02 03 08 09 010011 012 013 017
Bl X Bl
B2 X B2
B4 X X B4
B5 X X X X X B5
B6 X X X X B6
B7 X B7
B8 X X X X B8
B9 X X B9
B10 B10
B12 B12
B17 B17
B18 X X B18
0o1 X X X X X X X X X X X 01
02 02
03 X 03
08 X X 08
09 X 09
010 X 010
011 011
012 X 012
013 X 013
017 017
Bl B2 B4 B5 B6 B7 B8 B9 B10B12 B17 B18 O1 02 03 08 (09 010011 012 013 017
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4 A new, flexible and widely applicable software package for the

simulation of one-dimensional moisture flow: SoWaM

Most one-dimensional soil moisture flow simulatimodels have restricted applicability due
to (amongst other things): i) insufficient flexiiyl for the model users, ii) a lack of user
friendliness, iii) only usable for certain spataltemporal scales, and iv) fixed boundary
conditions. Therefore, we developed a simple agtlniflexible software package to
simulate, visualize and analyze 1-D moisture flovgoils: SoWwaM (Soil Water Model). The
package has a modular setup and consists of a odngels to visualize, analyze and
compare input data and results. The governing Rishaquation is solved numerically by a
time-centered Galerkin Finite Element approximat®ail hydraulic properties for each
specified soil layer can be defined by either Moatevan Genuchten parameters or splines.
Since the model does not impose limits on elemerta time interval, it is possible to
perform simulations in very high detail, both splyi and temporally. Event-based
precipitation as well as potential evapotranspratre read from a database, in which the
user can also specify the bottom boundary conditidis opposed to most existing models, all
(boundary) conditions in SoWaM are user-defineds Bllows easy evaluation of the effects
of different boundary conditions with regard totalims of the water balance. Furthermore,
four different criteria for irrigation schedulingte been implemented. The SoWaM package
provides an accurate, simple and highly flexibld to simulate soil moisture flow and to
evaluate the effects of various factors on soilewatovement, such as timing and amount of
irrigation, soil hydraulic properties and soil |aiyey.

Adapted from

Wesseling, J.G. , C.J. Ritsema, K. Oostindie, C.R. Soof and L.W. Dekker. 2009. A
new, flexible and widely applicable software package for the simulation of one-
dimensional moisture flow: SoWaM. Submitted to Environmental Software and
Modelling
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4.1 Introduction

During the past decades numerical models for (amesasional) soil moisture flow
have been developed all over the world, among&rstim Denmark (Hansen et al.,
1990), France (Perrier et al., 2002), the UnitedeSt (Simunek et al., 1998) and The
Netherlands (Van Dam et al., 1997b). Recently Jtwenal of Environmental
Software and Modeling published a review of soitevanumerical models that were
developed and applied in Australia (Ranatunga.eP@08). Those authors
distinguished three different types of models: $entjpping-bucket models, layers
tipping-bucket models and complex models. Genertily complex models are based
upon a (partial) differential equation like Richgrdquation (Richards, 1931) which is
solved numerically. A few of the numerical schenmetude the finite difference
method (Feddes et al., 1978; Freeze, 1971; Van &ah, 1997b; Watson et al.,
1992), the integrated finite difference method r{klg 1991; Narasimhan et al., 1978),
the Galerkin finite element method (Huyakorn et H.84), the collocation finite
element method (Pinder et al., 1978), the subdoffirgie element method (Cooley,
1983) and the spectral elements method (GobleCandier, 1993). The methods
applied by the authors mentioned above essenddfr with respect to spatial
discretization and interpolation. Many additionehfures are available in some of
these models, such as heat transport, solute tveinsffects of frost, simple and

detailed crop growth models, and others.

To simulate flow in high spatial and temporal resion in structurally rigid porous
media, either covered by vegetation or bare, a insdaweded that is capable of
computing one-dimensional water flow with i) higtcaracy, ii) the ability to describe
soil physical relationships in different ways, tie use of extremely small time
intervals, iv) the ability of storing model outpeifficiently, and v) the ability to present
output graphically. As none of the models founthi literature fulfilled all these
requirements, the new SoWaM (Soil Water Model)wafe package was developed.

In this chapter the model structure and its maaperties are described, including
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some of the tools to create input and to analyzpubuFurthermore, to illustrate
model performance, two case-studies in which thdehaas applied are presented

and discussed in Chapter 5 and Chapter 6 resphctive
4.2 Theory of soil moisture flow

4.2.1 The governing equations

Soil moisture flow in a 1-dimensional system cardbscribed by the following partial

differential equation

%zi(Ka—Hj—S 4.1)
ot o0z 0z

where H = total head [L]; z = coordinate in vertidaection [L]; 6 = volumetric
moisture content [fL]; t = time [T]; K = prevailing hydraulic conducity [LT™]; S
= sink term representing drainage or root extrackio'].

The total head H can be divided into two terms:

H=h+z (4.2)
where h = pressure head [L].

Introducing the differential moisture capacity C'[lthen yields

cai:i(Ka—Hj—s 4.3)

ot o0z 0z

with

c=-90_08 (4.4)
oH oh

Both K and C-values depend on the prevailing pmeskaad h. To solve the partial
differential equation, the C(h), K(h) andBhfelationships should be known. Equation
(4.3) is known as the Richards’ equation. This ¢éiquds also used in most other
moisture flow models like Ecoul (Perrier et al.02), SWAP (Van Dam et al., 1997b),
DAISY (Hansen et al., 1990) and Hydrus1d (Simurteki.e¢ 1998).
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4.2.2 Analytical approximation of soil moisture retention and hydraulic

conductivity functions

The relationships between moisture content, predsead and hydraulic conductivity
are essential for a correct description of unsétdrenoisture flow. These relationships
can be measured in the field or in the laboratesiggidifferent methods (Ahuja et al.,
1988; Bouma and Denning, 1972; Bresler et al., 18068l and Parker, 1987a; Kool
et al., 1987; Van Dam et al., 1990). Several asthawe tried to derive these
relationships by using pedotransfer functions aheéroknown soil physical data, such
as particle size distribution, texture and organatter content (Ahuja et al., 1988;
Alexander and Skaggs, 1987; Bloemen, 1980; Brugé2;1Schuh and Bauder, 1986;
Wosten et al., 2001a). Although these pedotrarigfetions are sometimes regarded
as the bridge between pedology and hydrology amdaining in popularity
(Elsenbeer, 2001; Minasny et al., 1999; Nemes, 2B@8hepsky et al., 2006; Schaap
and Leij, 1998; Schaap et al., 2001, Stolte etl&896; Van Alphen et al., 2001), it has
been shown that pedotransfer functions developedrfe area do not always yield

acceptable results in other areas (Li et al., 2007)

Several analytical functions have been developetsaribe the soil moisture
retention curve and/or the hydraulic conductiveglationship of a soil layer based on
laboratory measurements. Overviews and comparisiotiesed-form expressions can
be found in the literature (e.qg. Leij et al., 199%&0ong and Rahardjo, 1997).
Nowadays the most frequently used closed-form gasmn of soil physical
relationships is the one introduced by Van Genucfian Genuchten, 1980), who
describes the K(h)- and®)trelationships as S-shaped curves with six pararset
Several improvements of this closed-form approxiomehave been proposed (e.g.
Fuentes et al., 1992; Fuentes et al., 1991), eshenear saturation (Schaap and van

Genuchten, 2006; Vogel et al., 2001). The Mualevfar Genuchten equations state
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0=0 + = (4.5)
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)
with
_q.1
m=1-2 (4.8)

Differentiation also yields an equation for thefeliéntial moisture capacity:

L i, 6,-9
Cy =5 = NnCar i 1W (4.9)

where h = pressure head [L] (cr)= moisture content [iL¥] (cm® cm®), K =
hydraulic conductivity [LT] (cm d%), C = differential moisture capacity i (cm™),
a [LY] (>0, cni) is related to the inverse of the air entry suttio (>1) is a measure
of the pore-size distribution; LT ] is a fitted matching point at saturation (cff d

and | is a dimensionless empirical parameter.

In some cases the parameters for the closed-fopmessions can be determined by
inverse modeling of soil moisture flow (Abbasi &t 4003; Dahiya et al., 2007; Jhorar
et al., 2001; Roulier and Jarvis, 2003; Sonnleigtal., 2003; Yeh, 1986), but most of
the time the parameters are still derived usingratory data.

The main advantage of the Mualem - Van Genuchteatemns is their simplicity. Six
parameters are required to describe both the smdtare retention curve and the

hydraulic conductivity function. At the same tinfestis also the main disadvantage
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because sometimes relatively poor fits of the fiamst through the measured data are
obtained. Instead of using a closed-form descmptibthe soil physical relationships,
some numerical models use soil physical charatteridescribed by tables with data-
pairs, i.e. volumetric moisture content with presduead §,h) and pressure head with
hydraulic conductivity (h,K)-points. To obtain therresponding values between the
specified points, linear interpolation is applisdretimes on a logarithmic scale).
This can cause unnecessary iterations: the diffietenoisture capacity (the first
derivative of the (continuous) soil moisture ret@micurve) is discontinuous, which
causes ‘jumps’ between the values on the left lzerdright hand side of a point. To
ensure continuity of a function and its derivativigsdines can be used. This is one of
the most powerful mathematical methods to des@ihanction. Splines are piecewise-
continuous polynomials. Several types of splinesghzeen applied in soil science,
such as cubic splines (Hampton, 1990; Kastanek\aglden, 2001; Prunty and Casey,
2002; Wesseling et al., 2008b) and quadratic BasgliBitterlich et al., 2004). In the
SoWaM package, both the cubic spline interpolagéipproach (Wesseling et al.,
2008b) and the Mualem - Van Genuchten equationa (Menuchten, 1980) have been

incorporated to describe the physical properties sdil layer.
4.3 Description of the software package

4.3.1 General

To solve the general equations described in thaque sections, the software
package SoWaM was developed. It is applicablel tiradls of field situations, both
agricultural and non-agricultural. The package ®ia®f a number of modules: a
basic SoWaM package and several supplemental naithdés. The basic package
includes a MySQL database (SoWaMData) and a progwasimulate one-
dimensional moisture flow (SoWaMCalc). The moduts\&MVis was developed to
visualize, analyze and compare the results ofithalations. The soil physical
properties of soil layers can be visualized with thodule SoWaMSoil. A series of

cubical splines can be fitted through a set of mestsdata with the module
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SoWaMFit, and SoWaMDrain can be applied to deteentire relationship between
the groundwater level and the drainage flux. Thatter two programs store their
results directly into the database SoWaMData (feigut).

SoWaMVis

SoWaMCalc

S A DS

\—/

SoWaMDrain

\\“-
SoWaM F|t

Figure 4.1 The components of the SoWaM software pkage.

4.3.2 SoWaMData

Nowadays most simulation programs read their ifigumh a text file and store the
results of simulations in another text file, eitk@ectly or through some kind of
Graphical User Interface. The advantages of writirggoutput to a text file are that
one can view the file with a regular text editoddhat it can be printed directly or

used as input for postprocessing programs. Thelksdage, however, is that these
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files need to be stored somewhere, which requpessfbly complex) data
administration. Since we expected to perform mamgrand to generate much input
and output data, it was decided to store the iapdtoutput in a database using
MySQL (see www.MySQL.org) with phpMyAdmin (www.phpMdmin.net) as its
control system. These programs are open sourogaefand can be downloaded free
of charge. The database consists of 27 tablespot iand 6 tables for output. It is

beyond the scope of this Chapter to discuss trabéat in further detail.
4.3.3 SoWaMCalc module

4.3.3.1 General

The equations described in the theory-sectionisfGapter have been solved using
the Galerkin Finite Element Method. The program tes$ed by comparing the results
of simulations with the results of analytical sadas (where available) and with the
results of other programs such as SWAP (Kroes andDam, 2003; Kroes et al.,
2008; Van Dam et al., 2008). Because results obdaivith SowaMCalc were similar
to the ones obtained by SWAP, they are not predentthis Chapter.

4.3.3.2 Soil physical relationships

The program requires soil physical relations farrelayer distinguished in the soil.
These relationships can be described either wétpttameters of the Mualem - Van
Genuchten equations (Van Genuchten, 1980) or byithel nodes of spline

functions (Wesseling et al., 2008Db). It is alsogiale to have a combination of these,
e.g. the top layer is described by the Van Genucbtgiations and the sub layer(s) are

presented with the spline-approximation.

4.3.3.3 Discretization

To solve the general flow equations, the soil peas discretisized into a number of
elements. Each element is bounded by one node &phand one node at the bottom.

In these nodes the pressure head and moisturentealees are computed. The
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discretization is performed by the program its€tie user only has to specify the
required element size in a specified zone, e.gnehts with size 0.1 cm in the zone
until 0.5 cm depth. It is recommended that the BwaaElements will be created where

the largest gradients are expected.

4.3.3.4 Top boundary

To compute moisture flow in the soil profile, thatalbase requires an amount of
precipitation (P, mm) and potential evapotransigira(E", mm) over a certain time
period, including the start and end date and tiPmecipitation data from automatic
rain gauges can be entered directly into the dataidéthout the need for aggregation
to obtain daily values (and thus loss of informa}idrhe program then computes the
precipitation rate from the amount of precipitatard the time-period between
entries. The same is done for the potential evapspiration data, yielding

distributions of both precipitation and evaporatio time, respectively.

The potential evapotranspiration)Hs divided into potential soil evaporation{E
and potential plant evaporation,{by the following equation:

EP =E° & " (4.10)
where f is an empirical factor (dimensionless) BAdlis the Leaf Area Index (Am)
(Belmans et al., 1983; Goudriaan, 1977; Van Daal.el997Db).

4.3.3.5 Root water uptake

In the present version of SoWwaM the rooting depttoinsidered to be constant. Roots
are assumed to be distributed homogeneously thoadghe rootzone. The uptake of
water by plants depends on the prevailing predsead. If the pressure head is too
high (wet conditions), plants will suffer stressaese the roots can not take up
sufficient oxygen. If the pressure head is too (dvy conditions), plants will suffer as
well because the energy required to extract themfeam the soil matrix can not be

supplied. In both cases root water uptake is fanfoptimal:

U (2)=Up(z)ma(h) (4.11)
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where UP and U? are the potential and actual root water uptakeupérof length [T']
and g(h) is a factor between 0 and 1, dependinhb®pressure head h (Feddes et al.,
1978; Van Dam et al., 1997b). The function valuegresents a multiplication factor
to obtain the actual plant evaporation from theepbtél plant evaporation. In case of
grass, optimal water uptake (g=1) occurs when thssure head is between -200 and
-25 cm (Taylor and Ashcroft, 1972; Van Dam et B97b). If the pressure head is
outside this range, a reduction in plant evaponatidl take place (g < 1). The actual

plant evaporation () can be calculated according to

2 = [Us(2)iz = [UP(o(h)ez (4.12)

where z[L] is the bottom of the root zone. The pressuradcvalues for the root

uptake function are supplied by the user and read the database.

4.3.3.6 Drainage

In many situations subsurface drainage will taleglthrough furrows, drainpipes or
ditches. In these cases the relationship betweegrttundwater depth and the
magnitude of the flow to the drains has to be knd3aWaM requires this relationship
to be entered as a number of points. The exactdldire drainage media is obtained
by linear interpolation between these specifiech{zoiAn example of such a
relationship is presented in Figure 4.2. In thgafe, three drainage systems are
assumed to be involved: a primary open system (caé& a bottom depth of -1.6 m,
a secondary open system (ditch) at -1.2 m andgrigies at -0.4 m. As long as the
groundwater level is below the bottom of the lowdrsinage medium (-1.6 m), no
water will flow to any drainage medium. If the wakevel rises above that level, water
will flow to the lowest medium. When the water lexeaches -1.2 m, the secondary
drainage medium will get active as well. If the gmdwater rises above -0.4 m, water
will flow towards the drains also. Figures likedltan be obtained by field
observations and monitoring, or they can be caledlay means of simple or complex

equations.

80



Drainage flux (mm d'l)
0.0 1.0 2.0 3.0 4.0 5.0

0.0 ‘ ‘ ‘ /
0.2

04 -
06 -
08 -

-1.0
-1.2

-1.4
-1.6 {
-1.8

Figure 4.2 An example of a drainage characteristicsurve: water flow to the surface water system as
a function of the groundwater level.

Groundwater level (m)

4.3.3.7 Bottom boundary

Three types of bottom boundary conditions are ipomated in SoWaMCalc. The first
type of boundary condition is one where the flursity (g, [LT™]) through the

bottom of the profile is computed from the grountevadevel (g, [L]). The direction

of the water flow through the bottom boundary meyupwards (seepage) or
downwards (percolation). The relationship betwesmugdwater level and flux density
can be defined as a number qf @g)-points. An example is presented in Figure 4.3
where the flux is zero when the groundwater lese@rie meter below soil surface. If
the groundwater level is higher (less negativeantiater will flow downwards
(percolation), otherwise water will flow upward fnathe deep aquifer (seepage). This
kind of relationship is often derived on the badisield measurements and used in for

instance regional studies, see e.g. (Massop €041Q).
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Bottom flux (mm d'l)
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Figure 4.3 An example of a relationship between thi#éux through the bottom of the profile and the
prevailing groundwater level.

The second possible boundary condition in SoWaM@eaduirs when the thickness of
the soil profile being considered is small comparcethe depth of the groundwater

level. If the latter is (virtually) constant at siiye meters below the soil surface, and
we are only interested in the top two meter, weassume equilibrium at the bottom
of that particular profile. This implies that theadient of the pressure head equals 1

and that the flux density is equivalent to the piltvg hydraulic conductivity.

The third type of bottom boundary implemented iM&d/Calc occurs when a
relatively fine-textured soil is located on topwefry coarse textured layer such as sand
or gravel. In such a profile, downward water flowl \we hampered until the pressure
head at the interface reaches a certain valgenh). In literature the following

equation was found (Baker and Hillel, 1990):

h, =-437d*-0.074 (4.13)

where d is the median particle diameter (mm). SBo®aM was initially designed to

model water flow in golf greens, the median graliameter recommended by the US
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Golf Association (USGA Green Section Staff, 2004swised to calculate,h
According to these USGA recommendations, 60% optrticles should be between
0.25 and 1 mm, yielding,lvalues between -17.5 and -4.44 cm. If this vadueached,
free outflow will take place. To avoid unrealistigehigh amounts of water to flow
through the bottom of the profile, the time intdrnwal automatically be assigned to its

minimum value when water starts to flow through blo¢tom of the profile.

4.3.3.8 Irrigation

One of the most important features of SoWaMCaitsiability to check whether or
not irrigation is required for a certain type obpr To do so, four possible irrigation

criteria have been introduced. Irrigation can baliad when

» The ratio of the actual plant evaporation and thiemtial plant evaporation drops
below a specified value,

» The pressure head in a specified node drops beloiticl value,

« The moisture content in a specified element drabsvb a critical value,

* The available volume of water in the root zoneesslthan a specified value.

It is possible to irrigate more than once a daye &kact time at which irrigation is

applied during the day, the duration of the irngatand the amount of water applied

during an irrigation event are user-defined.

4.3.4 SoWaMVis module

As mentioned before, the output of SoWaMCalc iseston tables in the MySQL-
database SoWaMData, thus being directly availabtad user. With SoWaMVis, one
can visualize these data. Currently three typesigdut can be generated: i) the flux
densities through the top of two user-specifiedneliets can be compared graphically,
i) a term of the water balance can be shown asjghgin time (daily or cumulative
values) (Figure 4.4), iii) the pressure heads aogstare contents can be plotted
against depth (Figure 4.5), or iv) the moistureuna in the rootzone can be visualized

in time together with the distribution of volumdsdure 4.6).
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Figure 4.4 An example of the output of SoWaMVis: te water balance terms in time. The start and
end date can be selected. One element of the wabalance can be visualized at a time for two
scenario’s. Cumulative values can be shown by clioilg the check box ‘Cumulative’.

Whatever output option is selected, it is possibleompare the results of two

different runs of SowaMCalc at the same time.

4.3.5 SoWaMSoil module

SoWaMSoil was developed to visualize the soil ptalstharacteristics of the soil
layers in the database. When the user selectsathe of one of the solil layers in the
database, the corresponding soil moisture reteatahhydraulic conductivity
functions are shown. It works for both the MualeWan Genuchten and the spline
approximation (Figure 4.7). The resulting curves aresented both graphically and in
a table. This table, as others, can be saved asma-separated text file for further

external processing.
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Figure 4.5 Pressure head and moisture content verswlepth at a certain date as presented by
SoWaMVis. Pressing the ‘Start’-button causes the prgram to show the profiles from the starting day
until the end day, thus creating a kind of time anmnation. The speed of animation can be controlled

with the slide-rule at the bottom.
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¥ Visualization of GoWaM daia
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Figure 4.6 The water volume in the root zone of twouns with SoWaMCalc and the frequency
distribution of computed classes of water volume ashown by SoWaMVis. The thickness of the root
zone to be considered in calculating these figurean be changed at the top left. The class-size cha

changed at the top right.
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T GoWaMSoil
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Figure 4.7 The program SoWaMSoil shows the soil ptsjcal relationships h@) (left) and K(h) (right)
of a soil layer in the database.
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4.3.6 SoWaMFit module

Based upon the program Splop (Wesseling et al 820G oWaMFit fits a number of
splines through a set of measured data pointsea$ail moisture retention curve and
the hydraulic conductivity function (Figure 4.8hd resulting output can be directly

stored into the SoWaMData database.

S(=1[e3

i frmSplines
Graph lSeltlngs] Input I Dutputl

cnL Qb KS@a | |

£l

RS k=92500 F=30.8393 Free: 646288

Figure 4.8 An example of the results of SoWaMFit. &this program is generally applicable for fitting
of splines, only x and y are put at the axes. In th case, pressure head is plotted on the x-axis, ieh
hydraulic conductivity is plotted on the logarithmic y--axis. The squares indicate measured K(h)-

values, the line is fitted by the program.
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4.3.7 SoWaMDrain module

The relationship between groundwater level andhdige intensity can be obtained by

SoWaMDrain. Its output looks like Figure 4.9.

Drainage of an area |._||E|f$__<|
Info ]lnput QUIDUII
{EHS ] Table | [t
HatiU=D-4D]Hati0=D.45] Ratio=0.50 | Ratio=0.55 | Ratio=0&0
Drainage fluxes for ratio 0.40
—L=100.0m .
~ooooon] |l —2 ]
a
=
El
3
=
? Help
* Default
T T T T T T T T T T T T T U
0F5 -0F 055 05 045 -04 035 05 -025 -02 -015 01 -005 X Cancel
Grounceater level (m) =
ILQIDSE

Figure 4.9 An example of the drainage fluxes withwo different drainage distances (L=100 m and
L=200 m) as calculated with SoWaMDrain.
4.4 Comparison of SoWaM to other models

In this section we compare the SoWaM model witlresavother well-known 1-
dimensional soil water flow models, namely Ecowdrfier et al., 2002), SWAP (Van
Dam et al., 1997b) and Hydrus-1d (Simunek et 808). Similarities and differences

between SoWaM and these other models are summamidexble 4.1.
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Table 4.1 Comparison of four different models for ae-dimensional moisture flow. Presence (+) and
absence (-) of several model features are summarizéor each of the models.

Feature Hydrus-1D Swap Ecoul SowaM

Basic model approach

Use of Richards equation + + + +

Calculation time steps Fraction of Fraction Fraction Nmber
day of day of day of

seconds

Maximum number of nodes Unlimited 500 unlimitednlimited

Varying boundary conditions + + + +

Processes

Surface ponding + + + +

Root water uptake + + - +

Crop growth - + - +

Automated irrigation - - - +

Macropore flow + + - -

Breakthrough to coarse layer - - - +

Drainage + + - +

Soil layers

Max. soil layers unlimited 40 unlimitedunlimited

Van Genuchten-Mualem equations for  + + + +

hydraulic properties

Spline interpolation of soil hydraulic - - - +

properties

I nput/output

Database-10 - - - +

Batch - + - +

GUI + - + +

Tabulated hydraulic properties - - - +

Tabulated drainage curve - - - +

Specify time of day for irrigation - - - +

Irrigate more than once a day - - - +

Visualization of results from several runs - - - +

It can be seen that SoWaM has only a restrictecuatmaf model options compared to
the Swap and Hydrus-1d models, just like Ecoul. Elsv, the main advantages of
SoWaM compared to the three other models are g tntervals of seconds versus
days, ii) automatic irrigation control, iii) bredkbugh to coarse layers, iv) spline
interpolation of soil hydraulic properties, v) dataut from and output to a database,

vi) tabulated hydraulic properties and drainageesiy vii) specification of times of
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day for irrigation, viii) option to irrigate moréan once a day and ix) simultaneous

visualisation of results from multiple runs.

4.5 Conclusions

To conclude, the SoWaM package has the followingebts:

It is a simple yet highly flexible model with thelliowing advantages i) very small
calculation intervals, ii) automated irrigation ¢a, iii) breakthrough to coarse
layers, iv) spline interpolation of soil hydraupcoperties, v) database 10, vi)
tabulated hydraulic properties and drainage cumigsspecification of time of day
for irrigation, viii) option to irrigate more thamnce a day and ix) visualisation of
results from different runs.

Due to its object-oriented structure it is quiteyeto add new model options.

No complex boundary conditions have to be introduce

It can be used to compute soil moisture flow ib@tl temporally and spatially)
detailed manner.

Data are stored in and read from an open-sourceMydtabase.

Data are readily available for post processing.

SoWaM is suitable for batch processing.
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5 The effect of soil texture and organic amendment on the

hydrological behavior of coarse-textured soils

To gain more insight in the hydrological behavibroarse-textured soils, the physical
properties of artificially created soil mixturestiwvdifferent texture were determined. The
mixtures were prepared according to the USGA speatibns for constructing putting greens.
Additionally, the effect of 10 vol. % organic mateddition was studied. The soil moisture
retention and hydraulic conductivity relationshgdghe different mixtures were measured
and their hydrological behavior was studied ushegriumerical model SoWwaM. Both texture
and organic matter addition considerably affectgafdulic properties. Hydraulic
conductivity significantly increased with increagicoarseness while moisture retention
decreased. On the other hand, organic matter addagiduced saturated hydraulic
conductivity with a factor 10 to 100 and it incredsnoisture retention capacity distinctly.
The amounts of readily available water were inadagith 144% (slightly coarse texture) to
434% (very coarse texture) for the samples witlvdl® organic matter. Model simulations
show that the required amount of irrigation to kepprt turf healthy strongly differs between
the mixtures, despite that all samples fall inrdnege of official USGA-specifications.

Adapted from

Wesseling, J.G., C.R. Stoof, C.J. Ritsema, K. Oostindie and L.W. Dekker. 2009. The
effect of soil texture and organic amendment on the hydrological behavior of coarse-

textured soils. Soil Use and Management. In Press.
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5.1 Introduction

In previous chapters an universal way to deschbeegysical properties of a soil by
means of a fitting procedure using cubical splifesseling et al., 2008b) was
presented, the risks of clustering soil samples $oil physical classes (Wesseling et
al., 2009b) were emphasized and a new and flegdneputer program to simulate
one-dimensional moisture flow (Wesseling et alQ&f), was introduced. While
developing and testing these methods and toolsdih@hysical properties of a wide
range of soils were required. Nowadays both rawa dasoil physical relationships,
averaged characteristics and more generic pedédraunsctions can be found in
different databases, like the Staring Series (Wjst887; Wdsten et al., 2001b), the
UNSODA database (Nemes et al., 2001), the Hypresbdae (Wo6sten et al., 1998;
see http://www.macaulay.ac.uk/hypres/) and thepasalatabase (Stolte et al., 2007).
Searching these databases and the scientifictlitergielded surprisingly little data on
the soil physical properties of coarse-texturetsséi quick literature search showed
that these kinds of soils have been investigatesmbination with transport of NO
(Dodd et al., 2000), microbiology (Kieft et al.,4%), gas diffusion (Jones et al.,
2003), the amendment of fly ash (Adriano and Web@01), waste water (Harrison et
al., 2000) and earthworms (Zhang and Schrader,)1888hardly any measurements
were performed on the soil physical propertiehete types of materials. This is
rather surprising, the more when one realizes3l## of the Dutch topsoils have a
median particle size of 210 um or higher (the Dutefinition of coarse sand). Coarse
soil materials usually have limited possibilities agricultural production due to their
generally poor fertility and low water holding cafg, often causing a high irrigation

demand.

Despite this fact, coarse textured soils are frajy@ised worldwide because of their
good drainage and low risk of compaction, for ins&ato construct greens on golf
courses. Golf greens are constructed most oftergssind brought in from elsewhere

with properties in accordance with the US Golf Asaton specifications regarding
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texture composition (USGA Green Section Staff, 2084en though different sand
mixtures yield different water holding capacitiesgolf courses (Chong et al., 2002),
these specifications mainly aim at achieving optidrainage characteristics while
monitoring optimal grass growth conditions (Humni&€93). Depending on the
geographical location of a golf course and the atioconditions, the amount of water
required for irrigation of golf courses can vargrr 50,000 to 100,000 3yi*. Though
papers have been published on designing strategses/e irrigation water on golf
courses (Carrow, 2006; Carrow et al., 2002a; Cagbal., 2002b), no research has
been performed up to now to evaluate different US@x®Rtures regarding their
hydrological performance including related irrigatirequirements. Though the
influence of soil materials and slope of the greerirainage have been investigated
experimentally for putting greens built with a Gainian (coarse material, densely
drained, on top of local material) and a USGA cartton method (coarse material,
densely drained, on top of at least 0.1 m of gjaiettyman and McCoy, 2002),
better insights are urgently needed to minimizgation requirements and reduce

leaching risks of nutrients and pesticides.

This study (Wesseling et al., 2009a) combines a@nsxve laboratory study with a
detailed numerical evaluation of flow and transp@tavior of a series of coarse-
textured soil materials that comply with the USGgesifications. This Chapter first
describes the soil mixtures used and the deterrmmand interpretation of the related
hydraulic conductivity and water retention charastes. Further, simulation results
using the numerical model SoWaM (Wesseling e28l09c) are presented and
interpreted in relation to the different terms loé tvater balance. Two types of soil
profiles are considered in this study: i) a homagers profile of 2.5 m deep, and ii) a
30 cm coarse top layer upon gravel, as recommefaodgulitting green construction by

the USGA-specifications.
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5.2 Materials and methods

5.2.1 The sand mixtures

In this study, five sand mixtures were created ragnfrom slightly to very coarse
textured using sand sieved in different particke silasses which was obtained from
the company Filcom (Barendrecht, The Netherlants¢. sand mixtures prepared
complied with the USGA specifications for golf gneeonstruction (USGA Green
Section Staff, 2004) (Table 5.1).

Table 5.1 USGA recommendations for soil texture (USA Green Section Staff, 2004)

Material Particle diameter (mm) Recommended fraci)
Fine gravel 20-34 <3

Very coarse sand 1.0-2.0 - } <10

Coarse sand 05-1.0 }

Medium sand 0.25 - 0.50 > 60

Fine sand 0.15-0.25 <20

Very fine sand 0.05-0.15 <5

Silt 0.002 - 0.05 <5 } <10

Clay <0.002 <3

For preparing the sand mixtures, five particle sitributions were selected covering
the entire textural range from the finest (Sampjécthe coarsest recommended
texture (Sample E, Table 5.2). Two types of homeges sand mixtures were
constructed: 1) non-amended sand mixtures contpomhy mineral components
(hereafter referred to as ‘pure’), and 2) peat-atedrsands containing both mineral
and organic components (‘famended’). The peat antesaieds contained 10% by
volume fine-grained peat (98% organic matter asrdahed by loss on ignition),
corresponding with 7% organic matter on weight ©aabhe mixtures were prepared by
mixing homogeneous materials of different partgiiee. The amount of each fraction
was calculated from the desired particle size ithstion (Table 5.2) and a porosity of
35%. Particle density was assumed to be 2.65¢(sand) and 1.47 g cir(peat)
(Werkgroep Herziening Cultuurtechnisch Vademecud&8).
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Table 5.2 Particle size distribution of constructedsand mixtures (%)

Texture Particle diameter (mm)
2.0-34 1.0-20 0.5-1.0 0.25-0.50 0.15-0.25  0.05%-0< 0.05

A 0 0 0 70 20 5 5

B 0 0 20 55 15 5 5

C 15 3.5 40 40 10 2.5 2.5
D 2.25 5.25 65 20 5 1.25 1.25
E 3 7 90 0 0 0 0

PVC cylinders (103 mm diameter, 80 mm height) limeth cheesecloth were
manually filled with the sand mixtures, attemptiogensure uniform density. The
samples were slowly saturated from the bottom umfdeast 72 hours. All
measurements were performed in a climate-contrédledratory with air temperature
between 16 and 17°C and relative humidity betweear@l 70%.

5.2.2 Soil physical relationships

Saturated hydraulic conductivity {§) was measured on the saturated sand mixtures (3
replicates per treatment) using the constant hestdod as described by Stolte (1997).
Consequently, water retention and hydraulic condiigicharacteristics were
determined on the same samples using Wind’s evaponaethod (Wind, 1966).
According to this method, a saturated soil sangpl@aced on a scale for monitoring
weight loss due to evaporation, while ceramic mmsiters monitor changes in soll
water pressure at different depths. The tensiomeigzd in this study were relatively
large (8 mm in diameter, 8 cm in length) to enswkicient contact between the
tensiometer and the coarse-textured soil matelirtnes. Data in the pressure head
range of -800 cm to 0 cm was gathered for all seampkcept for mineral sample E
where air entered the tensiometers at a pressackhef -300 cm for all three
replicates. Obtained é)and K(h) data from the Wind evaporation methao|(€ and
Veerman, 1990) were used to determine the watentieh and unsaturated hydraulic
conductivity characteristics. These data were &rrfirocessed and relationships were
obtained by using the recently developed splinexjtmethod of Wesseling et al.
(2008b). The minimal MDPL (Mean Distance from Pdmt.ine) was applied for this
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purpose, offering more flexibility in fitting thathe often used Mualem - Van

Genuchten method, as well as that it takggh€tter into account.
5.2.3 Model simulations

5.2.3.1 Profiles

Two types of soil profiles are considered in thedelong part of this study (Figure
5.1). The first type is a homogeneous soil praiil@.5 m thickness with a constant
groundwater level at the bottom of the soil profilae second profile consists of a 30
cm surface layer on top of a gravel layer. For pniile it was defined that water
could flow from the sand to the gravel only at ptee heads at the interface
exceeding -10 cm (Baker and Hillel, 1990). If tbrgical pressure head is reached,

free outflow takes place until the pressure heagsiagain below this critical value.
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Figure 5.1 Two types of profiles used for evaluatip the hydrological behavior of the coarse textured
mixtures.

5.2.3.2 Meteorological data

For an 11-year period, 1994-2004, covering wetraye and dry years (Wesseling et
al., 2007), model simulations have been perforrReecipitation and potential
evaporation data (on a 6-hour basis) have beemebit&rom the meteorological

station of Wageningen University (www.met.wau.Rligure 5.2 shows the
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precipitation and potential evaporation amountsregéime. For the sake of

simplicity only the average monthly values haverbeged for constructing Figure 5.2.
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Figure 5.2 The monthly values of potential evaporadn and precipitation from the meteorological
station of Wageningen University and Research Cengrfor the years 1994-2004 (after Wesseling et al.,
2007).

5.2.3.3 Crops

The considered crop in the modeling simulatiorgr&ss. The rooting depth was
assumed to be 0.05 m with roots uniformly distrdglibver this rooting zone. The Leaf
Area Index was kept constant and set to’&f) because grass is mowed frequently

on golf courses, sometimes daily. Plant evaporasaependent on the prevailing
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pressure head in the root zone (Feddes et al.,, Y@&f8Dam et al., 1997b; Wesseling
et al., 2009c). In this study, it is assumed thatroot water uptake is zero when the
pressure head is higher than -10 cm (wetness stogdewer than -8000 cm (drought

stress). Root water uptake is optimal for preskeas between -25 cm and -200 cm.

5.2.3.4 Irrigation requirement

The model SoWaM offers a lot of possible irrigatmiteria (Wesseling et al., 2009¢),
such as the ratio between the actual and the paitptant evaporation, a threshold
value for the moisture content at the centre ofrtioe zone, a threshold value for the
pressure head at a specified depth, and the ambamtilable soil water in the

rootzone. In this study the transpiration ratio waed to trigger irrigation.

5.2.3.5 Available output

Simulation runs with SoWaM (Wesseling et al., 20Q%@ovide a lot of data, stored in
a database automatically, like all terms of theewhtlance, required irrigation
amounts, and data showing the computed pressudedneaoisture content versus
depth and time. Output data can be stored for Bastep, but also for instance at the

end of a simulated day only.
5.3 Results and discussion
5.3.1 Characteristics of the samples

5.3.1.1 Bulk density and porosity

Dry bulk density and total porosity were determih@dthe constructed root zone
mixtures, see Table 5.3. Dry bulk density rangedhfi.64 to 1.75 g cthfor the pure
mineral samples and from 1.59 to 1.61 g°dior the amended samples. Amended

samples always had lower dry bulk densities.
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Table 5.3 Bulk density and porosity of the 5 mixtues

Sample Bulk density g crit Porosity %
Pure Amended PureAmended

A 1.69 1.59 354 37.3
B 1.75 161 31.9 36.2
C 1.73 1.60 329 37.1
D 1.72 1.60 33.5 36.9
E 164 161 384 36.4

The porosities of the pure samples ranged from%81®38.4%, for the amended from
36.2 to 37.3%. Porosities of amended samples weweya higher than for the related

mineral samples, except for the coarsest E sample.

5.3.1.2 Saturated hydraulic conductivity

The measured saturated hydraulic conductivity wgls for all pure samples, up to

160 m d" for the coarsest sample E (Figure 5.3). All sasfiéill the requirements

of the USGA for putting green construction, whers advised to use soils withyi«

value higher than 3.6 m"dUSGA Green Section Staff, 2004). Measureg-alues
of the amended samples was considerably lower cadpeath the pure samples; K
roughly decreased by a factor 10 to 100 to valfi€ssto 1.6 m ¢ (Figure 5.3). Ka—
values are all in the same range for the amendgtlires with values just below the
recommended value of 3.6 rit df the USGA.
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Figure 5.3 Measured saturated hydraulic conductiviy of pure and amended samples. Please note that

the y-axes have different scales.

5.3.1.3 Unsaturated hydraulic conductivity

The unsaturated hydraulic conductivity curves weted using the K(h) data obtained

by the Wind measurements (Stolte and Veerman, 1&9@the average of the three

KsatvValues measured with the constant head methodh 0 cm) (Stolte, 1997) . The

fitting program Splop (Wesseling et al., 2008bpwaf to fix the value of K In this

study we fixed it at the values presented aboveasxample, Figure 5.4 presents the

results of the fitting program for the relationsbigtween the pressure-head and

hydraulic conductivity of the pure C-sample.
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Figure 5.4 Results of the fitting-program Splop.exgyielding the fitted line through the measured
points of the pressure head [cm] (x) versus hydraid conductivity relationship [cm d] (y) of the pure
C-sample.

The measured data sets contain only few K(h)-pdortpressure head values in the
range between 0 and -40 cm. This was caused asheutflow of water when
inserting the tensiometers in the fully saturat@tisample. In this pressure head
range, the shapes of the fitted hydraulic condugtourves are therefore entirely

dependent on mathematical interpolation.

Figure 5.5 shows the hydraulic conductivity funngaf all mixtures against pressure
head. The curves of the amended samples look mdesothe same. For the pure,
mineral samples, mixtures A and B have the samgestaughly, while differences

occur for increasingly coarser mixtures.
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Figure 5.5 Unsaturated hydraulic conductivity curves for the pure and amended samples A (fine-
textured) to E (coarse-textured).

5.3.1.4 Water retention

The water retention curves were fitted using tltg tata obtained by the Wind
measurements and the measured total porosity {aqal, for h = 0 cm). Since
current tensiometers fail to measure below h < -@&0there is also little data of the
dry part of the curved(< 0.02 to 0.04 for the pure mixturésg 0.07 to 0.09 for the
amended mixtures). Also in the wettest part (.32 to 0.34), few data are available

due to rapid outflow of water before installing tleasiometers in the samples.
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Figure 5.6 Measured water retention curves for samps A (fine-textured) to E (coarse-textured).

The water retention curves of the pure samplexu(Ei§.6) show that for soil moisture
contents between 0.04 and 0.3, the amount of mieistiained at a certain pressure
head increases with decreasing particle size. ditiad, the shape of the curves shows
that mixtures of fine-textured materials retain enasater and drain their water more
gradually than mixtures with coarse-textured matsriThe shapes of the curves of the
amended mixtures are almost similar, with littléuat differences. It can be seen that
addition of 10 vol. % organic matter increasesalm®unt of water retained, almost

independently of related pressure head.
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5.3.1.5 Readily available water
A commonly used indicator is the RAW (Readily Awadile Water) value, being the

amount of water that is stored between field capdbhi=-100 cm) and wilting point
(h=-16,000 cm). These values are presented in &g, where it is shown that the
addition of organic matter results in a significardrease in the amount of readily
available water. Adding 10% organic matter to tbik samples increased the amount

of readily available water with 144% (texture B}®4% (texture D), respectively.

£ Pure
B Amended

Readily available water (vol.%)

Sample

Figure 5.7 The readily available water for the pureand amended soil samples.

5.3.2 Model simulations

5.3.2.1 Uniform soil profiles

Model simulations over an 11-year period (1994-300dre performed for 10
homogeneous soil profiles consisting of the puneemal mixtures and the mixtures
amended with organic matter. Two simulation rungehiaeen executed, one without
and one with the activation of the irrigation crid@. In the latter case, irrigation is
applied when plant evaporation ratio (= actual peuaporation / potential plant
evaporation) drops below 0.9. Irrigation is theplagal at 7 AM during 30 minutes,

totaling an amount of 4 mm. For both simulations@with and without irrigation) the
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terms of the water balance have been determindélglre 5.8 the ratio of actual and
potential plant evaporation is shown for both siatioh runs. The ratio varies from
0.27 (D) to 0.44 (B) for the mineral soils and frO36 (E) to 0.46 (D) for the
amended soils. Applying irrigation results in ratwarying from 0.44 (E) to 0.76 (C)

for the mineral soils and from 0.59 (E) to 0.67 {Br)the soils with amendments.
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Figure 5.8 The ratio of actual and potential plantevaporation for the mineral and the amended
homogeneous soil profiles with and without irrigaton.

From these data it can be concluded that the apatiount of irrigation water was
apparently insufficient to achieve optimal watetalg@ by the grass. This might be
caused by the fact that at least part of the aghpliegation water leached rapidly
through the rooting zone of the respective mixtumesediately after application,
maintaining the water stressed situation duringddneand leading to low ratios of
actual to potential plant evaporation.

Figure 5.9 shows the yearly irrigation totals asipated by the model. Irrigation
amounts for mineral soils are higher than the aredrsils, except for the E-mixture.

The required amount of irrigation for the minerakiures varies between
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Figure 5.9 The yearly irrigation supply for the 5 ®il profiles with and without amendment. Values are
averaged over the period 19¢-2004

228 mm for the E-mixture and 355 mm for the D-migtun case of the amended soil
mixtures, the yearly irrigation varies between 248 (A) and 268 (E) mm. This

implies an average irrigation reduction of aroub&a3for profiles A-D, but a slight
increase of 17% for profile E.

In Figure 5.10 the computed water losses througlbtitom of the soil profiles (2.5
m) are shown. It can be concluded that i) amend&tlires have lower water losses to
the subsoil and ii) irrigation of mineral soils ¢kt higher water losses compared with

no irrigation conditions. This is not necessairilg tase for the amended mixtures.
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Figure 5.10 The yearly flux through the bottom (2.5m) of the 5 soil profiles with and without
amendment. Values are averaged over the period 192404.

5.3.2.2 Soil profile on a layer of gravel

Calculations were performed for one year (1994%edBy year) again, but now a 30
cm thick soil layer on top of a layer of gravel veasumed. All soil materials
discussed in the previous paragraphs were appjiaich.alhough we were mostly
interested in the effects of soil texture and amerat on irrigation requirement, we

also had the opportunity to mutually compare batfiles.

The same irrigation scheduling was applied in ¢lase. The applied yearly irrigation

Is presented in Table 5.4.

Table 5.4. Irrigation requirements (in mm y*) for all samples and profiles.

Uniform profile  Profile on top of gravel layer

Soil Pure Amended Pure Amended
A 436 380 192 164
B 444 372 196 172
C 460 402 212 192
D 472 440 240 212
E 504 476 320 248

From this table two conclusions can be drawn. Ringt amendment of 10 Vol. %

organic matter decreases the irrigation demanadsfisigntly for both types of profiles.
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Secondly, a 30 cm thick profile on top of a graegkr reduces irrigation requirements
by almost 50% compared to a uniform profile, astdar this 6% dry year 1994. This
is also visible in Figure 5.11, where the trandmrareduction is presented for the
year 1996 for all samples.
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Figure 5.11 The average transpiration ratio of alprofiles and samples over the year 1996.

In general the average transpiration ratio decsefieen fine-textured to coarse-
textured. Amending organic matter increases thespiaation ratio, so does the
presence of a gravel layer. Figure 5.12 showsdaim&nding organic matter to the soll
decreases the amount of water flowing through gt of the soil profile. This
figure also shows average fluxes of all samplespantiles used in this study.

Generally, the profile with the gravel layer shavdecrease in the bottom flux
compared to the deep profile.
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Figure 5.12 The flux (mm y") through the bottom of the top layer for all profiles and samples.

5.4 Conclusions

The dataset gathered in this study increases ttherstanding of the hydrological
behavior of coarse soils, although additional redes needed to better understand
the processes in coarse soils near saturation.

Furthermore, the innovative polymer tensiometemsn(der Ploeg et al., 2008)
could be used instead of the ceramic ones to hattrstand the hydraulic
processes in dry soils. These tensiometers haaelarger measuring range than
the standard ceramic tensiometers, and only fgitegsure heads below -20.000
cm.

For the sand mixtures used in this study, we oleskavsignificant effect of texture
and organic matter addition on hydraulic propertg@surated hydraulic
conductivity increased with coarser texture, wholepressure heads smaller than -
50 cm unsaturated hydraulic conductivity decreasiéid coarser texture. Also
water retention capacity and the amount of plaatlable water decreased with

coarser texture. Addition of 10 vol. % organic reattonsiderably reduced the
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effect of texture on hydraulic properties. It reddsaturated hydraulic
conductivity with one to two orders of magnitude;reased unsaturated hydraulic
conductivity for pressure heads smaller than -50amd increased water retention
capacity. For the amended textures the amountaglilyeavailable water increased
between 144% (sample B) to 434% (sample E) compaitbdthe pure, mineral
samples. This complies with the experimental rexfitMcCoy et al. (2007).

The coarse-textured pure soils we studied fall inlobUSGA specifications for
constructing putting greens. Results indicate tth@se mixtures can contain only 2
to 16% plant available water and therefore neeglieat irrigation to maintain
plant growth possibilities. Addition of organic retseems a good solution to
reduce the irrigation water requirements, but iases the risk of runoff because it
dramatically reduces ¥ In the current study, the saturated hydraulicdcativity
dropped below the value recommended by the USGRARBd").

The ratio between actual and potential plant evatpmr is higher in case a gravel
layer is used below the rooting zone compared avitimiform profile. This is due
to the fact that water only flows into the graweér when the pressure head at the
layer interface exceeds a certain limit.

Adding 10 vol. % of organic material will decreabe amount of required
irrigation water and thus will help to reduce thaflmw of solutes and nutrients

from the soll profile also.
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6 Irrigation of a golf course in the southern part of The

Netherlands: simulation versus practice

On one of the greens of a golf course in The N&ihds, soil physical properties have been
determined, and rainfall, irrigation applicatioasd soil water contents measured during a
one-year period. The numerical model SoWwaM has bpphed to compute the moisture
content changes in time, and these show a gooéragre with obtained measurements.
Thereatfter, the calibrated model has been usednpare computed versus actually applied
irrigation quantities and timing. Results indicatbdt computed and applied irrigation
amounts were almost equal on a yearly basis, havtkgalays of irrigation differed.
Basically, the greenkeeper irrigated less durirgfitst phase of the growing season, while
later on sometimes over-irrigation took place wtteare was no real need.

Adapted from

Wesseling, J.G. , C.J. Ritsema, K. Oostindie, C.R. Soof and L.W. Dekker.2009. A new,
flexible and widely applicable software package for the simulation of one-dimensional
moisture flow: SoWaM. Submitted to Environmental Software and Modelling.
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6.1 Introduction

The software package SoWaM (Wesseling et al., 2008s applied to investigate the
irrigation water requirement of the 18-hole golticse Toxandria, located in the
southern part of The Netherlands. The golf couesedv.5 ha of playable turf, of
which approximately 1 ha is in use as greens. Waterfor the greens of the golf
course was recorded in time by the greenkeepem Enese data, the amounts of
irrigation applied for the year 2004 could be dedvin 2005 a set of TDR-sensors
was installed in a green at several depths. Thstmei content values were measured
by these sensors at regular time intervals and stered by a datalogger. The
memory of the datalogger was emptied every 15 ramthiirough a GPRS connection.
The moisture content values obtained in this wasevgtored in a database. A linked
web-page was developed to enable visualizatiohefrioisture contents on a

continuous basis.

6.2 Materials and methods

Soil samples were taken on one of the greens ajahecourse for determining the
soil physical characteristics (see Figure 6.1).sEheamples were analyzed in the soll
physical laboratory of Alterra using the constag&dh method and Wind’s evaporation
method (Halbertsma and Veerman, 1994, Stolte amrian, 1990; Wind, 1966). A
series of cubical splines (Wesseling et al., 200&m fitted through the measured
values yielding the soil moisture retention curnd éhe unsaturated hydraulic
conductivity of each sample (Figure 6.2). Similatadwere obtained for the subsoil of
the green under study. Meteorological data (pr&ipn and evaporation) for the
location of the golf course were obtained from deuomlogical service in The
Netherlands. Soil moisture flow was simulated wite SoWaM software package
(Wesseling et al., 2009c).
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Figure 6.1 Taking soil samples at the green of thgolf course.
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Figure 6.2 Soil physical characteristics of the tognil of one of the greens on the Toxandria golf cose.
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6.3 Results and discussion

The irrigation trigger value was calibrated by campg measured and computed soil
moisture contents for the second half of 2005.iffigation event, 3 mm of water was
supplied, the greenkeepers standard irrigationlguppe best results were obtained
with an irrigation trigger at a transpiration ratib0.95. The measured and computed
moisture contents of the green at 5 cm depth a&septed in Figure 6.3. In general the
computed and measured moisture contents agree vethieexcept in the wet periods
where the computed moisture contents are highertttameasured ones.

30

Moisture content (vol.%)

Jul Aug Sep Oct Nov Dec

— Measured Computed 2005

Figure 6.3 Computed (grey) and measured (black) msiure contents at 5 cm depth in one of the

greens of golfcourse Toxandria during the second tfeof 2005.
Hereafter, the SoWaM simulation model has been tesedmpute the irrigation needs
of 2004 with the irrigation trigger described iretprevious paragraph. Actual
irrigation dates of the greenkeeper, the ones coedpay the model, and the measured
precipitation are presented in Figure 6.4.

Figure 6.5 shows the actually applied and compdggds of irrigation for the year
2004. In total, the greenkeeper irrigated 168 m®Grapplications between Aprif'l
and the end of October, and the model 180 mm iap@lications.
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Figure 6.4 Measured precipitation, irrigation applied by the greenkeeper and computed irrigation by tl
SoWaMCalc model.

Figure 6.5 indicates further that the model irrggaslightly more in the early growing
season between the beginning of April and the aginof July. According to the
model, it was not necessary to irrigate betweerbdggnning and the end of July,
though the greenkeeper still irrigated in this peron a regular basis. In addition, from
early April until June 18, the model indicated 29 days where irrigation widudve
been required. In the same period, the greenkeepzted only 23 times. In the
following period (through July 29 it is relatively wet and the model only indicates
irrigation days, while the greenkeeper irrigatedifrtes, which basically leads to
unnecessary water use. This indicates that suclelnapglications, when done
realtime, can be used by the greenkeepers to iraprogation scheduling on their
golf courses. This might help to reduce irrigatveater quantities and prevent

unnecessary losses to underlying groundwater sgstem
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Figure 6.5 Cumulative irrigation applied by the greenkeeper and computed irrigation by the
SoWaMCalc model.

In this example the irrigation criterion has beahlrated on the greenkeeper’s
irrigation scheduling, which was validated for #etent period. Another possible
application is to apply the knowledge of the grsdentists about situations at which
turf damage will occur and use this knowledge agger for irrigation. This might
help also to potentially prevent losses of nutseartd the development of dry spots on
turf (Dekker et al., 2004; Dekker et al., 2005;sRiha et al., 2004).

6.4 Conclusion

This case study showed a possible application W&\ as a tool to determine and
evaluate the irrigation requirements of a golf seuln combination with the expert

judgement of an experienced greenkeeper, realdappécation of a simulation model
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can lead to improved irrigation scheduling, pot@ngavings in water consumption,
better turf quality and reduction of associatedgneosts. Extending the SoWaM
simulation model with a solute and/or plant nutritimodule could yield a helpful tool

from this perspective.
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7 Animating measured precipitation and soil moisture data

Nowadays more and more measurement sites ardeaisitatthe field to gain insight in the
process of 2-dimensional moisture flow in soilsg@pendence of the weather conditions. As
these measurements often yield a large amounttaf daualization can be helpful and
therefore a software package was developed cargigtiseveral tools to process the
measured data by creating animated movies of thegds in soil moisture content in time.
This Chapter presents the software, the datafldwdsn the tools, a description of the tools
and some examples of in- and output.

Adapted from

Wesseling, J.G., K.Oostindie, L.W. Dekker, E. van den Elsen and C.J. Ritsema. 2008.
Animating measured precipitation and soil moisture data. Computers & Geosciences
34: 658-666.
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7.1 Introduction

Soil moisture flow is a complicated process th&tmwkhows a large spatial and
temporal variation. Numerical models are availdblsimulate 1 dimensional flow,
e.g. SWAP (Kroes and van Dam, 2003; Kroes e2@D8; Van Dam et al., 2008),
Daisy (Hansen et al., 1990), Hydrus1d (Simunek.e1898) and SoWaM (Wesseling
et al., 2009c), 2-dimensional flow (Vogel, 1997eikkn, 1997; Simunek et al., 1999)
and 3-dimenaional flow (Russo et al., 1998). Thesite of the International
Groundwater Modelling Centre (http://www.mines.aegwimc/software/) presents an
excellent overview of all models and their availi#gji Despite the improvement of
numerical models, field measurements remain oftgngaortance for researchers. The
reasons are twofold: i) numerical models need rtiitn and validation and ii) field
measurements help to gain new insights in phypicadesses affecting water flow,
such as soil layering, water repellency and swgkind shrinking processes. As
electronic measuring devices nowadays are becoohmegper and more sophisticated,
soil moisture content is now often been measurednagh spatial and temporal
resolution. For instance, sensors based upon the (Tbne-Domain Reflectometry)
principle (Baker and Hillel, 1990; Heimovaara anouBn, 1990; Topp et al., 1980;
Van den Elsen et al., 1995) can be used for thisgae. Measured values are either
stored on a datalogger or some computer, and dgnéasa processing takes place at
the office.

In the Soil Science Centre of Wageningen Univeraitg Research Centre, detailed
field investigations on flow in soils takes platdesaveral sites within The Netherlands.
In order to account for spatial heterogeneity, ntomg sensors are installed at short
distances. For an example see Figure 7.1 whenel avgs created of 40 sensors (10
horizontal positions x 4 depths in a vertical testf 1 m long and 30 cm deep),
while another identical grid of sensors was insthkt some distance from the first one

to study the effects of different soil treatments.
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Figure 7.1 Schematic representation of a measuringjte. To investigate the influence of different
treatments, two sets of sensors have been installed

Results of field studies have amongst others bebhghed by Oostindie et al. (2005a;
2005b).

7.2 Processing the data

7.2.1 General

At first the measured moisture contents and, iflalke, also drain outflow data, were
processed and visualized by copying the data-fiesan Excel spreadsheet. The data
was checked manually and graphs were made aut@imatio the following
paragraphs we shall show how a combination of tweeEspreadsheets (with some
Visual Basic code) and a Delphi program can spgethe data processing and create
animations and slideshows of spatially distributeshsured values automatically
(Wesseling et al., 2008a). The Excel file RainPssoe contains a small VB-macro
that reads the input files with measured precijpitatiata, puts the data in the correct
order, calculates intensities and shows the dataoimthly graphs. TDRProcessor is an
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Excel file to read the measured moisture contesats,them, write the data in a
specified way and make line-graphs of the data.prbgram TDRProcessor.exe then
reads the four Excel files (outflowl.xls and outfihxIs containing data on drainage
outflow, tdrprocessor.xls containing TDR data, smdprocessor.xls containing
precipitation), creates 2-dimensional contour ptdtdhhe measured moisture contents

and shows the precipitation and drain outflow meti

7.2.2 Dataflow

Before showing the animated precipitation and nuogstontent changes in time with
the program TDR-processor, the appropriate dataldhme processed by and stored in
the Excel files. The order in which these datapmoeessed is not important, as long as
they are available before starting the animatia@g@m. This process is shown in the

flowchart of Figure 7.2.

7.2.3 Precipitation

Precipitation is usually measured with automatieggs. A signal is given after a
certain amount of precipitation (e.g. 0.2 mm) rekeh. The built-in software of the
automatic gauge records the time at which the sigaa recorded and adds the
amount of precipitation to its memory. This way fie with precipitation data will
consist of lines with only three items: a datdpsetand a cumulative precipitation.
After the data has been read from the gauge, tmeamewill be reset and cumulative
precipitation will start from zero agaifio process the precipitation data, the Excel-file
RainProcessor.xIs should be loaded into Excel.rAffening this file, 13 worksheets
will be available: one control-sheet and 12 worlktbevhich contain data for one
month each. The worksheet ‘Control' is the one &/lgeu give some details about the
files to read and where you can start the datagsiog. All files with precipitation
from the meteorological station should be storedna single directory first. The first
characters of the names of the files with precipitadata should be the same,
representing the name of the station. Pressingsti@y’-button will start a VB-macro

for reading and processing the data files. Wheogssing is finished every month-
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Figure 7.2 Flowchart for processing precipitation-,drain outflow- and TDR-data.

sheet contains three columns with data: the date;tihe cumulative precipitation
(mm) and the calculated intensities. These datatawen graphically as presented in

Figure 7.3.
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Figure 7.3 Example of recorded cumulative precipitdon and rainfall intensities.

7.2.4 Moisture content

Usually the interval between measurements of thR-EBnsors varies between say 10
minutes up to several hours, depending on thedstaf the researcher. The TDR
sensors are distributed over a number of diffefiefds (‘plots’). Each plot can have
different properties (e.g. plot 1 is untreated} gldvas been treated with product A,
plot 3 with product B, etc.). The sensors are @a&lby-one by the registration unit.
This implies there is a small time-difference bedwéhe registrations. The
registrations will be copied from the registratiomt to a file. Each line of the file
contains a lot of information, including the sensamber, the date, the time and the

measured moisture content.

To process the data measured with the TDR-sernber&xcel-workbook
TDRProcessor.xls has been developed. The curresibweof this tool is able to
handle data of 5 different plots and up to 10 sermoes (depths) per plot. After
opening the workbook, a lot of worksheets becomsilg. These are presented in
Table 7.1
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Table 7.1 Worksheets in Excel-application TDRProcesr.

Sheet Contents

Control File processing, distribution of sensorsrgplots, data processing
AnimaControl X- and Z-positions of the sensors

Colors Color-settings of the animation

Moisture The moisture contents

Ka The rough measurement data

Plotl Graphs with moisture content of plot 1

Plot2 Graphs with moisture content of plot 2

Plot3 Graphs with moisture content of plot 3

Plot4 Graphs with moisture content of plot 4

Plot5 Graphs with moisture content of plot 5

Averages Averaged moisture contents at one deptbaith plot

PlotAverages Plot with average moisture contents.

Worksheet 'Control' (Figure 7.4) is the main wosesh Cells A1 and A2 should
contain the directory of the data-file to be pr@aesand the name of the data file
respectively. Pressing the button 'Add file' caubesprogram to read the data from
the file and put them into the worksheets '‘Moistaral '‘Ka' from where they will be
read by the animation program. Pressing the 'Shatttn causes the data on the
worksheet 'Moisture' to be processed and graphe toade for every plot, including
averages. Worksheet 'AnimaControl' is meant toigedata to the animation
program TDRProcessor.exe. It contains the positdradl sensors for the first plot.
(Take care that the z-values of the sensor-positwa either increasing (positive) with
depth or decreasing (negative) with depth. The rarogdoes not have any checks

built-in for the correctness of coordinates).

It is assumed that the other plots have the samsoseoordinates. See (Wesseling,
2007) for more details. The animation program pressthe moisture contents by
different colors. This means a number of moistunatent classes have to be defined
beforehand. Each class is assigned a minimum valogximum value and a different

color. Therefore the worksheet 'Colors' (Wessel@f)7) is introduced to enable the

127



users to define their own classes and corresporutilogs for the animation. The

colors have to be entered as RGB-values.

CADATAL <---- Directory, end with \
k2_021104 tdr <---- Filename

0 <---- Remove present data (1) or add to present data (0)
Finished | | | A |

Nurmber of depths 4
Plot 1 Plot 2 Plot 3
First Last Depth First Last Depth First
1] 10 4cm 41 50 4c¢cm
11 20 10 ¢cm 51 60 10 ¢cm
P 30 20cm 61 70 20cm
SH) 40 30 cm 7l 80 30cm

Janiod
Octi04 ST

Figure 7.4 Main worksheet (‘Control’) of workbook TDRProcessor.

The worksheets 'Moisture' and 'Ka' contain the meakvalues. In ‘Ka’ the measured
di-electric value is shown from which the moistaomtent in ‘Moisture’ is calculated
by the measuring device (Wesseling, 2007). Evelynan represents one sensor
except the first column where the date and timee&surement are written. At each of

the worksheets 'Plotl', ...., 'Plot5' the moistiostents are shown at each depth.
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The worksheet 'Averages' contains moisture cormtatat averaged over one depth.
This worksheet is meant only as an intermediatéPlotAverages' (Figure 7.5) which

contains charts. Every sensor depth has its owrt aieere each line represents a plot.

Averages at4 cm
40 -
35
30
L |
g 5 h\ *
g 204 -
= (DAY
| | [ Y
10 A
MVARRSS
0
0
01/01/2004 04/10/2004 07/18/2004 10/27/2004
Date
— Treated — Untreated
Averages at 10 cm
25.00 7 | ! | !

Figure 7.5 Part of worksheet with averaged moisturegontents per plot. Please note that in the period
between 2 and 4 October measurements failed for ahile, yielding straight lines in the graph.

7.3 Creating animations

In the previous sections of this chapter we desdribe preparation of data to be used

in the animation software package. The TDRProcesseitool is able to visualize
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changes in soil moisture contents and precipitdori plot or 2 plots at the same
time. Before starting the animations, the first &l date of animation should be
selected by choosing the appropriate dates onaleadars (Figure 7.6).

7 TOR data @G
File with precipitation |CAdata\R ainProcessor.ds
File with TDR data |C'\data\'l' DRprocessor. s _]
W [Dutflow plot 1] |e:\show\Dutflow! xls Bl
[~ Outflow plot 2
Presentation properties
Please select tems to show in contousplots Color distibution SRt oF oot
Top chart Bottom chart = Smoocth  Specily 10 -
% Humus " Humus
" Foam & Foam Linds Coloss
Low EIJ Low |[] civeow '!
High [50 Hi Blue -
Start animation End animation ioh |1 <
Sun Mon Tue Wed Thu Fii Sat Sun Mon Tue Wed Thu Fii Sat
1 2 3 1 2 3 4 5
4 547 8 9 10 E 7 8 9 10 11 12
11 12 13 14 15 16 17 13 14 15 16 17 18 19
18 19 20 21 2 23 24 0 21 2 e 6
5 % 27 B 23 30 27 28 B N
T 01/23/2008 T Today: 0172372008 o e
3 Toduy: e |Description of series
File where PowerPoint shdes should be wriltten o Directory for jpg-files
|e:\emphshow.ppt EI |:\emphipgh E ® oo 1
= |

Figure 7.6 Control screen of program TDRProcessorfter reading data-files.

The number of soil moisture classes (and thus tineber of colors) may vary between
2 and 50, but normally around 4 to 8 classes dfiigunt to achieve good animation
results. Within the TDRProcessor software, two cdistribution methods are
available: a smooth distribution and a specifi¢rthstion. In case of a smooth
distribution you can enter the minimum and maximuatue of the moisture content
(in %) you want to show. Below these minimum andimam values you can select
the corresponding colors. If you select the spedifstribution, you should specify the
low- and high value for each interval, as welltascblor.
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The color can be entered as a RBG-value (Figure Préssing the button on the right-

hand side of the color selection panel causesa selection screen to pop up. To
create this form, the freeware component MCColoePéieveloped by Leonid ‘MC'

Belousov, see www.mastercluster.com) was downloadednstalled.

7 TDR data

[BEIES
File with precipitation [C:Adata\RanProcessor.ds EI
File with TDR data |C:\data\TDRprocessor. s Bl l
¥ Dulflow plot 1 [e:\showhOutfiow! s Bl
[~ Dutflow plot 2
Presentation propesties
Please select kems to show in contourplots Color distibution N i
Top chart Bottom chart  Smocth & Bpeci 0 B
& Humus " Humus
Class 1 A
" Foam * Foam Limits
Minimun |0 Mavimum |4
Color
| = =
B e Red[255 2| Green[0 2] Bue[0 2 N
Sun Mon Tue Wed Thu Fri_Sat Sun Mon Tue ‘Wed Thu Fii_Sat Limits
= ; 10 208 i 1 2 3 4 5 Mt [4 Masimum |3
4 5@ 7 8 9 10 E 7 8 3 101 12 Color
1M 12 13 14 15 16 17 13 14 15 16 17 18 19 Red[255 =) Green[153 =] Blel0 =] IEs
1819 20 21 2 23 24 02 2 BB % [ =] Green[153 = o=l —] -
% % 7 B BN 7 B’ BN
Tet for irst shde
T Today: 01/23/2008 ) Today: 01/23/2008 |Descroinnotms
File whete PowerPoint shdes should be wiitten to Direclony for pg-files
c:Memphshow,ppl B [cvemplipgh B g
Go
_ & |

Figure 7.7 Control screen when colors for differenmoisture classes are specified.

The initial colors are loaded from the sheet 'Csllof the spreadsheet with TDR-data
and stored there again when animation starts. i@tickhe ‘Go'-button will cause the
next page to appear (Figure 7.8). The top graptesepts the precipitation data. The
middle and bottom graphs are designed to showdh®ar graphs of the data you

selected. It is possible to change the speed ddrifreation by changing the position of

the slide-rule at the bottom

of the form.
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Figure 7.8 Form with graphics during animation.

During animation a red line will move through thregpitation chart to indicate the
date for which the contour-plots are actualizedthfsprecipitation is presented as
daily totals, sometimes it may happen that the tamscontent of the plots increases
only at the end of the day, even though the pretipn chart indicates precipitation.

In this case the precipitation actually took platéhe end of the day when also the
TDR-sensors are responding. At the top of the uppetour-plot the date and time are
presented as well. After pressing 'Pause’ you ithereesume the animation (by

pressing the same button once more) or press tBta@Enually move forward in time.

Whenever you are in the 'Pause’-mode, you can tha@pgharts to the clipboard. The
three graphs will then be put together on the dgsd from where you can paste them
into an application like PaintShop, Word, Powerpeic. Figure 7.9 presents the

graphs of an animation of measurements on an ewpetal slope.
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Figure 7.9 Example of graphs as copied to the cliplard.

In Figure 7.10 a series of measurements resultshemen before, during and at the
end of a rain event. It clearly shows that watérailty infiltrated mainly at the top and

bottom of the slope and that less infiltration tg&ce in between.

7.4 Final remarks

» The program stores the jpg-files as Fxxxxx.jpg vehemxxx is a number. There is
no check on existing files, so one should remoddités from the output directory
of the animation program yourself before startingea/ animation.

« Separating the data-preparation and visualizatimm the animation itself has the
advantage that the benefits of Excel and Delphuaesl. Writing it all in Excel /
VBA would make it slower and less sophisticatedeiation to the 2-dimensional

graphical design.
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Figure 7.10. Moisture content distributions on an gperimental slope before, during and after a period
with precipitation.
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» Applications of this program are not limited tolsapisture. For instance, soil
temperatures or solute concentrations can be vzeabhs well, or any other
property, as long it has been measured in 2 diroegsi

* The developed software can be used for visualithegutput of numerical
simulation models as well.

* Animations prepared with the newly designed sofeArzave been shown to

audiences at international congresses and confeseicady.
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8 Synthesis

8.1 Achieved results

The main objectives of this study were: to descsiiéphysical functions in a
mathematically more accurate way, to investigagesttundness of the Staring Series
soil physical database, to develop and apply ah®asoil moisture flow simulation
model and to expand the Staring Series with datzoanse textured soils. All these
objectives have been addressed through a serieteoklated research activities,
comprising a mixture of laboratory investigatiofield monitoring campaigns and
modeling work. The main activities executed dutimg PhD study and obtained

results are the following:

» Describing the soil physical relationships in a mathematically more accurate way
The soil water retention function and hydraulicretaéeristics are generally described
using the Mualem - Van Genuchten equations. Indgpptoach, the Mualem - Van
Genuchten equations are fitted through a serieseafsured points to obtain the
related equation parameter values. However, sib ianot always possible to fit these
equations through the measured data with suffi@eatiracy. Therefore in Chapter 2,
a cubical splines method using a Mean Distance ffomt to Line (MDPL) object
function has been introduced and tested on sesetslof soil moisture retention and
hydraulic conductivity data. It appears that the RIDmethod significantly increases

overall fitting results compared with other appittoes currently known and in use.

» Investigating the validity of clustering data from soil samples into soil physical
classes

The way the well-known Staring Series has beergdesi originally aimed to

categorize soil samples into soil physical clagsessed on textural information, and to

derive “averaged” soil physical properties for thetasses. A detailed analysis has

been performed regarding the soundness of thiapbrn order to unravel if

different soil physical classes within the StarBeyies reveal statistically different
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outcomes from a hydrological point of view whendisar modeling purposes. Results
presented in Chapter 3 indicate that samples gobunpe a single Staring Series class
not necessarily show identical hydrological resgsngurthermore, no statistical
significant differences in hydrological output codie found between most of the
distinguished Staring Series classes either, itidigahat grouping of samples should

be done according to other criteria than soil texaind organic matter content alone.

* Model development

Current available simulation models to describérsoisture flow in the unsaturated
and saturated zone are all different and not alveaihit the features which one
preferably needs for a specific application or gtuicherefore, within the context of
this thesis, a new software package (SoWaM — SatevwManagement) was
developed capable of simulating 1-D soil moistlogvfwith sufficient complexity, the
possibility to describe soil physical relationshyssng the cubical splines method as
described in Chapter 2, the use of variable (inolg@xtremely small) time steps, and
the possibility to store and present model outffitiently and graphically. The
software package consists of a MySQL database andn@er of executables.
Furthermore, several additional features are imptged in the model, like automated
irrigation control, use of different types of iragon criteria, and breakthrough of
water to underlying coarse layers when a certassure head is reached at the layer

interface.

» Determining soil physical properties of coarse textured mixture

So far, only little information could be found owmilgphysical properties of coarse
textured soils. Also, no information could be foundhe widely used Staring Series
database. Therefore, the physical properties efiasof artificially created coarse
sand mixtures were determined in the laboratonggute constant-head method and
Wind'’s evaporation method, respectively. Thereafteg hydrological behavior of
these coarse sand mixtures was studied using thly developed SoWaM model.

Results as described in Chapter 5 indicate sigmfibydrological differences between
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the samples in dependence of the grain size disimiiis used (in preparing the
samples), as well as possible additions of orgamaitter. When used as rootzone
mixtures for constructing golf greens, these dédfgrsamples show distinct differences
in irrigation water requirements. Also it is shotiat less irrigation water is needed
when instead of a homogeneous soil profile, a diayer is positioned directly below

the rooting zone.

« Computing irrigation requirements of golf greens

In Chapter 6, the newly developed SoWaM model le@nused for optimizing
irrigation scheduling on the greens of a golf ceursthe southern part of The
Netherlands. For that purpose, the soil physicaperties of the rootzone layers have
been determined in the laboratory, and additionaHsitu soil water contents have
been measured in the profile at 15 minute timerviails. Information on precipitation
and irrigation application were recorded too. Basedhe obtained data, the SowaM
model has been calibrated, and thereafter usembfaparing actually applied versus
computed irrigation regimes. Results indicate sldjfierences only, with the
numerical model showing more often irrigation dgrthe early phase of the growing

season, and less thereafter. However, yearly tale more or less similar.

» Visualizing measured moisture contents in two dimensions

Currently, more and more detailed field investigasi on soil moisture flow are taking
place using advanced measuring techniques. Reguli@hse arrays of sensors are
placed in vertical soil trenches to monitor soilt@acontents in two dimensions in

high spatial and temporal resolution. Such momupgampaigns reveal large datasets,
which often can not be interpreted at once. Fa phirpose, a software package has
been developed to visualize 2-D soil water contdanges in time as animated
movies. The software package has been tested addarsmultiple datasets from the
Netherlands and clearly show how water might mote $oils. The software package
distinctly helps in interpreting collected datamiore detail and expand our current

knowledge on flow processes through soils in gdnAdditional features of the
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software package are automated data processingltaimaous visualization of time
information and rainfall quantities, and the posi$jbto show more soil trenches on

the screen at once.

8.2 Main conclusions

The main conclusions of this thesis are:

* Cubical splines using the Mean Distance betweentRaid Line criterion
improves fitting results to measured soil physdatia distinctly (Chapter 2).

» Distinguished solil physical classes in the StaBeges database do not necessarily
differ hydrologically. An alternative classificaticystem is required to group
individual soil samples in unique soil physicalsdas, as using textural and
organic matter content information alone is nofisignt for this purpose (Chapter
3).

« The SoWaM model is a highly flexible software pagpkable to compute one-
dimensional flow and transport in a spatially agehporally detailed manner using
an open-source MySQL database for input and ostpuhge. Additional features
included are automated irrigation control, useitiecent types of irrigation
criteria, and breakthrough of water to underlyiogrse layers when a certain
pressure head is reached above the layer intef@iwgpter 4).

» Coarse textured mixtures behave differently frohydrological point of view in
dependence of the exact particle size distributafriee mixtures, as well as
absence/presence of organic matter. Especiallynwhbked for constructing putting
greens on golf courses, slight differences in nmxttomposition might lead to
large differences in irrigation water requiremef@sapter 5).

* Application of the newly developed SoWaM model wadf course site in the
Netherlands showed that irrigation scheduling camiproved, especially
regarding timing of the irrigation water applicatgo(Chapter 6).

* The newly developed visualization software packagerocess large datasets of

measured soil water contents and rainfall dat&ligfal in interpreting obtained
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data and the animated movies expand our knowlezlygrding actual flow and

transport mechanisms in soils (Chapter 7)

8.3 Discussion

8.3.1 Added value of the thesis

The research done and described in this thesidisamtly advances the state of

knowledge and provides added value through:

Integrating research activities in the field and kboratory with model
development and application

Addressing and linking different spatial scalesnirthe sample (cm) up to the 2-D
soil trench scale (m)

Enabling simulation of flow processes at variabigetsteps, ranging from
milliseconds to days to properly account for waiending processes, and potential
runoff effects

Providing a new fitting procedure to parameteriai ghysical properties more
accurately on basis of measured datasets, eithieeden the laboratory or in the
field

Showing that the soil physical classes distingudshehe frequently used Staring
Series not necessarily differ hydrologically, iratiag that the Staring Series
should be revised

Adding information to the community on soil phydipaoperties of coarse textured
media, as relevant for several regions in the waddwell as for putting green
construction

Development and application of new user-friendéxitble model code for
simulating 1-D soil moisture flow, describing preses currently not addressed in
other comparable models

Indicating that current irrigation practices onfgmurses can be improved by

using numerical models for irrigation schedulingtgmtially leading to water
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savings, better turf performance, less relateds¢casid a more sustainable
environment

Providing a software platform for visualizing largets of soil water content and
rainfall data by creating animated movies througtet

Recommending research needs to be addressednedhéuture

8.3.2 Limitations of the study

Besides the above mentioned added value of thssstheertain assumptions and

decisions have been made as well which potentiatiy the credibility and outreach

of part of the obtained research results.

First of all, during the execution of this Ph.Dudy, direct use has been made of
the Staring Series database without proper quatityrol of underlying
information. It was assumed that a quality contiad taken place in the past by
researchers responsible for designing and constguitte Staring Series, however,
at the end it appeared that this was done onlygligrand to a limited extent.

A further critical analysis of the Staring Seriegalshowed that soil physical
properties have been determined in the past byaureiof different measurement
methods and techniques and applied by differemiarebers, basically making
direct comparison between sample outcomes (evea)rddficult.

Despite that the newly developed 1-D SoWaM moddeduas quite some unique
advantages, a wide-use of the model by otherstidirectly foreseen. As indicated
earlier, many other simulation models exist, seviaranore advanced and with a
longer development and application history. Howef@rthe purpose of this PhD
study none of these more advanced models provigeteatures which were
finally included in the SowaM model code.

Soil physical properties have been determined &®rees of predefined coarse
textured mixtures manually prepared in the labaoyatand further evaluated
hydrologically using the SowaM model. Despite thsgeful information has been

derived from this study, future activities shoutatis on coarse textured field soils
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instead, and sample, determine and analyze theserfioer inclusion in the
Staring Series and/or other databases.

» Despite that this thesis focuses on soil physioap@rties and model development
and application, the scope of the study is stthealimited. Certain processes
significantly affecting flow and transport processe the field have not been taken
iInto account or received insufficient attention dodmitations of time and
resources. Especially, problems related to spla¢itdrogeneity (what is a
representative sample?), time-variance of surfaite @vhat are the effects of land
use and management?), weather effects (crusting|agement of water repellency)
and specific soil properties (swelling, shrinkihgsteresis) complicate flow and
transport in real field conditions considerablyd avill need appropriate attention

in future research projects.

8.3.3 Potential institutional and policy implications

The research results described in this thesis nhigh¢ potential institutional and

policy implications.

First of all, it has been identified recently thia¢ Staring Series are being used by
many organisations in the Netherlands (and elsesylier a variety of reasons (De
Vries et al., 2008). Among the users within thehdefands are several Ministeries
(LNV, VROM, V&W), DLG, MNP, Rijkswaterstaat, Provaes, Water Boards,
research and educational organisations, consultamey, and organisations dealing
with nature management. The Staring Series areneggdiarly as input for modeling
studies to assess the risks of certain environrhémeats, like pollution, soil
compaction, organic matter loss, salinization amgien, or alternatively to determine
for instance crop productivity potentials or to kexdie possible effects of future water

management strategies.

The wide range of applications of the Staring Sebi@sically indicates that quality
control of the database should receive the apmtgpattention. The more important

because results of modeling and scenario analysisfeen used by policy makers for
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finetuning regulations or adapting strategies axhecertain policy and/or

environmental goals.

Also in the light of the recently formulated Euraeperegulations on water (Water
Framework Directive) and soil (Soil Thematic Stepte availability and use of a
sound soil physical database becomes increasingtg important. Fortunately, the
Dutch Ministery of LNV provided substantial finaatresources recently to further
expand and professionalise the Dutch Soil Inforama8ystem (BIS), of which the

Staring Series is part also.

8.3.4 Research needs

Results of this thesis lead to the follow recomnagimths regarding the Staring Series

soil physical database and how to proceed forwathe very near future:

» All available soil physical property data of thegmmal Staring Series should be
guality controlled using predefined criteria. Forditely, this activity has been
initiated since early 2008, and quality approvet@as are stored in the so-called
Priapus database from now onwards.

* Due to a current lack of quality assured sampfamediate actions should be
undertaken to (re)sample all representative spgsyin the Netherlands in order to
create a thorough and sufficiently dense natiorevdadtabase on soil physical
property information.

* Precise procedures, protocols and harmonized mettuslld be defined for i)
collecting soil samples in the field from the redav soil types and soil horizons, ii)
measuring the soil water retention characterisatyrated conductivity, and
unsaturated hydraulic conductivity function in plreable and reliable way,
preferably according to predefined ISO-standargjgrocessing obtained data in
the laboratory to obtain the parameter sets oMbalem — Van Genuchten
equations or the parameters of the cubical spapgsoach as described in this

thesis, and iv) data storage and a descriptionroayeformation regarding
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usability of the data and related limitations lutng an accessibility platform for
potential internal and external end-users.

Due to the wide and frequent use of the StaringeSers shown by De Vries et al.
(2008), the lack of quality control of earlier oioed data, and the potential far-
reaching consequences of using the current sogipalydatabase in modeling and
scenario analysis, an urgent need exists for aremiae and substantial financial
provision to arrive at a more trustable, sound, smentifically based improved

soil physical database covering all regions ofNle¢herlands.
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Summary

Chapter 1 describes the problems for which thisighieied to find solutions. Accurate
and reliable information of soil physical propestis of crucial importance when
simulating transient unsaturated soil moisture faowd solute transport. These
properties are either taken from existing databaseseasured. Measured data, either
obtained from the field or the laboratory, is oftesed to obtain the parameters of the
Mualem — Van Genuchten equations. However, fithefequations through the
datasets, is achieved with variable success. Adagfor Dutch soils (the Staring
Series) falls short in proving information on caassindy soils, restricting its
applicability. The SoWwaM model and spline interpiola of soil physical properties
are applied to compare the irrigation regime otienarical model with the one of an
experienced greenkeeper. Furthermore, there iskafavisualization techniques of
the large number of data that is obtained nowadstysautomatic monitoring in the
field. Such visualization may help to interpret tegulating processes. All these

emerging needs were brought together and addressieid Ph.D-thesis.

Due to the problems with fitting the Mualem-Van @ehten equations, a new and
simple method to (mathematically) describe soilgitel properties was developed
using the spline approximation. In a cubical spapgroximation, a function is
described by a number of piecewise-continudtis&yree polynomials. The
parameters of these splines are selected in swely ghat the function and its
derivatives are continuous functions. The matherabtheory of these splines and a
simple optimization method (Controlled Random Skephave been explained in
Chapter 2. The Mean Distance from Point to Line @®)is introduced as the
average distance between a measured point andlthédated line. Five different
object functions are compared: the sum of deviatitihe sum of squared deviations,
the sum of the relative deviations between measamdccalculated values, the ratio

between measured and calculated values, and the_MRé3ults of the fitting
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procedure on several sets of soil moisture retergra hydraulic conductivity data
with the different optimization object functionsoshthat, although the MDPL

requires more computational efforts, it does shioavitest fit.

Nowadays, several soil physical databases aresd@jlboth with raw and clustered
data. Data clustering usually takes place by caieigg soil samples into certain soil
textural classes to determine averaged soil phiylinations for such solil classes. In
Chapter 3 it was shown that the classificationesystised in preparing the Staring
Series doesn’t necessarily lead to different hyalyigial behavior between the
distinguished soil units. Computations with alliidual samples within a single
category show large deviations between samplesregihect to computed plant
evaporation ratios, soil evaporation and seepagmlaion data. So, use of averaged

soil physical functions may lead to significantfelient outputs.

Regarding the simulation of transient 1-dimensiauwal moisture flow, the software
package SoWaM (Soil Water Management) was deve|@sediscussed in Chapter 4.
SoWaM consists of a MySQL database and a numbexexfutables. The database,
called SoWaMData, is the heart of the system. Eegecutable reads data from it or
stores data in it. The most important executab&oid/aMCalc. It solves the Richards’
equation for one-dimensional moisture flow by meainhe Finite Element Method.
Boundary conditions may be stored in the databasenarbitrary time basis. Soil
physical properties may be characterized by ettieMualem-Van Genuchten
equations or by cubical splines. Four differengation criteria are included in the
model: i) the ratio of actual and potential plawigoration drops below a critical
value; ii) a critical pressure head at a specifiegth is reached, ii) a critical moisture
content at a specified depth is reached and ivatadlable volume of water in the root
zone is less than a specified value. Output dataeomodel (consisting of all terms of
the water balance and the pressure head and neodiotent values of each node) is
stored into the database at user-defined timevalgrOther applications are

SoWaMFit (fits a number of cubical splines througeasured data of the soil
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moisture retention curve or hydraulic conductivatyve), SoWaMSoil (shows the
stored soil physical relationships graphically)\WaaMDrain (yields a table
representing the drainage flow in relation to theugdwater level) and SoWaMVis
(presents the output of the calculation in graghaca tabular ways). Compared to
other well-known models, SoWaM has some specifi@athges which are further

specified in Chapter 4.

Though coarse-textured soils occur at several placaund the world, relatively little
is known about their soil physical properties. Algotually no information can be
found in available soil physical databases likeStaring Series or others. To gain
more insight in the soil physical properties of rsgatextured soils and their
hydrological behavior, the physical properties wifiaially created soil mixtures with
different textures were determined using Wind’sparation method. Results are
described in Chapter 5. Additionally, the effectlOfvol. % organic matter addition
upon soil moisture flow was studied. The soil maistretention and hydraulic
conductivity relationships of the different mixtsreere determined and their
hydrological behavior was studied using the nunaéncodel SoWaM. As expected,
both texture and organic matter addition considgratiected hydraulic properties.
When used as rootzone mixtures for constructinggekens, the related irrigation
water requirements dramatically differ despite #dhsamples in this study fall into

the official USGA-specifications for constructinglfygreens.

In Chapter 6 it was investigated how irrigation leggiion and scheduling on a golf
course can be optimized using a numerical modelaFmwIf course in the southern
part of The Netherlands irrigation records werelabée for the greens and these were
compared with numerically computed quantities usihegSoWaM model. Results
indicated that computed and applied irrigation amiewvere almost the same on a
yearly basis, however, the days of irrigation diéfié Basically, the greenkeeper
irrigated insufficiently during the first phasetbi growing season while later on

sometimes over-irrigation took place in periods rehiere was no real need.
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In certain studies detailed monitoring of soil watentents is on-going on small
spatial scale to reveal information on 2-dimensdlidiloav behavior in dependence of
the actual weather conditions. Such measuremesits lgirge amounts of data, and
therefore visualization is a handy tool for int&omg the data. In Chapter 7, a
software package is described consisting of seveotd to process these large
amounts of measured data and to create animategsnmivthe changes in soll
moisture content against time. Results show thammfiltration and transport

through grass-covered sandy soil is more complan turrently assumed.
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Samenvatting

Hoofdstuk 1 van dit proefschrift beschrijft de pleinen waarvoor getracht is een
oplossing te vinden. Nauwkeurige en betrouwbaresbdgsische eigenschappen zijn
van cruciaal belang bij het simuleren van nietistatire onverzadigde stroming van
water en het transport van opgeloste stoffen. [@egevens worden in het algemeen
verkregen door veld- en laboratoriummetingen. @izalmetingen worden dan de
parameters van de Mualem — Van Genuchten vergedighi bepaald. Het fitten van de
vergelijkingen door de gemeten waarden leidt eaftdraltijd tot goede resultaten.
Een database met bodemfysische eigenschappen demlidielse bodems (de
Staringreeks) toont een tekort aan gegevens owvadgn met een grove textuur,
hetgeen de toepasbaarheid vermindert. Het modeb®Sb®¥n de spline interpolatie
van de bodemfysische eigenschappen worden toegapsest case —studie op de
golfbaan. Er is gebrek aan visualisatietechniekarde grote hoeveelheden gegevens
te verwerken die tegenwoordig met automatische sgsetmen worden verkregen.

Oplossingen voor al deze vragen en problemen aipmesgevoegd in dit proefschrift.

Door de problemen met het fitten van de Mualem-@amuchten vergelijkingen door
een serie gemeten waarden ontstond de behoefeeaarneuwe en eenvoudige
(wiskundige) beschrijving van de bodemfysische esgbappen. Bij een kubieke
spline-benadering wordt een functie beschreven denraantal continué®jjraads
polynomen. De parameters van deze splines word#gmagp gekozen dat de functie
zelf, de eerste afgeleide en ook de tweede afgetmdtinu zijn in elk punt. De
wiskundige achtergrond van deze splines is besehregvHoofdstuk 2 van dit
proefschrift. De codrdinaten van de eindpuntendesplines (de zogenaamde Virtual
Data Points) zijn voldoende om de hele spline-fentiee te bepalen. Om de optimale
ligging van deze punten te bepalen is een eenvewgfigmalisatiemethode
(Controlled Random Search) toegepast. Elke optsaadimethode minimaliseert of

maximaliseert een doelfunctie. De meest gebruiktfdnctie is de som van het
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kwadraat van het verschil tussen gemeten en betekgaarden bij eenzelfde x-
waarde. Op deze manier wordt alleen de verticat@afl van een punt tot een gefitte
liin meegenomen. De Gemiddelde Afstand tussen @uihijn (engels: Mean Distance
from Point to Line, MDPL) wordt hier geintroduceead de gemiddelde afstand
tussen een aantal punten en een lijn. In dit hoolkdsorden 5 verschillende
doelfuncties vergeleken: de som van de afwijkinglensom van het kwadraat van de
afwijkingen, de som van de relatieve afwijking eisgiemeten en berekende waarde,
de som van de verhouding tussen gemeten en berekexatde en de MDPL. Het
minimum aantal Virtual Data Points benodigd voan geede fit is geschat. Voor alle
toegepaste datasets is het optimale aantal Vittat Points gelijk aan 7. Als meer
punten worden beschouwd dan wordt alleen de bededigkentijd groter maar zal de
optimale waarde van de doelfunctie nauwelijks lagerden. Resultaten van de
optimalisaties voor meerdere datasets met gegerangF-curves en
geleidingsvermogens worden getoond met de versolddl doelfuncties. Hoewel de

MDPL meer rekentijd vraagt, levert deze doelfundiebeste resultaten.

Tegenwoordig zijn meerdere bodemfysische datali@essshikbaar met zowel ruwe

als samengevoegde gegevens. Het samenvoegen \&regeyindt gewoonlijk plaats
door de bodemmonsters in te delen in een aantaludiassen en vervolgens de
gemiddelde bodemfysische karakteristieken per tektasse te bepalen. In Hoofdstuk
3 is aangetoond dat dergelijke classificatiesysteroek gebruikt in de Staringreeks,
niet noodzakelijk leiden tot verschil in hydrologiisgedrag tussen de klassen.
Berekeningen met alle individuele monsters binremldasse tonen grote verschillen
tussen de resultaten van de monsters onderlinpetaft berekende verhoudingen
tussen actuele en potentiéle plantverdamping, bedetamping en
kwel/wegzijgingswaarden. Het gebruik van gemiddélddemfysische parameters kan

dus leiden tot afwijkende uitkomsten.

Ten behoeve van het simuleren van niet-statiomginedimensionale

grondwaterstroming is het numerieke model SoWaMl (8ater Management)
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ontwikkeld. Het is beschreven in hoofdstuk 4. SoWaddtaat uit een MySQL
database en een aantal programma’s. De databas@Midata genoemd, is het hart
van het pakket. Elk programma leest zijn invoeeyegs uit de database en/of schrijft
zijn uitvoer ernaartoe. Het belangrijkste programsn@oWaMCalc. Dat lost de
Richards vergelijking voor niet-stationaire eendisienale grondwaterstroming in de
onverzadigde en de verzadigde zone numeriek ofpemetlp van de Eindige
Elementen Methode. Randvoorwaarden op willekeurjdstippen kunnen worden
opgeslagen in de database. Bodemfysische eigensat&pnnen worden beschreven
door ofwel de Mualem-Van Genuchten vergelijkingéned door middel van de
Virtual Data Points van een reeks cubical spli#sijn vier mogelijke criteria voor
het toedienen van een beregeningsgift: i) de velinguussen actuele en potentiéle
plantverdamping komt beneden een kritieke waarpdeidrukhoogte op een te
specificeren diepte wordt lager dan een kritiekande; iii) het vochtgehalte op een te
specificeren diepte wordt lager dan een kritiekande; iv) de hoeveelheid vocht in de
wortelzone komt beneden een kritieke waarde. Uityegevens (bestaande uit alle
termen van de waterbalans en de drukhoogte erobhtgehalte in alle knooppunten)
worden weggeschreven naar de database met edulwastie gebruiker te
specificeren) tijdsinterval. Andere programma’siZjoWaMFit (fit een aantal splines
door de gemeten waarden van een pF- of een dawiladelscurve), SoWwaMSaoil
(toont de opgeslagen bodemfysische eigenschappéadl), SoWaMDrain (levert
een tabel met drainagefluxen afhankelijk van dexgwaterstand) en SoWaMVis

(toont de resultaten van de berekeningen grafinciisetabel).

Hoewel bodems met een grove structuur over deviredeld voorkomen, is er weinig
bekend over hun bodemfysische eigenschappen. it sateriaal wordt onder
andere veel gebruikt bij het aanleggen van golfbameandere sportvelden om er
zeker van te zijn dat er een voldoende afvoerctgaid van overtollig regenwater om
zo plasvorming te voorkomen. Aan de andere karft degemateriaal een
buitengewoon laag vochthoudend vermogen zodatdnoge periodes regelmatig

beregend moet worden. Om meer inzicht te krijgesieitnodemfysische
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karakteristieken van dergelijke grof-gestructurearthterialen en hun hydrologisch
gedrag, zijn er in het laboratorium kunstmatige sters gecreéerd. Hoofdstuk 5
beschrijft de wijze waarop dit is gedaan. De bodesisthe eigenschappen zijn
gemeten. Ook is het effect onderzocht van het ®g®0 van 10 vol. % organische stof
op de eigenschappen van de monsters. Het hydrologedrag van de materialen is
onderzocht met behulp van het model SowaMCalc.s2eaiwacht hebben zowel de
textuur als het organische stofgehalte een gretead op de bodemfysische
eigenschappen. De doorlatendheid neemt significentnet toenemende grofheid.
Aan de andere kant verlaagt het toevoegen van senstof de doorlatendheid bij
verzadiging met een factor 10 tot 100 en neemvbetithoudend vermogen
aanzienlijk toe. Door het toevoegen van organistbkenam de hoeveelheid
beschikbaar water toe met 144% bij de enigszingegnoaterialen en met 434% bij de
erg grove materialen. De United States Greenkedysssciation (USGA) heeft een
aanbeveling uitgebracht voor de granulaire sambiingt@an de toplaag van de bodem
van een golfbaan. Deze aanbeveling geeft op elenentijze aan welke gronden
geschikt zijn voor de opbouw van greens en welkegkgrootteverdeling kan worden
gebruikt voor dit doel. Er worden geen relaties beregeningsbehoeftes gegeven.
Modelsimulaties tonen aan dat de hoeveelheid benegelie nodig is om het gras in
optimale conditie te houden, sterk verschilt tussemengsels, ondanks het feit dat zij

allemaal voldoen aan de USGA aanbevelingen.

In Hoofdstuk 6 is onderzocht hoe de beregeningeeangolfbaan kan worden
geoptimaliseerd door gebruik te maken van een neknarodel. Op een van de
golfbanen in het zuiden van Nederland had een envgicenkeeper de
beregeningsgiften bijgehouden die hij op de grémmsgegeven. De gemeten
vochtgehaltes op 5 cm diepte zijn gebruikt om hegatiecriterium te calibreren.
Daarna zijn voor een andere periode de irrigatiegivan de greenkeeper vergeleken
met die zoals geadviseerd door het numerieke ngoMlaMCalc. Het model
adviseerde praktisch hetzelfde aantal beregenitigsgils de greenkeeper had

gegeven, maar wel op andere dagen. Het toont aatedaepassing van een model in
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samenwerking met een ervaren greenkeeper kan l@tleen beter irrigatie

management.

In bepaalde onderzoeken wordt er een gedetailleeahétoring van vochtgehaltes in
de bodem uitgevoerd om informatie te verschaffesr tret twee-dimensionale gedrag
van bodemvocht in relatie tot de actuele weersamdggaeden. Deze metingen leveren
een enorm aantal meetwaarden op en daarom kanisaigahelpen bij de interpretate
van de gegevens. In Hoofdstuk 7 is een softwark&gidleschreven dat uit meerdere
programma’s gericht op het visualiseren van groevbeelheden gegevens. Er worden
animatiefilmpjes gemaakt van de veranderingen \evbchtgehalte in de tijd.
Resultaten tonen aan dat water infiltratie en artsn een met gras bedekte zandige

bodem complexer is dan in het algemeen wordt aamgen.
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List of symbols

Symbol

Omax

Definition Dimensions
Differential moisture capacity t

Median particle diameter L
Potential plant evaporation T
Actual plant evaporation K]
Potential soil evaporation T
Actual soil evaporation LT
Potential evapotranspiration T

Mathematical function

Empirical factor -
Function

Multiplication factor to obtain |3 from U -
Hessian matrix

Total head L
Pressure head Cm
Air entry value L
Hydraulic conductivity LT

Hydraulic conductivity for flow in direction j due LT™
to gradient in direction i
Saturated hydraulic conductivity T
Leaf Area Index PL-?
Emperical parameter
Mean distance between point and line
Parameter -
Number of data -
Number of samples in class -
Number of parameters -
Number of state variables -
number of output data -
Measure of pore-size distribution -
Precipitation LT
Parameter vector
Flux through the bottom of the considered profild.T™
Drainage flux LT
Maximum steady-state flux reaching the surface LT
Maximum steady-state flux reaching the surfaceLT™
computed with Staring class
Sink term representing drainage or root extractior
Sum of squares

Time T
Potential root water uptake per unit length T
Actual root water uptake per unit length 1T
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nits
cm?

mm
mm d*
mm d*
mm d*
mm d*

mm d!

cm d!

cm dt



X Independent variable of a function - -

X Vector with state variables

X Coordinate in'f direction L cm

y Function value - -

y Measured output data

' Output vector with estimated values

z Vertical coordinate L cm

Z4 Position of groundwaterlevel L m

a Parameter related to the inverse of the air entry L™ cmt
suction

o Parmeter for linear interpolation - -

B Parameter for linear interpolation - -

Y Parameter used in spline interpolation - -

vy, %) Objective function

o((xi,y),Q2) Distance between point;(y) and geometrical
figure Q

n Parameter used in spline interpolation - -

0 Volumetric moisture content 33 cnrem’®

0 Residual volumetric moisture content 3 cnem’®

05 Volumetric moisture content at saturatio 3L cmem’®

Pj j™ x-value when discretisizing function

Oj i y-value when discretisizing function

Q Geometrical figure in spaceéR

® Weight factor - -
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